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Abstract—Previous studies showed that 4-hydroxy-3-methoxyindolomorphinans had variable delta opioid affinity and selectivity.
Herein, we show that the 3,4-dimethoxy analogs possessed similar low affinity, whereas the 3-hydroxy-4-methoxy analogs showed
excellent delta opioid affinity and selectivity comparable with the parent indolomorphinans.
� 2007 Elsevier Ltd. All rights reserved.

In an attempt to improve the selectivity of the delta opioid
indolomorphinans naltrindole (1) and oxymorphindole
(2),1 we previously showed that the corresponding 4-hy-
droxy-3-methoxyindolomorphinans (such as 3 and 4)
had widely differing selectivity over mu opioid receptors,
with some being very selective and others possessing poor
selectivity,2 consistent with studies by others with simi-
larly substituted opioids.3 The differences in affinity at del-
ta receptors and selectivity over mu receptors compared
to the indolomorphinans may be due to the presence of
the 4-hydroxyl, the lack of a 3-hydroxyl, or the fact that
modeling studies showed that opening the 4,5-bridge
caused a shift in the relative position of the indole.2 In
addition, the 4-hydroxyl compounds proved prone to ra-
pid oxidation and suffered from poor aqueous solubility
potentially complicating the pharmacological data. Thus,
for purposes of rational drug design and inclusion in our
developing predictive pharmacophore model,4 aqueous
soluble analogs of 3 and 4 are required which are less prone
to oxidation and only have one functional group changed
from the parent indolomorphinans 1 and 2 (Fig. 1).


In order to remove the problems with oxidation the
4-hydroxyl was masked as a methyl ether to give
3,4-dimethoxyindolomorphinans (6 and 8) and formal
3-O-demethylation was envisioned to yield 3-hydroxy-4-
methoxyindolomorphinans (7 and 9) which would be
directly compared to the 3-hydroxy substituted parents
1 and 2. A recent publication by Neumeyer focused on
the similar class of 4-unsubstituted 3-hydroxyindolomor-
phinans (5) showing good affinity at delta opioid recep-
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tors,5 prompted us to publish our findings. A similar
chemical manipulation on cyprodime led to a great in-
crease in affinity at opioid receptors,6 lending strength
to the hypothesis that 3-hydroxy-4-methoxyindolomor-
phinans would have high affinity, and the more exposed
3-hydroxyl was anticipated to allow greater aqueous
solubility.7


The 3,4-dimethoxymorphinans were prepared as previ-
ously described utilizing reductive opening of the 4,5-
bridge followed by 4-O-methylation,7 and converted to
the indolomorphinans (6 and 8) (Fig. 2) through stan-
dard Fischer indole conditions.2 We previously showed
that attempted selective demethylation of the unhin-
dered 3-methoxyl over the 4-methoxyl in the morphin-
ans series only gave 4-demethylation with L-Selectride
due to coordination with the 6-oxygen function.7 Selec-
tive demethylation with L-Selectride was therefore at-
tempted on dimethoxyindolomorphinan 7 which has a
6-nitrogen rather than an oxygen, but 4-O-demethylated
product 4 was again obtained. The desired compounds
were therefore prepared via the method of Schmidham-
mer,6 modified through the use of TMS–CHN2 for the
4-O-methylation reaction.7 Standard Fischer indole for-
mation conditions gave the desired products (7 and 9).
All compounds were converted to HCl salts,8 and eval-
uated in competition assays at opioid receptors by the
Drug Evaluation Committee following their standard
assays,9 and the results are shown in Table 1.


No issues with solubility or oxidation when in solu-
tion were noted with the new compounds. As shown
in Table 1, protecting the 4-hydroxyl as a methyl ether
yielded no significant difference in the N-cyclopro-
pylmethyl series, but did lead to a fivefold increase
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Figure 1. Previously reported indolomorphinans.
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Figure 2. 4-O-Methyl indolomorphianans.


Table 1. Binding affinities at opioid receptors (n = 3)


Ki (nM) ± SEM


Mua Deltab Kappac Mu/delta


NaltrindoleÆHCl (1)d 27.0 ± 1.3 0.22 ± 0.13 30.4 ± 3.6 123


3d 1850 ± 382 21.8 ± 7.0 3160 ± 205 85


6 1720 ± 140 19.0 ± 2.0 1440 ± 90 90


7 58.0 ± 19 0.40 ± 0.3 79.0 ± 22 145


OxymorphindoleÆHCl (2) 105 ± 23 0.9 ± 0.2 515 ± 35 115


4d 2850 ± 25 218 ± 33 >6700 13


8 7590 ± 660 41.0 ± 4.0 >7000 185


9 474 ± 220 4.50 ± 0.5 582 ± 160 105


a Displacement of [3H]DAMGO.
b Displacement of [3H]p-Cl-DPDPE (recombinant rat mu and delta receptors expressed in C6 rat glioma cells).
c Displacement of [3H]U69,593 (recombinant human kappa receptors expressed in CHO cells).
d Previously reported2: delta displacement using [3H]DADLE.
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in delta affinity in the N-methyl series (8). However,
as anticipated, both series still displayed only moder-
ate delta affinity. The 3-hydroxy-4-methoxy analogs
(7 and 9) gave the expected increase in affinity at both
mu and delta receptors to give high affinity, delta
selective ligands. This shows that the position of the
indolic group in the 4,5-opened analogs is appropriate
for delta opioid affinity and selectivity. Compounds 7
and 9 had similar affinity at delta receptors as the cor-
responding compounds of Neumeyer,5 but displayed
increased delta opioid selectivity. The current com-
pounds differ from Neumeyer’s compounds (5) by
both a 4-methoxyl and a 14-hydroxyl group, and fur-
ther studies are underway to determine which substitu-
ent is responsible for the difference in selectivity
between the series to allow meaningful application to
the predictive pharmacophore model.
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Abstract—A series of 3-substituted-1(3H)-isobenzofuranone 6a–g and 7a–g were synthesized from phthalic anhydride. The com-
pound 6a–g was resolved. The antiplatelet activities of these compounds were evaluated using in vitro experiment of platelet aggre-
gation. The levels of antiplatelet activity were displayed as following sequence: l-isomer > dl-isomer > d-isomer, respectively. The
alkylphthalide is more active than the corresponding alkenephthalide. All these compounds were less active than n-butylphthalide
(NBP, 6c) and Aspirin (Asp).
� 2007 Elsevier Ltd. All rights reserved.

Cardiovascular and cerebrovascular disorders are the
main cause of deformity and death in recent years. As
a result, seeking ideal medicine for the treatment of cer-
ebralapoplexy with good effectiveness and low toxicity
has become the interest of many investigators. It was
found out that 1(3H)-isobenzofuranone had the anti-
platelet activity. n-Butylphthalide (NBP) is a represen-
tive compound from such group, represent which has
already been in the market as antiplatelet drug for ische-
mia-cerebralapoplexy. There was significant difference
in the antiplatelet effect of NBP stereo isomers, which
is known as l NBP > dl-NBP > d-NBP.1–4 Structure
modification of NBP has not been investigated yet. In
addition, butylidenephthalide also has the activity of
antiplatelet.5 In this study, 3-alkyl-1(3H)-isobenzofura-
none derivatives 6a–g and 3-alkene-1(3H)-isobenzofura-
none derivatives 7a–g were designed and synthesized
with the different substituent on the 3-position. Further-
more, the stereo isomers of 3-alkyl-1(3H)-isobenzofura-
none were resolved using chemical method.


The antiplatelet effect of the target-compounds was
screened by Borns’ method6 using Adenosine 5 0-di-
phos-phate (ADP) and Arachidonic Acid (AA) as the
inducers.
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The compounds 6a–g and 7a–g were synthesized by five-
step reaction as outlined in Scheme 1.7 The 3-substi-
tuted-1(3H)-isobenzofuranone derivatives 6a–g and
7a–h were synthesized (Scheme 1) from RBr. The key
intermediates 5a–g were synthesized by the formation
of RMgBr, followed by transforming to 3a–g with the
treatment of CdCl2. 3-alkyl-1(3H)-isobenzo-furanone
6a–g were prepared by the reduction of 5a–g with
NaBH4, eluted by column chromatography (light petro-
leum/acetone = 100:1),11 Z-3-alkene-1(3H)-isobenzof-
uranone 7a–g were obtained by dehydration of 5a–g
with p-TsOH (Scheme 1 and Table 1).13


The resolution route of the compounds 6a–g is outlined
in Scheme 2.


The compounds 8a–g was synthesized by hydrolysis in
the presence of NaOH, followed by acidification with
HCl to pH 3–4 at �20–0 �C. The compounds 9a–g were
obtained from the compounds 8a–g and (�) a-phenyl-
ethylamine.12 Similarly, the compounds 10a–g were pre-
pared using (+) a-phenylethylamine. Cyclization of the
compounds 9a–g/10a–g gave the corresponding com-
pounds 11a–g/12a–g under acid condition in good yield
(Scheme 2 and Table 2).13


All compounds reported here were fully characterized
on the basis of their 1H NMR, 13C NMR, IR and MS
spectroscopic and analytical data. The purity of all com-
pounds were examined by High Performance Liquid
Chromatography.
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Table 1. IE50 (lmol L�1) of compounds 6a–g and 7a–g against platelet


aggregation


Compound R R1 IE50 (lmol L�1)


Induced


by ADP


Induced


by AA


6a C2H5 164.09 15.16


6b C3H7 133.26 14.94


6c C4H9 169.96 14.49


6d C5H11 180.4 16.37


6e i-C5H11 201.34 15.39


6f C6H13 220.34 15.85


6g C7H15 153.13 16.06


7a CH3 170.12 15.98


7b C2H5 171.21 16.05


7c C3H7 204.22 16.11


7d C4H9 201.21 17.61


7e i-C4H9 204.34 17.88


7f C5H11 242.99 17.13


7g C6H13 289.47 18.04


Asp 117.94 12.3


Table 2. [a]D and IE50 (lmol L�1) against platelet aggregation of


compounds 11a–g and 12a–g


Compound [a]D/�C IE50 (lmol L�1)


Measured Reported Induced


by ADP


Induced


by AA


11a +73.3 +77.38 209.17 16.95


11b +69.7 142.43 16.92


11c +69.7 193.06 16.12


11d +59.7 203.24 17.91


11e +63.7 207.01 17.22


11f +62.5 217.34 18.54


11g +68.4 175.86 18.66


12a �64.5 �76.09 113.85 14.13


12b �63.7 111.51 13.81


12c �64.6 �61.310 94.72 13.25


12d �59.7 178.3 15.14


12e �61.4 115.65 14.32


12f �60.3 138.72 14.36


12g �65.1 142.86 14.69


Asp 117.94 12.3
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3 M HCl; (e) NaBH4, 2–3 h; (f) p-TsOH, benzene, rt, 1.5 h.
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The antiplatelet activities of the compounds 6a–g, 7a–g,
11a–g, 12a–g were evaluated in vitro by antiplatelet
aggregation induced by ADP and AA. At first, plate-
let-rich plasma (PRP) was prepared from the whole
blood of healthy volunteers. The target-compounds
6a–g, 7a–g, 11a–g, 12a–g and Asp were added to PRP

(The concentrations of the target-compounds were 10,
20, 50 and 100 lmol L�1. The concentration of Asp
was 5 lmol L�1). PEG-400 was also added to PRP as
the control. Then, the mixtures were pre-heated at
37 �C for 5 min. ADP (5lmol L�1) and AA
(0.5 lmol L�1) were added subsequently. The most
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platelet aggregation rate was determined after 5 min.
The compounds 6c (NBP) and Asp were used for com-
parison. All the compounds’ inhibit-rates of platelet
aggregation were calculated. IE50 is shown in Tables 1
and 2.


All these compounds showed activity against platelet
aggregation when tested at the range between 10 and
100 lmol L�1. The compound 12c (1-NBP) exhibited
the highest activity. The inhibition of platelet aggrega-
tion by all the compounds exhibited dose dependence.
The magnitude of antiplatelet activity was displayed as
following sequence, l-isomer > dl-isomer > d-isomer,
respectively. The alkylphthalide is more active than the
corresponding alkenephthalide. It appears that, with
the increase of substituting-group magnitude, the effects
became weaker. All these compounds were less active
than NBP and Asp.


In conclusion, a series of chiral 3-alkyl-1(3H)-isobenzo-
furanone and Z-3-alkene-1(3H)-isobenzofuranone were
designed and synthesized systematically. The antiplate-
let activities of all compounds were screened. These
results suggest that the antiplatelet activities of 1(3H)-
isobenzofuranone maybe associated with the substituent
and configuration of the group on the 3-position.


We wish to express our thanks to the State Key Labora-
tory of Chemo/Biosensing and Chemometrics of Hunan
University for 1H NMR, 13C NMR and MS of all the
compounds synthesized.
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J = 8.0 Hz), 7.68 (1H, t, J = 7.2, 8.0 Hz), 7.53 (1H, t,
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Compound 6b: yellow oil (99.2%), yield: 43.9%. 1H NMR:
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m), 0.98 (3H, t). 13C NMR: d 170.55, 150.10, 133.85,
128.94, 126.13, 125.62, 121.67, 81.18, 36.78, 18.17, 13.72.
MS: m/z 176 (M+).
Compound 6c: yellow oil (99.5%), yield: 42.7%. 1H NMR:
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24.45, 22.39, 13.90. MS: m/z 204(M+).
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d 7.90 (1H, d, J = 7.6 Hz), 7.68 (1H, m, J = 0.8, 7.6, 7.6
Hz), 7.53 (1H, t, J = 7.6, 7.6 Hz), 7.44 (1H, m, J = 0.8,
7.6 Hz), 5.47 (1H, q, J = 4.0 Hz), 2.06 (1H, m), 1.76 (1H,
m), 1.60 (1H, m), 1.35 (2H, m), 0.89 (6H, m). 13C NMR: d
170.68, 150.06, 133.92, 129.00, 126.18, 125.68, 121.68,
81.62, 33.56, 32.61,27.84, 22.45, 22.29. MS: m/z 204 (M+).
Compound 6f: yellow oil (99.6%), yield: 42.8%. 1H NMR:
d 7.89 (1H, d, J = 7.2 Hz), 7.68 (1H, t, J = 0.8, 7.2, 7.2 Hz),
7.52 (1H, t, J = 7.2, 7.6 Hz), 7.44 (1H, d, J = 0.8, 7.6 Hz),
5.48 (1H, q, J = 4.0 Hz), 2.04 (1H, m), 1.76 (1H, m),
1.48(2H, m), 1.33 (6H, m), 0.88 (3H, t). 13C NMR: d
170.56, 150.11, 133.85, 128.94, 126.16, 125.62, 121.67,
81.37, 34.72, 31.52, 28.92, 24.71, 22.45, 13.94. MS: m/z 218
(M+).
Compound 6g: yellow oil (99.8%), yield: 41.6%. 1H NMR:
d 7.90 (1H, d, J = 7.6 Hz), 7.68 (1H, t, J = 0.8, 7.6, 7.6 Hz),
7.53 (1H, t, J = 7.6, 8.0 Hz), 7.43 (1H, d, J = 0.8, 8.0 Hz),
5.48 (1H, q, J = 4.0 Hz), 2.04 (1H, m), 1.77 (1H, m), 1.37
(10H, m), 0.88 (3H, t). 13C NMR: d 170.68, 150.12, 133.90,
128.98, 126.13, 125.67, 121.68, 81.44, 34.73, 31.68, 29.27,
29.03, 24.79, 22.58, 14.04. MS: m/z 232 (M+).
Compound 7a: yellow oil (93.3%), yield: 39.8%. 1H NMR:
d 7.48–7.90 (4H, m), 5.68 (1H, q, J = 7.6 Hz), 2.03 (3H,
m).
Compound 7b: yellow oil (74.8%), yield: 40.8%. 1H NMR: d
7.48–7.90 (4H, m), 5.68 (1H, q, J = 8.0 Hz), 2.03 (3H, m).
Compound 7c: yellow oil (90.8%), yield: 39.5%. 1H NMR: d
7.49–7.90 (4H, m), d 5.65 (1H, t, J = 8.0 Hz), 2.46 (2 H, dt),
1.56 (2H, m), 0.99 (3H, t).
Compound 7d: yellow oil (81.2%), yield: 36.1%. 1H NMR: d
7.49–7.90 (4H, m), 5.64 (1H, t, J = 8.0 Hz), 2.48 (2H, dt),
1.52 (2H, m), 1.42 (2H, m), 0.94 (3H, t).
Compound 7e: yellow oil (81.5%), yield: 38.7%. 1H NMR: d
7.49–7.90 (4H, m), 5.66 (1H, t, J = 8.0 Hz), 2.38 (2H, q), 1.82
(1H, m), 0.83–1.00 (2H, m).
Compound 7f: yellow oil (88.3%), yield: 38.4%. 1H NMR: d
7.49–7.90 (4H, m), 5.65 (1H, t, J = 8.0 Hz), 2.47 (2H, q),
1.38 (2H, m), 1.34–1.38 (4H, m), 0.90 (3H, t).
Compound 7g: yellow oil (92.8%), yield: 36.9%. 1H NMR: d
7.50–7.90 (4H, m), 5.65 (1H, t, J = 8.0 Hz), 2.47 (2H, q), 1.52
(2H, m), 1.26–1.41 (6H, m), 0.88 (3H, m).
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Compound 11a: yellow oil (99.8%), yield: 32.5%.
Compound 11b: yellow oil (96.7%), yield: 33.5%.
Compound 11c: yellow oil (99.8%), yield: 48.9%.
Compound 11d: yellow oil (99.3%), yield:47.9%.
Compound 11e: yellow oil (90.5%), yield: 48.7%.
Compound 11f: yellow oil (99.7%), yield: 49.6%.
Compound 11g: yellow oil (99.8%), yield: 48.2%.

Compound 12a: yellow oil (99.8%), yield: 31.9%.
Compound 12b: yellow oil (99.1%), yield: 32.8%.
Compound 12c: yellow oil (99.8%), yield: 49.4%.
Compound 12d: yellow oil (99.8%), yield: 49.1%.
Compound 12e: yellow oil (92.1%), yield: 48.3%.
Compound 12f: yellow oil (99.3%), yield: 48.7%.
Compound 12g: yellow oil (99.7%), yield: 48.5%.





		Synthesis, resolution, and antiplatelet activity  of 3-substituted 1(3H)-isobenzofuranone

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5111–5114

Antiviral 2,5-disubstituted imidazo[4,5-c]pyridines:
Further optimization of anti-hepatitis C virus activity


Gerhard Puerstinger,a,* Jan Paeshuyse,b Susanne Heinrich,a Joachim Mohr,a


Nicole Schraffl,a Erik De Clercqb and Johan Neytsb


aInstitut für Pharmazie, Abteilung Pharmazeutische Chemie, Universität Innsbruck, Innrain 52a, A-6020 Innsbruck, Austria
bRega Institute for Medical Research, Katholieke Universiteit Leuven, Minderbroedersstraat 10, B-3000 Leuven, Belgium


Received 19 May 2007; revised 4 July 2007; accepted 5 July 2007


Available online 13 July 2007

Abstract—Substituted 5-benzyl-2-phenyl-5H-imidazo[4,5-c]pyridines represent a novel class of compounds with activity against pes-
tiviruses and the hepatitis C virus (HCV). Several series of analogues with modifications of the substituents in positions 2 and 5 were
prepared. These efforts resulted in the discovery of several compounds with potent antiviral activity of which 2-(2,3-difluorophenyl)-
5-[4-(trifluoromethyl)benzyl]-5H-imidazo[4,5-c]pyridine (46) was most potent against HCV (EC50 of 0.10 lM and a selectivity index
of 1080).
� 2007 Elsevier Ltd. All rights reserved.

Worldwide more than 170 million people are chronically
infected with the hepatitis C virus and thus at increased
risk of developing serious life-threatening liver disease
(including chronic hepatitis, cirrhosis and hepatocellular
carcinoma). Current standard therapy for chronic hepa-
titis C consists of the combination of pegylated IFN-a
2a in combination with ribavirin. However, this therapy
is only effective in 50–60% of the patients and associated
with serious side-effects.1,2 There is, therefore, an urgent
need for potent and non-toxic drugs for the treatment of
HCV infections.


We recently reported on the identification of a class of
imidazo[4,5-c]pyridine analogues with potent anti-pesti-
virus activity.3,4 Pestiviruses belong, together with the
flaviviruses and HCV, to the family of the Flaviviridae.
Introduction of a fluorine atom in position 2 of the
phenyl of 5-(4-bromobenzyl)-2-phenyl-5H-imidazo[4,5-
c]pyridine resulted in a compound with not only anti-
pesti (bovine viral diarrhoea virus (BVDV)) but also
anti-HCV activity (compound 1, Table 1).5 To further
understand the structure–activity relationships for
HCV within this class of compounds and to identify
analogues with improved anti-HCV activity, we have
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synthesized6 several sets of substituted 5-benzyl-2-phe-
nyl-5H-imidazo[4,5-c]pyridines.


First we have introduced additional substituents start-
ing from the lead compound 1. An additional fluorine
on the 2-phenyl was well tolerated with respect to
anti-BVDV activity,7 but only the 2,3-difluoro ana-
logue 2 was active against HCV in a subgenomic
HCV replicon system8 with slightly improved activity
and selectivity, compared to the lead compound (com-
pounds 2–5, Table 1). The 2,3,6-trifluoro analogue 6
was less active than the lead compound 1 both against
BVDV and HCV. Introduction of a chlorine in posi-
tion 3 of the 2-phenyl resulted in an analogue (7) with
excellent anti-BVDV but slightly reduced anti-HCV
activity. Introducing a trifluoromethyl group in the
same position resulted in reduced antiviral activity
(compound 8). Interestingly, an additional fluorine
in position 2 of the 5-benzyl improved anti-BVDV
activity but was detrimental for anti-HCV activity
(compound 9).


In the second series the substituent on the 5-benzyl res-
idue was modified (Table 2). In general, these modifica-
tions did not affect the anti-BVDV activities with the
exception of 4-carboxy analogue 19. The unsubstituted
analogue 10 and all three methyl-substituted compounds
(11–13) proved inactive against HCV. All other ana-
logues prepared were substituted in position 4 of the
benzyl. From these the 4-isopropyl (14), the 4-tert-butyl
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Table 2. Structure, anti-BVDV activity, anti-HCV activity and cytotoxic/cytostatic activity of compounds 10–28


N N


N
F


R


Compound R BVDV HCV


EC50
a (lM) CC50


a (lM) SIb EC50
a (lM) CC50


a (lM) SIb


10 H 0.29 ± 0.09 >52 >179 >162 162 n.a.


11 2-CH3 0.29 ± 0.08 >104 >359 95 101 1.06


12 3-CH3 0.25 ± 0.11 >104 >416 >85 85 n.a.


13 4-CH3 0.20 ± 0.10 >104 >520 >91 91 n.a.


14 4-Isopropyl 0.36 ± 0.17 75 208 0.080 ± 0.009 10 ± 6 125


15 4-tert-Butyl 0.68 ± 0.07 61 89 0.30 ± 0.2 16 53


16 4-Ph 0.10 ± 0.04 40 400 0.60 ± 0.08 6 10


17 4-CF3 0.25 ± 0.09 >104 >416 0.20 ± 0.1 43 ± 30 215


18 4-CN 0.27 ± 0.10 >104 >385 >152 >152 n.a.


19 4-COOH 21 ± 4 >104 >5 >144 >144 n.a.


20 4-CH2OH 0.69 ± 0.14 >104 >151 >150 >150 n.a.


21 4-CH2OCH3 0.67 ± 0.24 >104 >155 >144 >144 n.a.


22 4-F 0.25 ± 0.14 >104 >416 >121 121 n.a.


23 4-OCH3 0.11 ± 0.04 >104 >945 84 129 1.53


24 4-OCF3 0.18 ± 0.08 83 454 0.20 ± 0.03 26 ± 1.5 130


25 4-Benzyloxy 0.40 ± 0.13 >104 >260 1.0 ± 0.8 24 ± 2 24


26 4-SCF3 0.52 ± 0.08 >104 >200 0.30 ± 0.2 40 ± 10 133


27 4-NO2 0.16 ± 0.08 >104 >650 115 >144 >1.25


28 4-NH2 0.60 ± 0.20 >104 >173 107 148 1.38


a Data (for active compounds) are mean values ± standard deviation for 4–6 independent experiments.
b In vitro selectivity index (CC50/EC50).


Table 1. Structure, anti-BVDV activity, anti-HCV activity and cytotoxic/cytostatic activity of compounds 1–9


N N


N


Br


F


R R1
2


Compound R1 R2 BVDV HCV


EC50
a (lM) CC50


a (lM) SIb EC50
a (lM) CC50


a (lM) SIb


1 H H 0.12 ± 0.01 >33 >275 3.0 ± 1.6 136 ± 42 45


2 3-F H 0.24 ± 0.12 >104 >433 0.60 ± 0.2 >55 ± 27 >92


3 4-F H 0.50 ± 0.28 >104 >208 45 ± 22 65 1.4


4 5-F H 0.08 ± 0.04 >104 >1300 75 115 1.5


5 6-F H 0.48 ± 0.27 >104 >217 75 80 1.07


6 3,6-F2 H 0.53 ± 0.10 >104 >196 69 77 1.1


7 3-Cl H 0.12 ± 0.04 >104 >867 1.2 ± 1.3 36 ± 1.7 30


8 3-CF3 H 6 ± 2 >104 >17 47 ± 11 >125 >2.38


9 H F 0.050 ± 0.02 >104 >2080 >52 52 n.a.


a Data (for active compounds) are mean values ± standard deviation for 4–6 independent experiments.
b In vitro selectivity index (CC50/EC50).
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(15), the 4-trifluoromethoxy (24) and the 4-benzyloxy
analogue (25) had the best antiviral activity. The 4-phe-
nyl analogue (16) was active but also more toxic with a
selectivity index of only 9. All other 4-substituted ana-
logues proved more or less inactive.

Replacing the 4-bromophenyl part of the 5-(4-bromo-
benzyl) substituent by 2- or 3-pyridyl (29 and 30)
resulted in analogues without anti-HCV activity and
reduced anti-BVDV activity. The 5-cyclohexylmethyl
analogue 31 and the 5-(2-phenoxyethyl) analogue 32







Table 3. Structure, anti-BVDV activity, anti-HCV activity and cytotoxic/cytostatic activity of compounds 29–32


R


N N


N
F


Compound R BVDV HCV


EC50
a (lM) CC50


a (lM) SIb EC50
a (lM) CC50


a (lM) SIb


29 2-Pyridyl 4.5 ± 2.3 >104 >23 >164 >164 n.a.


30 3-Pyridyl 2.3 ± 1.2 >104 >44 >164 >164 n.a.


31 Cyclohexyl 0.61 ± 0.05 >104 >170 84 97 1.15


32 Phenoxymethyl 0.28 ± 0.08 >104 >371 48 ± 27 96 ± 33 2


a Data (for active compounds) are mean values ± standard deviation for 4–6 independent experiments.
b In vitro selectivity index (CC50/EC50).
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were active against BVDV but devoid of activity against
HCV (Table 3).


Combining the above findings resulted in analogues with
further improved activity against HCV (Table 4). In par-
ticular the combination of 2-(3-halo-2-fluorophenyl)
with 5-(4-(trifluoromethoxy)benzyl) or 5-(4-(trifluoro-

Table 4. Structure, anti-BVDV activity, anti-HCV activity and cytotoxic/cyt


N N


N


R3


Compound R1 R2 R3 B


EC50
a (lM)


33 F 3-F OCF3 0.20 ± 0.02


34 F 3-Cl OCF3 0.38 ± 0.19


35 F 3-Br OCF3 0.49 ± 0.21


36 F 3-CH3 OCF3 0.32 ± 0.11


37 F 3-OCH3 OCF3 0.56 ± 0.24


38 F 4-Cl OCF3 1.7 ± 0.8


39 F 5-Cl OCF3 0.32 ± 0.12


40 F 5-CH3 OCF3 0.29 ± 0.09


41 F 5-OCH3 OCF3 0.27 ± 0.12


42 F 6-Cl OCF3 3.9 ± 1.7


43 F 6-OCH3 OCF3 0.69 ± 0.14


44 CF3 H OCF3 5.7 ± 4.8


45 OCH3 H OCF3 0.050 ± 0.03


46 F 3-F CF3 0.72 ± 0.19


47 F 3-Cl CF3 0.44 ± 0.22


48 F 3-CH3 CF3 0.38 ± 0.15


49 F 3-OCH3 CF3 0.37 ± 0.10


50 F 5-CH3 CF3 0.23 ± 0.10


51 F 3-F Isopropyl 0.80 ± 0.16


52 F 3-Cl Isopropyl 0.72 ± 0.06


53 F 5-CH3 Isopropyl 0.83 ± 0.08


54 F 3-Cl Cl 0.18 ± 0.14


55 F 3-Cl I 0.14 ± 0.07


56 F 3-Cl tert-Butyl 0.71 ± 0.26


a Data (for active compounds) are mean values ± standard deviation for 4–6
b In vitro selectivity index (CC50/EC50).

methyl)benzyl) resulted in compounds with potent
anti-HCV activity (33, 34, 46 and 47, respectively). An
additional methyl or methoxy function in position 3 of
the 2-phenyl resulted in compounds with reduced activ-
ity against HCV (36, 37, 48 and 49). Similar to the
results obtained with fluorine substitution, an additional
chlorine in position 4, 5 or 6 of the 2-(2-fluorophenyl)

ostatic activity of compounds 33–56


R


R


1


2


VDV HCV


CC50
a (lM) SIb EC50


a (lM) CC50
a (lM) SIb


>100 >500 0.20 ± 0.03 81 405


>104 >274 0.20 ± 0.16 >119 >595


>104 >212 0.30 ± 0.08 28 ± 2 93


78 246 5.2 ± 0.3 40 ± 21 7.6


>104 >186 53 ± 14 >120 >2.27


>104 >62 76 ± 1.7 >119 >1.56


>104 >325 7.7 ± 5.7 >119 >15


>104 >359 0.50 ± 0.15 >125 >250


>104 >385 1.3 ± 0.6 58 44


92 23 36 73 2


91 132 43 ± 14 62 1.4


75 13 39 ± 4.5 48 ± 3.2 1.23


26 520 11 ± 1.8 14 ± 1.7 1.27


>104 >144 0.10 ± 0.013 108 1080


>104 >236 0.30 ± 0.17 121 403


>104 >274 16 ± 0.8 70 4.4


75 203 27 55 2


>104 >452 1.3 ± 1.03 39 30


>104 >130 0.30 ± 0.069 33 110


>104 >144 0.70 ± 0.21 47 67


89 107 1.6 ± 1.11 45 28


>104 >578 4.94 30 6


>104 >743 0.43 ± 0.24 22 50


68 96 0.36 ± 0 25 71


independent experiments.
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substituent resulted in analogues with reduced anti-
HCV activity (38, 39 and 42). Introduction of a methyl
group in position 5 of the 2-phenyl was tolerated in view
of anti-HCV activity (40, 50), whereas a methoxy group in
the same position resulted in reduced activity against this
virus (41). Analogues with an isopropyl group in position
4 of the benzyl (51–53) were less active than the corre-
sponding 4-trifluoromethoxy or 4-trifluoromethyl ana-
logues, as were the analogues with chlorine, iodine or
tert-butyl (54–56). Substituting the fluorine in position 2
of the phenyl in compound 24 by trifluoromethyl or meth-
oxy resulted in analogues with reduced activity (44 and 45,
respectively). Again, most of the modifications were well
tolerated with respect to anti-BVDV activity.


This class of compounds was shown to target HCV
polymerase. The exact molecular mechanism by which
these compounds inhibit HCV replication will be pub-
lished elsewhere. We reported earlier on the fact that
the anti-pestivirus activity of this class of compounds
can be explained by an interaction at the tip of the fin-
gerdomain of the pestivirus polymerase.4


In summary, we have prepared several sets of analogues
of the lead compound 1 with modifications both at the
2-phenyl and 5-benzyl position. Whereas many modifi-
cations were well tolerated with respect to anti-BVDV
activity, only few modifications resulted in analogues
with anti-HCV activity. Combination of these findings
allowed us to synthesize analogues (e.g., 34 and 46) with
potent and selective activity on HCV replication.

Acknowledgments


We thank Katrien Geerts and Geoffrey Férir for excel-
lent technical assistance. This work was supported by
VIRGIL, the European Network of Excellence on Anti-
viral Drug Resistance (Grant LSHM-CT-2004-503359

from the Priority 1 ‘Life Sciences, Genomics and
Biotechnology’).

References and notes


1. Zoulim, F.; Chevallier, M.; Maynard, M.; Trepo, C. Rev.
Med. Virol. 2003, 13, 57.


2. Craxi, A.; Licata, A. Semin. Liver Dis. 2003, 23, 35.
3. Puerstinger, G.; Paeshuyse, J.; Herdewijn, P.; Rozenski, J.;


De Clercq, E.; Neyts, J. Bioorg. Med. Chem. Lett. 2006, 16,
5345.


4. Paeshuyse, J.; Leyssen, P.; Mabery, E.; Boddeker, N.;
Vrancken, R.; Froeyen, M.; Ansari, I. H.; Dutartre, H.;
Rozenski, J.; Gil, L. H. V. G.; Letellier, C.; Lanford, R.;
Canard, B.; Koenen, F.; Kerkhofs, P.; Donis, R. O.;
Herdewijn, P.; Watson, J.; De Clercq, E.; Puerstinger, G.;
Neyts, J. J. Virol. 2006, 80, 149.


5. Puerstinger, G.; Paeshuyse, J.; De Clercq, E.; Neyts, J.
Bioorg. Med. Chem. Lett. 2007, 17, 390.


6. All compounds were synthesized as described before3,5 by a
two-step route, starting from 3,4-diaminopyridine and a
substituted benzoic acid, followed by alkylation of the
intermediate substituted 2-phenyl-imidazo[4,5-c]pyridine.
Synthesis of and analytical data for compound 46: prepared
from 2-(2,3-difluorophenyl)-1(3)H-imidazo[4,5-c]pyridine
and 4-(trifluoromethyl)benzyl bromide; recrystallized from
a mixture of diisopropyl ether and ethyl acetate to give a
colourless powder; yield: 58%; mp 209 �C; 1H NMR
(200 MHz, DMSO-d6): d 9.27 (d, 1H, imidazopyridine-
H4, J = 1.4 Hz), 8.25 (dd, 1H, imidazopyridine-H6, J = 6.8,
1.4 Hz), 8.17–8.09 (m, 1H, phenyl-H6), 7.86–7.76 (m, 3H,
arom. H), 7.66–7.60 (AA 0BB 0, 2H, benzyl-H), 7.55–7.42 (m,
1H, phenyl-H), 7.36–7.24 (m, 1H, phenyl-H), 5.82 (s, 2H,
CH2); MS (CI): 390.1 [M+ +1, 44%]. Anal. calcd for
C20H12F5N3: C, 61.70; H, 3.11; N, 10.79. Found: C, 61.63;
H, 3.24; N, 10.72.


7. For a detailed procedure regarding the anti-BVDV screen-
ing, see Ref. 4.


8. Paeshuyse, J.; Kaul, A.; De Clercq, E.; Rosenwirth, B.;
Dumont, J.-M.; Scalfaro, P.; Bartenschlager, R.; Neyts, J.
Hepatology 2006, 43, 761.





		Antiviral 2,5-disubstituted imidazo[4,5-c]pyridines: Further optimization of anti-hepatitis C virus activity

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5133–5135

Sulfonamide derivatives as new potent and selective
CB2 cannabinoid receptor agonists


Hiroshi Ohta,a,* Tomoko Ishizaka,a Mitsukane Yoshinaga,a Aki Morita,b


Yasumitsu Tomishima,b Yoshihisa Todab and Shuji Saitoa


aMedicinal Chemistry Laboratories, Taisho Pharmaceutical Co., Ltd, 1-403 Yoshino-cho, Kita-ku,


Saitama-shi, Saitama 331-9530, Japan
bMolecular Function and Pharmacology Laboratories, Taisho Pharmaceutical Co., Ltd, 1-403 Yoshino-cho,


Kita-ku, Saitama-shi, Saitama 331-9530, Japan


Received 4 June 2007; revised 26 June 2007; accepted 2 July 2007


Available online 10 July 2007

Abstract—A novel series of sulfonamide derivatives 3, the CB2 receptor agonists, was synthesized and evaluated for activity against
the human CB2 receptor. We first identified sulfonamide 3a, which was obtained by random screening of our in-house chemical
library as a moderately active (CB2 IC50 = 340 nM) CB2 receptor agonist. We then attempted to test its analogues to identify com-
pounds with a high affinity for the CB2 receptor. One of these, compound 3f, exhibited high affinity for the human CB2 receptor
(IC50 = 16 nM) and high selectivity for CB2 over CB1 (CB1 IC50/CB2IC50 = 106), and behaved as a full CB2 receptor agonist in
the [35S]GTPcS binding assay (CB2 EC50 = 7.2 nM, Emax = 100%).
� 2007 Elsevier Ltd. All rights reserved.

Cannabis sativa L. (marijuana) has been used for its
psychoactive and medicinal properties since times
immemorial, and delta9-tetrahydrocannabinol (delta9-
THC) was isolated as its major psychoactive compo-
nent in the 1960s.1 THC and its analogues are classified
as cannabinoids, and possess numerous biological
properties, including analgesic, antiemetic, anti-inflam-
matory, anticonvulsive, and anticancer effects.2 Signifi-
cant advances have been made in the understanding of
the manner in which cannabinoids interact with biolog-
ical systems, after the discovery of the CB1 and CB2


receptors.3,4 The CB1 receptor is expressed primarily
in the CNS and activates the psychotropic effects of
marijuana. The CB2 receptor is expressed in immune-
related tissues and cells, such as the spleen, tonsils,
and thymus, natural killer cells, T cells, and B cells.5–7


It has been suggested that the immunomodulatory effects
of the cannabinoid present in marijuana are mediated via
the CB2 receptor. Recent studies have indicated that the
CB2 receptor may be involved in the control of peripheral
pain,8,9 inflammation,10 and cancer development.11 The
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receptor has also been suggested to have an antifibrogen-
ic role in the liver12 and to act as a regulator of microglial
cell migration in the brain.13,14 It is considered that the
development of a highly selective CB2 receptor ligand is
important for an understanding of the physiological ef-
fects of cannabinoids, such as their immunosuppressive,
anti-inflammatory, and antinociceptive activities. How-
ever, there are a few compounds, such as aminopyrimi-
dine15 (GW842166X, CB2 EC50 = 50 nM, CB1 EC50 >
30,000 nM) and 3-carbonylindole16 (A-0796260, CB2


IC50 = 0.77 nM, CB1 IC50 = 330 nM), that are selective
for the CB2 receptor (Fig. 1).


In this paper, we report the identification of novel, selec-
tive, and potent CB2 receptor agonists. Sulfonamide 3a
was identified as one of the hits by our high-throughput
screening and showed moderate binding affinity for the
CB2 receptor (IC50 = 340 nM). Compound 3a was found
to be an agonist of the CB2 receptor as confirmed by the
human [35S]GTPcS binding assay (EC50 = 110 nM,
Emax = 110%). This compound has attractive attributes,
including a low molecular weight and various sites in the
molecule that render themselves to structural modifica-
tion for optimization. We, therefore, tried exploring its
analogues to identify compounds with a high affinity
for the CB2 receptor.
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Figure 1. Structure of delta9-THC, CP-55940, GW842166X, A-


796260, and anandamide.
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The synthetic chemistry for the preparation of 3a–g is
outlined in Scheme 1. Sulfonamides 3a–g were synthe-
sized from 2-aminothiazole (1), a commercially available
compound (Fluorochem Ltd). Compound 1 was treated
with aryl sulfonyl chlorides under basic conditions, fol-
lowed by treatment with alkyl halides in the presence of
sodium hydride, to obtain sulfonamides 3a–g (the proce-
dure for synthesis of compound 3f is described in detail
in the note).17


Compound 3a, which was identified by our high-
throughput screening, exhibited moderate affinity for
the CB2 receptor (IC50 = 340 nM) and no affinity for
the CB1 receptor (IC50 > 50,000 nM). These findings
encouraged us to use sulfonamide 3a to seek a new type
of selective CB2 receptor ligand (Table 1). First, we
modified the methyl group at the position-3 of the
thiazole ring to clarify the effects of substituents on the
CB2 receptor activity. We designed 3b with an allyl

Table 1. Pharmacological profile of sulfonamide derivatives


S


N
R


O


Compound Ar R


C


3a Ph Me 3


3b Ph CH2–CH@CH2


3c Ph CH2–CH@CMe2 1


3d Ph CH2–(Cyclopropyl)


3e Ph CH2–CCH 2


3f 1-Nap CH2–(Cyclopropyl)


3g 2-Nap CH2–(Cyclopropyl) 4


CP-55,940 Ref. 19


a Evaluated on the basis of [3H]-CP-55,940 binding to membranes of Chinese
b Evaluated by using a functional assay based on [35S]GTPcS binding to me
c Compared to the maximal response to CP-55,940, a full agonist of the hum

group based on the presence of the double bond of
anandamide,18 an endogenous ligand of the cannabinoid
receptor. Replacing the methyl group at 3a with an allyl
group markedly increased the binding affinity of the
compound for the CB2 receptor (3a vs 3b), therefore,
we investigated its analogues (3c–e). Substitution with
bulky alkenyl groups, such as the prenyl group, resulted
in a lowering of the affinity for the CB2 receptor as com-
pared with that of the straight-chain alkenyl compound
(3c vs 3b). Compound 3e (R = propargyl) exhibited
about threefold lower affinity for the CB2 receptor than
compound 3b (R = allyl). The results of structural trans-
formations indicated that the most suitable group for
this site was a cyclopropylmethyl group (3d), which
was used as an alternative to the allyl group. Compound
3d demonstrated a significant increase, by about five-
fold, of the affinity for the CB2 receptor over that of
3a. These findings suggest that the improved affinity
associated with the introduction of the allyl and cyclo-
propylmethyl groups may depend on the donor–accep-
tor interaction with the p electron between these
functional groups and the CB2 receptor, and that the
sterically acceptable space on R for interaction with
the CB2 receptor is narrow.


Next, modification focused on the phenyl group in 3d.
Substitution of the phenyl group of 3d with a 2-naphthyl
group (3g) decreased the affinity for the CB2 receptor by
about sevenfold. However, replacement of the phenyl
group of 3d with a 1-naphthyl group (3f) resulted in a
significant increase in the affinity for the CB2 receptor
(3f vs 3d). These results suggest that the conformation
of the aromatic ring is important to obtain a high affin-
ity for the CB2 receptor. Furthermore, 3f exhibited a
high selectivity for the CB2 receptor (CB1 IC50/CB2


IC50 = 106) and was found to be a full CB2 receptor ago-
nist (CB2 EC50 = 7.2 nM, Emax = 100%).


In this paper, we have reported the synthesis and SAR
of novel CB2 receptor ligands. The SAR study showed

N
S Ar


O


Binding affinity


IC50
a (nM)


Agonist activity


B2 CB1 CB2 EC50
b (nM) Emax


c (%)


40 >50,000 110 110


75 — — —


70 — — —


65 — — —
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that the functional group at position-3 of the thiazole
ring and the Ar group of sulfonamide greatly affected
the CB2 receptor affinity. These studies led to compound
3f, which combines good potency with a high selectivity
for the CB2 receptor. We believe that SAR studies will
provide new opportunities to explore newer CB2 recep-
tor ligands with improved features.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.07.005.
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Abstract—A series of 5-(piperidinylethyloxy)quinoline 5-HT1 receptor ligands have been studied by elaboration of the series of dual
5-HT1-SSRIs reported previously. These new compounds display a different pharmacological profile with potent affinity across the
5-HT1A, 5-HT1B and 5-HT1D receptors and selectivity against the serotonin transporter. Furthermore, they have improved pharma-
cokinetic profiles and CNS penetration.
� 2007 Elsevier Ltd. All rights reserved.

Over the past decades, a body of pre-clinical and clinical
evidence has highlighted a clear link between extracellu-
lar levels of 5-HT and a number of psychiatric indica-
tions, including those associated with depression.
Indeed, the mode of action of a number of anti-depres-
sant treatments is presumed to be effective through
increasing synaptic 5-HT concentrations. These synaptic
5-HT levels are regulated not only by the presence of the
5-HT transporter which is the pharmacological target of
the selective serotonin re-uptake inhibitors (SSRIs) but
also by the 5-HT1A, 5-HT1B and 5-HT1D autoreceptors
that are present in the region of the cell body and on
nerve terminals and are widely distributed across the
brain.1


Considerable research effort has been expended on the
5-HT1 receptor family, and a number of reviews have
covered the potential therapeutic applications of ago-
nists and antagonists of these receptors, particularly in
mood disorders such as depression and anxiety.2,3 This
work is of particular significance, since SSRIs, which
are the most prescribed group of anti-depressants, are
still limited in their therapeutic profile. In addition to
their incomplete spectrum of efficacy and potential side
effects (e.g., sexual dysfunction and nausea), they exhibit
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a latency to therapeutic onset which is believed to be
attributable to the activation of the aforementioned 5-
HT1 autoreceptors. The latency to therapeutic onset
for SSRIs is thought to be attributed to the time taken
for the 5-HT1 autoreceptors to desensitize. Indeed, elec-
trophysiological and electrochemical studies in rats have
supported this hypothesis.


Consequently, a drug which either combined SSRI
activity with antagonism of one or all of the 5-HT1 auto-
receptors, or selectively antagonized these autoreceptors
could result in acute increases in extracellular 5-HT.4,5


Previous publications from this group have described
the development of novel compounds containing the
5-(piperidinylethyloxy)-quinoline and benzoxazinone
units as either mixed SSRI-5-HT1 receptor antago-
nists.6,7 or selective 5-HT1D receptor antagonists.8


In particular SB-649915 (Fig. 1) was a member of these
3,4-dihydro-2H-benzoxazinones which displayed high
affinity for the three 5-HT1 autoreceptors as well as po-
tent 5-HT reuptake inhibitory activity. In addition, this
molecule possesses good oral bioavailability in rat and is
moderately brain penetrant.


Continued studies in this area have sought to improve
both the pharmacokinetic profile and CNS penetration
of this molecule as well as further explore the struc-
ture–activity relationships. In particular, we sought to
identify a potent 5-HT1ABD receptor ligand with low
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Table 1. Receptor binding affinity (pKi
a) for 5-HT1A, 5-HT1B, 5-HT1D and SerT for novel compounds
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N O


R


X


N
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N


Me


Compound Structureb pKi


X R 5-HT1A [D]c 5-HT1A [W]d (I.A.)e 5-HT1B (I.A.) 5-HT1D (I.A.) SerT


SB-649915 CH H 9.5 8.6 (0.1) 8.0 (0.5) 8.8 (0.5) 8.0


1 CH Me 9.4 8.2 (0) 8.2 (0.5) 8.6 7.4


2 CH Et 9.6 8.5 (0.1) 8.4 (0.4) 8.8 (0.6) 6.9


3 CH i-Pr 9.2 8.3 (0) 7.4 (0.6) 8.4 7.0


4 N H 8.8 7.2 (0) 7.0 (0.6) 8.0 7.6


5 N Me 8.8 8.0 (0) 8.1 (0.8) 9.3 7.0


6 N Et 8.9 7.4 (0.1) 7.6 (0.4) 9.0 (0.3) 5.7


7 N n-Pr 9.6 7.6 (0.1) 7.5 (0.4) 8.7 (0.5) 6.8


8 N n-Bu 8.9 ND 7.5 8.5 6.8


9 N i-Bu 8.7 ND 7.5 8.6 5.8


10 N Bn 8.4 ND 7.2 8.2 6.5


11 N Phenethyl 8.9 7.5 7.6 8.7 ND


a Radioligand binding assay to determine affinity at human recombinant 5-HT receptors and functional [3H]5-HT uptake assays in rat cortical


synaptosomes to determine potency for SerT. Each determination lies within 0.3 log units of the mean with a minimum of three replicates.
b All compounds were characterised and purity was assessed using 1H NMR and LCMS.
c Radioligand used was [3H]-8-OH-DPAT [D].
d Radioligand used was [3H]-WAY100635 [W].
e I.A., intrinsic activity; ND, not determined.
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Figure 1. Structure of SB-649915, a dual 5-HT1 receptor antagonist


and 5-HT re-uptake inhibitor.
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functional activity and with selectivity over the seroto-
nin transporter which could be profiled in relevant ani-
mal models of both efficacy and side effects to allow
comparison to the dual 5-HT1 receptor antagonist 5-
HT re-uptake inhibitor previously described.


The initial focus of our work centred on exploration of
the benzoxazinone moiety, and in particular on under-
standing the role of the secondary lactam nitrogen. Pre-
vious studies7 suggested the presence of the amide N–H
might be crucial for 5-HT reuptake inhibition activity,
and so a range of analogues were prepared by derivati-
sation of the lead (Scheme 1) with a view to obtaining
potent 5-HT1 antagonists which are selective against
the serotonin transporter (Table 1).
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A  X = CH
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Scheme 1. Typical reagents and conditions: (i) K2CO3 or NaH, DMF, 0 �C

All compounds prepared were screened against h5-HT1A


receptors expressed in CHO cells using displacement of
either [3H]-WAY100635 (a 5-HT1A antagonist) or [3H]-
8-OH-DPAT (a 5-HT1A agonist) and against h5-HT1B


and h5-HT1D receptors expressed in CHO cells using
displacement of [3H]-5-HT.


Potency for the 5-HT re-uptake site was assessed by
measurement of the inhibition of [3H]-5-HT uptake
into rat cortical synaptosomes, with data expressed
as pKi. The intrinsic activity of the compounds was
determined using a [35S]GTPcS binding assay in cells
expressing the h5-HT1A, h5-HT1B or h5-HT1D recep-
tors, with data reported relative to the maximum
response elicited by the endogenous agonist 5-HT. A
ten point half log serial dilution was used to generate
a concentration response for each compound. The
results of this investigation demonstrated that substi-
tution on the lactam nitrogen had a limited impact
against all receptor affinities, even for the largest sub-
stituents investigated 8–11. The selectivity for 5-HT1A/B/D


over the serotonin transporter increased for alkyl
modifications to a maximum of 50-fold. The best
overall new profile was achieved for compound 2

O
N


X


O


N O
RN


1-3   X = CH
4-11 X = N


then RBr/RI 25 �C, 4 h.







Table 2. P450 inhibition profile for compounds


Compound P450 IC50 (<20 lM)a c logDb


5 (N-Me) All >20 lM 2.5


6 (N-Et) 1A2 18 lM; 2C9 14 lM 3.1


7 (N-nPr) 2C9 18 lM 3.6


8 (N-nBu) 1A2 4 lM; 2C9 12 lM; 2C19 16 lM 4.1


10 (N-Bn) 1A2 11 lM; 2C9 7 lM; 2C19 11 lM; 2D6 15 lM; 3A4 12 lM 4.3


11 1A2 17 lM; 2C9 4 lM; 2C19 5 lM; 2D6 14 lM; 3A4 9 lM 4.7


a P450 isoform inhibition IC50 for CYP1A2, 2C9, 2C19, 2D6, 3A4 �Gentest. Data only shown for values <20 lM.
b logD@pH7.4 (ACDlabs software).9


Table 3. Rat pharmacokinetic profile for compounds


Compound Cli rat;


huma


CLbb


(ml/min/kg)


Vss


(L/kg)


t1/2
b


(h)


Fpoc Br:Blc


SB-649915 3.4; 1.2 50 4.4 1.3 40 0.4


1 4.9; 0.9 57 4.2 1.3 35 1.3


2 7.7; 2.8 31 2.5 1.6 ND ND


ND, not determined.
a Intrinsic clearance in microsomes (ml/min/g liver).
b In vivo data determined by 1 mg/kg iv study in rat.
c Oral bioavailability and brain:blood (based on total brain concen-


tration) ratio determined by additional 3 mg/kg oral rat PK study.
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(N-ethyl) with good 5-HT1A/B/D receptor affinities and
approximately 30-fold selectivity over the serotonin
transporter.


Furthermore, consistent with the general observation
for increasing lipophilicity, we observed an increase in
inhibition of selected P450 enzyme isoforms with
increasing size of alkyl substituent (Table 2). Indeed
for the largest substituent, N-phenethyl 11, we observed
potent inhibition for all isoforms tested.


The most encouraging compounds were those with small
alkyl substituents which were profiled further in rat phar-
macokinetic studies (Table 3). From this analysis and de-
spite the data generated in microsomes, a reduction in
the rate of blood clearance was observed with 2, which
may be rationalised by presumed increases in plasma
protein binding in line with increased lipophilicity.


In addition to the changes in clearance and P450 inhibi-
tion profile, this lipophilicity also increased the CNS
penetration leading to brain:blood ratio >1 for 1 com-
pared to 0.4 for SB-649915 (Fpo from 3 mg/kg
dose = 35–40% for both compounds), but also gave
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Scheme 2. Typical reagents and conditions: (i) K2CO3 or NaH, DMF,


diisopropylethylamine, isopropanol, reflux.

additional unwanted pharmacological activities such as
inhibition of a1, H2 and M1 receptors (CEREP screen
inhibition data at 1 lM).


From these studies it was apparent that substitution of
the lactam nitrogen alone could only afford a limited
improvement in terms of both selectivity and pharmaco-
kinetics, and further modification of the benzoxazinone
skeleton was required.


Previous data7 indicated that SB-649915 underwent oxi-
dative metabolism of the benzoxazinone, which could be
blocked by fluorine substitution into the aromatic rings.
This strategy was adopted for the most promising com-
pounds 1 and 2 above. Analogues were prepared
(Scheme 2) using intermediates 12 and 13 previously de-
scribed7 via alkylation, deprotection and coupling with
the quinolinyloxy fragment.


The in vitro pharmacology for the compounds tested
was very encouraging (Table 4), with all compounds dis-
playing high affinities for the 5-HT1 receptors coupled
with low intrinsic activity for the 5-HT1A receptor.
The intrinsic activity observed for the 5-HT1B and 5-
HT1D receptors is higher, although it should be noted
that partial agonism in the recombinant cell lines does
not necessarily translate into partial agonism in native
tissue (for comparison, GR 12793510 data are included
which has been characterised as a 5HT1B/D antagonist
in native tissue studies). Furthermore, 17 demonstrated
over 100-fold separation of affinities between the seroto-
nin transporter and the 5-HT1A/B/D receptors which rep-
resents the most selective compound profiled to date.


In vivo pharmacokinetic profiling of these compounds
led to an improvement over earlier analogues with all
three compounds showing lower blood clearance and
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Table 4. Receptor binding affinity (intrinsic activity with respect to 5-


HT) for 5-HT1A, 5-HT1B, 5-HT1D and SerT potency for fluorinated


compounds
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Q


Compound Q R pKi


5-HT1A 5-HT1B 5-HT1D SerT


15 8-F Me 8.1 (0) 9.1 (0.7) 9.4 (0.6) 7.3


16 5-F Me 8.5 (0) 8.8 (0.4) 9.3 (0.6) 7.1


17 5-F Et 8.6 (0.1) 8.8 (0.5) 8.9 (0.7) 6.7


GR 127935 (0.3) (0.8)


All compounds were characterised and purity was assessed using 1H


NMR and LCMS.


Table 5. Rat pharmacokinetic profile for fluorinated compounds


Compound P450a


(lM)


Clbb


(ml/min/kg)


t1/2
b


(h)


Fpoc Br:Blc


15 >19 35 1.3 ND 3.6


16 >16 34 2.0 65 2.7


17 >9 23 2.8 34 1.2


ND, not determined.
a P450 isoform inhibition IC50 for CYP1A2, 2C9, 2C19, 2D6, 3A4


�Gentest.
b In vivo data determined by 1 mg/kg iv study in rat.
c Oral bioavailability and brain:blood (based on total brain concen-


tration) ratio determined by additional 3 mg/kg oral rat PK study.
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improved brain penetration and concentrations com-
pared to SB-649915 (Table 5).


In summary compound 17 has high affinity for the
5-HT1A, 5-HT1B and 5-HT1D receptors with good selec-
tivity against other targets (data not presented) includ-
ing the serotonin transporter and as such constitutes
the most selective 5-HT1ABD receptor ligand reported
to date. Compound 17 displays negligible intrinsic effi-
cacy at 5-HT1A receptors and moderate-high efficacy
at 5-HT1B and 5-HT1D receptors, respectively. Further
studies in native tissue are required to determine
whether this degree of partial agonism at human recom-

binant 5-HT1B/1D receptors is predictive of intrinsic effi-
cacy at the native receptor, following data previously
discussed for GR 127935. Furthermore, partial agonists
at the 5-HT1A receptor are themselves strategies for the
treatment of anxiety and depression disorders.11 In addi-
tion, 17 shows excellent oral pharmacokinetics in rat
with good brain penetration and so represents an attrac-
tive tool for characterisation in behavioural models to
further understand the roles of the 5-HT1 autoreceptors
and the serotonin transporter with the ultimate aim to
identify faster acting anti-depressants.
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Abstract—The desmethoxy analogue of the cytotoxic, cyclic depsipeptide callipeltin B was synthesized to evaluate the role of its b-
MeOTyr residue. The IC50 of desmethoxycallipeltin B, in which the b-MeOTyr residue was replaced by DD-Tyr, against HeLa cells
was found to be 128 ± 10 lM in an MTT assay, compared to 98 ± 5 lM for the natural product itself. The roughly comparable
cytotoxicities suggest that the cytotoxicity of callipeltin B does not arise through the formation of a quinone methide intermediate.
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. Formation and reaction of a putative quinone methide


intermediate 3.

Callipeltin B (1a) and its congener callipeltin A (2) are
cyclic depsipeptides isolated from the lithistid marine
sponge callipelta sp. by Minale and co-workers. Both
molecules were reported to exhibit broad-spectrum
cytotoxicity against various tumor cell lines.1,2 Addi-
tionally, the related cyclic depsipeptides papuamides
A–D3 and neamphamide A4 were isolated from other
marine sponges and also shown to exhibit broad-spec-
trum cytotoxicity against tumor cell lines. Because
all of these cyclic depsipeptides contained the novel
amino acid b-methoxytyrosine (b-MeOTyr), specula-
tion arose as to whether the cytotoxicity of 1a resulted
from elimination of methanol from b-MeOTyr to
form a reactive quinone methide intermediate (3,
Scheme 1) that subsequently reacted with a biological
nucleophile (Fig. 2).


Such an idea received indirect support during the recent
synthesis of 1a, when acid deprotection of 1a resulted in
the formation of a side-product that MALDI-MS
showed had lost methanol.5 To test such a hypothesis,
desmethoxycallipeltin (1b), in which the b-MeOTyr res-
idue of 1a was replaced by a DD-Tyr, was synthesized and
assayed for cytotoxicity (Fig. 1).


Herein we report the synthesis of 1b using the same
strategy used for the synthesis of 1a (Scheme 2).5

OH


1a, X=OCH3


1b, X=H


Figure 1. Structures of callipeltin B (1a) and desmethoxycallipeltin B


(1b).
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DD-Tyr(Bn) allyl ester was synthesized in two steps from
commercially available Boc-DD-Tyr(Bn). All the other
residues were either commercially available or had been
previously synthesized in our group during the synthesis
of 1a.5,6 As before, the Sieber amide resin7 was acylated
with the MeGln residue of 1b to afford the intermediate
4. All deprotection and coupling reactions were moni-
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Figure 2. Structure of callipeltin A (2).

tored by cleavage of a 1–2 mg sample of resin using
2% TFA-CH2Cl2 followed by analysis of the crude
cleavage mixture using reverse phase HPLC and MAL-
DI-MS.


The macrocyclized product 6 was cleaved from the
resin with 2% TFA-CH2Cl2 and the crude cleavage
product was purified by RP-HPLC to afford 2.6 mg
of purified 2 in 11% overall yield. The identity of 1b
was confirmed by MALDI-MS and 1H NMR. The
homogeneity of the synthetic 1b was confirmed by
RP-HPLC and 1H NMR.


With synthetic 1b in hand, we assayed 1b for cytotoxic-
ity alongside synthetic 1a, which served as the control.
The MTT fluorogenic assay8,9 was chosen as the method
for quantifying cytotoxicity, and it was performed with
DMEM-supplemented HeLa cells. Analysis of the dose–
response data obtained from the assay afforded IC50 val-
ues for both 1a and 1b. The mean IC50 values obtained
from duplicate assays were 98 ± 5 lM for 1a and
128 ± 10 lM for 1b.


Although 1b is slightly less cytotoxic than 1a, the
small difference in IC50 values of 1a and 1b is not
what one would expect if the b-MeOTyr residue were
essential for cytotoxicity. This result strongly suggests
that a quinone methide intermediate is not responsible
for the cytotoxicity of 1a. In light of the recent report
that the closely related cyclic depsipeptide callipeltin A
is a sodium ionophore,10 a reasonable alternative
source of cytotoxicity could be the ability of both 1a
and 1b to act as sodium ionophores. This hypothesis
is now being actively investigated in our laboratory.
The small difference in activity between 1a and 1b that
is observed is possibly attributable to a conforma-
tional change that results from removal of the meth-
oxy substituent of b-MeOTyr. Indirect support for
such an explanation is provided by a comparison of
the ROESY spectra of 1a and 1b, which show notice-
able differences.11


In summary, an analogue of callipeltin B that lacks a
b-MeOTyr residue has been synthesized and its cyto-
toxic effect on HeLa cells quantified using an MTT as-
say. Substitution of DD-Tyr for b-MeOTyr does not
substantially affect the cytotoxicity of callipeltin B,
leading to the conclusion that a quinone methide
intermediate is unlikely to be the principal source of
the cytotoxicity of callipeltin B. Studies are ongoing
in our laboratories to further elucidate the roles
played by the various non-proteinogenic amino acids
in 1a and to further explore the mode of action of
1a and related natural products.
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Abstract—In order to improve the analgesic activity of lead compound 7a, two series of dispirocyclopiperazinium (DSPZ) salts 9a–
h, 10a–e and compounds 14, 15 were synthesized and evaluated for their in vivo analgesic activity both by acetic acid induced writh-
ing test and hot plate test. Compounds 9h, 14, and 15 exhibited better analgesic activities than 7a. Several important structure–activ-
ity relationships were revealed from this study: (1) the introduction of aryl group would obviously improve the activity; (2) it was
favorable to enhance the analgesic activity and reduce the toxicity to incorporate alkyl group with suitable length in the molecule; (3)
carbamate analogues displayed lower toxicity than carboxylic ester analogues; (4) hydroxylation and chlorination of lead compound
could increase the analgesic activity in hot plate test.
� 2007 Elsevier Ltd. All rights reserved.

Pain is a pervasive public health problem. The chief
treatments of pain are agents that bind at opioid recep-
tors and inhibitors of cyclooxygenase.1 However, both
general classes of agents have undesirable side effects
associated with their use,2 and this has prompted a
search for mechanistically different analgesic agents.
Over the past few years, considerable efforts have been
directed toward the identification of ligands selective
for subtypes of nAChR and several high affinity com-
pounds have been reported.3


During our study on the synthesis and biological activity
of quaternary piperazinium salts,4,5 we found a signifi-
cant analgesic piperazinium salt 1, whose structure is
similar to a well-known nicotinic agonist N1,N1di-
methyl-N4-phenylpiperazinium iodide (DMPP, 2).
DMPP is considered to represent a unique ligand among
hundreds of nicotinic agonists,6 because it does not fit
any proposed pharmacophore for nicotinic binding, yet
it presents a Ki = 250 nM as a nicotinic receptor of the
rat brain labeled by [3H]cytisine (thought to be repre-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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sented mainly by the a4 b2 subtype). The structural sim-
ilarity of the two analgesic compounds encouraged us to
further study piperazinium salts as analgesics. Hence, we
synthesized several more classes of piperazinium salts,7–12


including nonspirocyclopiperazinium salts (NSPZ) (3 and
4), monospirocyclopiperazinium (MSPZ) (5 and 6),
dispirocyclopiperazinium (DSPZ) salts (7 and 8), and sev-
eral compounds were found to own good analgesic activ-
ity (Fig. 1).11,12


However, due to the poor lipophilicity of piperazinium
salts, those compounds could not cross the blood–brain
barrier easily, the pharmacological experiments of com-
pound 3 (R = methyl, R 0 = phenethyl, n = 6) proved
that its analgesic effective dose of subcutaneous injection
was 4000 times higher than that of intracerebroventric-
ular injection,13 which hinted that improving CNS per-
meability of piperazinium salts may be a valid method
to increase the analgesic activity of quaternary ammo-
nium salts. Therefore, we selected a promising
compound 7a (80.97%, 0.04 mmol/kg, sc, in writhing
test) as the lead compound to improve its lipophilicity.
Ester formation is the most commonly employed
approach for increasing lipophilicity of highly polar
parent compounds.14 Besides, carbamates were usually
used in cholinocepter agonists and acetylcholinesterase



mailto:lirt@mail.bjmu.edu.cn





N N+


(CH2)n
N+ N


R R
2Br- 2HCl R=Alkyl, Benzyl


R'=H, Alkyl
n=2,4,6,8,10


N+ N CO(CH2)nCO N N+


R


H3C CH3


R
2Br-


R=Methyl, Benzyl
n=2,4,6,8


5 6


N+ NR X-


R=Alkyl


N+ N HClR


O


Br-


R=Aryl


3


4


N+ N (CH2)n N N+ 2Br- 7a: n=3 7b: n=6
7c: n=8 7d: n=10


7


N+ N C
O


(CH2)n C
O


N N+ 2Br-


8


n=1-6


N+ N Br- HCl


1


Cl
OH


NN+ I-


2 (DMPP)


R' R'


Figure 1. Known quaternary ammoniums with analgesics.


HN NH
a


N NHC
O


C6H5


11


b


N N


N N


CHOH


C6H5CO


C6H5CO


12


c
d


HN N


HN N


13


e


N+ N


N+ N


2Br-


14


f


g


N+ N


N+ N


2Br-


9


OCR


10a-d: R=(CH2)nCH3
 n=2,4,7,10


10e: R=Ph


N+ N


N+ N


10


2Br-


9a-g: R=(CH2)nCH3
n=0,2,4,7,10,14,16


9h:  R=Ph


OH


OCNHR


O


O


OH


h


N+ N


N+ N


2Br-


15


Cl


Scheme 1. Synthesis of compounds 9, 10, and 15. Reagents and


conditions: (a) C6H5COCl, AcOH, 56%; (b) ClCH2CH(OH)CH2Cl


(0.5 equiv), K2CO3, EtOH, reflux, 61%; (c) 10% HCl; (d) NaOH, 85%


overall; (e) Br(CH2)4Br (2 equiv), NaHCO3, EtOH, reflux, 76%; (f)


(RCO)2O, DMAP, DMF, 70–100 �C, 50–70%; (g) RNCO, TEA,


DMF, 70–100 �C, 40–60%; (h) SOCl2, DMF, rt, 29%.


A. Li et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5078–5081 5079

inhibitors.15,16 Hence, two series of DSPZ salt conju-
gates carboxylic esters 9 and carbamates 10 were de-
signed (Fig. 2).


The designed compounds (9 and 10) were synthesized as
outlined in Scheme 1. The reaction of two equivalents of
1-benzoyl piperazine 11 with one equivalent of 1,3-
dichloro-2-propanol in the presence of potassium
carbonate provided 12. Deprotection of 12 in 10%
hydrochloric acid, followed by neutralization with aque-
ous sodium hydroxide, gave the 1,3-di(1-piperazyl)-2-
propanol 13. One equivalent of 13 was reacted with
two equivalents of 1,4-dibromobutane to yield the key
intermediate dispirocyclopiperazinium bromide 14.
Treatment of compound 14 with SOCl2 afforded the
compound 15.


Compounds 9 were synthesized from 14. Because of its
poor solubility and steric blocks, quaternary ammonium
salts 9 were not obtained from conventional acylation
reagents such as acid chloride and carboxylic acid. After
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Figure 2. Structures of compounds 9 and 10.

trying several different methods, we found that 14 was
treated with 20 equivalents of corresponding acid anhy-
drides in DMF with 4-dimethylaminopyridine (DMAP)
as catalyst for 3h at 70–100 �C affording the expected
products 9 in 50–70% yields. The compounds 9 were
purified by column chromatography on neutral alumi-
num oxide using methanol/ethyl acetate as the eluents.


Compounds 10 were obtained from the reaction of 14
with corresponding isocyanates which were prepared
according to the literature.17 The reaction was carried
out in DMF with triethylamine (TEA) as base for 7 h
at 70–100 �C giving the products in 40–60% yields.
The purification of products 10 was similar to that of
series 9.


All newly synthesized compounds were tested for their
in vivo analgesic activity by acetic acid induced writhing
test and hot plate test using reported method.13 Gener-
ally, we chose 0.04 mmol/kg as the dose of subcutaneous
injection. If causing death of mice, the dose would be re-
duced. The results are summarized in Table 1.


As shown in Table 1, the analgesic activity data have an
approximate normal distribution for the compounds 9a–g.
For instance, when n = 4, 7, and 10, compounds in series







Table 1. Analgesic activity of compounds 7a, 9, 10, 14, 15 by acetic acid induced writhing test and hot plate test in mice


N+ N


N+ N


2Br-
N+ N


N+ N


2Br-OCR


10


N+ N


N+ N


2Br-


9


XOCNHR
O O


7a: X=H
14: X=OH
15: X=Cl


Compound R(X) Writhing test Hot plate


Dose (mmol/kg) Analgesic activitya (%) Dose (mmol/kg) Analgesic activityb (%)


7a 0.04 81.0 0.04 64.2


9a Me 0.005c 32.1 0.01c 35.7


9b Me(CH2)2– 0.005c 36.4 0.01c 36.4


9c Me(CH2)4– 0.005c 69.5 0.01c �13.4


9d Me(CH2)7– 0.02c 57.8 0.04 62.9


9e Me(CH2)10– 0.04 55.5 0.04 79.6


9f Me(CH2)14– 0.04 25.3 0.04 �10.3


9g Me(CH2)16– 0.04 0 0.04 �10.3


9h Ph– 0.02c 44.5 0.04 117.0


10a Me(CH2)2– 0.04 70.9 0.04 26.4


10b Me(CH2)4– 0.04 75.2 0.04 �17.9


10c Me(CH2)7– 0.04 36.4 0.04 4.6


10d Me(CH2)10– 0.04 39.0 0.04 �5.2


10e Ph– 0.02c 79.7 0.04 42.8


14 OH 0.04 88.9 0.04 91.8


15 Cl 0.02c 51.9 0.02c 98.4


a % Inhibition = 100 � (A/B · 100), where A = incidence of writhing in the treated group and B = incidence of writhing in the control group,


occurring from the 5th to 10th min after administration of the noxious agents.
b % Elevation of pain threshold = 100 · (A � B)/B, where A = latency time of treated group and B = latency time of control group. The time interval


from placing animals on the surface of the hot plate to a licking of the hind paws or jumping was defined as hot plate latency.
c Toxic at higher dose.
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9 showed higher analgesic activity (9c: n = 4, 69.5%,
dose 0.005 mmol/kg in writhing test; 9d: n = 7, 57.8%,
dose 0.02 mmol/kg in writhing test; 62.9%, dose
0.04 mmol/kg in hot plate; 9e: n = 10, 55.5% in writhing
test and 79.6% in hot plate, dose 0.04 mmol/kg). These
results demonstrate that substituents with suitable
length will maintain definite analgesic effects. Similarly,
when n = 4, compound in series 10 exhibited the definite
analgesic activity (10b: n = 4, 75.2%, writhing test).


It is also found from Table 1 that the carbamate ana-
logues 10 displayed lower toxicity than carboxylic ester
analogues 9. Meantime, carbamates 10 only showed
remarkable analgesic activity in writhing test. These re-
sults suggest that introduction of carbamoyl groups may
be favorable to decrease the toxicity and enhance the
selectivity.


Compounds 9h (R = Ph) and 10e (R = Ph) were de-
signed to investigate the influence of aromatic group
on the pharmacological activity. The results showed that
the compounds 9h (117.0%, dose 0.04 mmol/kg in hot
plate) and 10e (R = Ph, 79.7%, dose 0.02 mmol/kg in
writhing test) exhibited the highest analgesic activity in
corresponding analogues. These results give us an inspi-
ration that the introduction of aryl group may be an
available route for the modification of this kind of
compounds.


Compound 14 is the key intermediate for the synthesis
of compounds 9 and 10. In comparison, we tested its

analgesic activity as well. Surprisingly, compound 14
showed excellent analgesic activity in both tests (88.9%
in writhing test, 91.8% in hot plate, dose 0.04 mmol/
kg), which encouraged us to further synthesize the chlo-
ride derivative 15. Differing from compound 14, the
analgesic activity of compound 15 was notably different
in both tests. Its hot plate test gave significant analgesic
activity (98.4%, dose 0.02 mmol/kg in hot plate test),
whereas writhing test only showed moderate analgesic
activity (51.9%, dose 0.04 mmol/kg). Therefore, intro-
duction of hydroxyl or chloride on the link between
two spirocyclopiperiziniums may benefit the analgesic
activity.


To explore whether these two series compounds were
hydrolyzed by esterase and released the parent com-
pound 14 after subcutaneous injection, we selected com-
pounds 9a, 9e, 9g, and 10d to study their hydrolytic
ability in buffer, 10% mice blood, and 10% mice brain
homogenate using reported method.18 TLC was used
to monitor the result. It was found that all tested com-
pounds were stable within 3 h whether in buffer or in
biological matrices. Therefore, these compounds may
act as their original forms. This result can explain the
reason that only derivatives with medium length of side
chain had higher activity, and coincides with our previ-
ous conclusion too.12


In summary, two series of dispirocyclopiperazinium
salts were synthesized and evaluated for their in vivo
analgesic activity in both acetic acid writhing test and
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hot plate test. Some of them showed analgesic effects,
especially, compounds 9h, 14, and 15, with excellent
analgesic activity in hot plate test. Several important
structure–activity relationships were revealed from this
study: (1) the introduction of aryl group can obviously
improve the activity; (2) it is favorable to enhance the
analgesic activity to incorporate alkyl group with suit-
able length in the molecule; (3) carbamate analogues dis-
played lower toxicity than carboxylic ester analogues;
(4) both hydroxylation and chlorination of lead com-
pound could increase the analgesic activity. These re-
sults will provide the inspiration for the further
modification of this kind of compounds.
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Abstract—A series of 7-fluoro-3-aminosteroids were synthesized and their in vitro antimicrobial activities were evaluated against
Gram-positive and Gram-negative bacteria. The nucleophilic fluorination of several 7b-hydroxysteroids by diethylaminosulfur
trifluoride in n-pentane, followed by reductive amination of the resulting 7-fluoro-3-ketosteroids with spermidine in the presence
of NaBH3CN, afforded 7-fluoro-3-aminosteroids in high yield. Compound 25 showed the highest antimicrobial activity against
Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pyogenes, and Escherichia coli.
� 2007 Elsevier Ltd. All rights reserved.

The rapid emergence of superbugs1 poses a constant
threat to humans, and although newly developed antibi-
otics are constantly being tested the pace at which
bacteria develop resistance is much faster than the devel-
opment of new antibiotics. Superbugs like the methicillin-
resistant Staphylococcus aureus,2 vancomycin-resistant
enterococci,3 and quinolone-resistant Streptococcus
pneumoniae4 are classic examples. An antibiotic can
exert its effect in one of the three ways: interference with
the cell wall, interference with nucleic acid synthesis, and
interference with protein synthesis.5 One such antibiotic
is squalamine, which is isolated from the tissue of
Squalus acanthias. It is a polyamine-steroid conjugate
which ruptures the cell membrane of bacteria leaving
it susceptible to osmotic lysis. Squalamine has antimi-
crobial activity against Gram-positive and Gram-nega-
tive bacteria, possessing antiangiogenic activity and
exhibiting low hemolytic activity (Fig. 1).6 Recently,
seven new aminosterols related to squalamine were iso-
lated from S. acanthias and some of them were more
potent against bacteria than squalamine.7 Since this
discovery, other analogues of squalamine have been
pursued because many of them possess potent antimi-
crobial, and anti-trypanosomal activity, as well as
DNA binding affinity.8,9 The synthesis of various poly-
amine conjugates to cholesterol, cholenic acid, and bile
has been reported by us10 and others,11 and the com-
pounds were evaluated for biological potency. These

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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substances exhibited comparable antimicrobial activity
to that of squalamine against Gram-positive and
Gram-negative bacteria. Squalamine and analogues 1
and 2 exhibited comparable antimicrobial activity,10b


so we were interested in evaluating the fluoro analogues
of 1. Since squalamine has a 7a-hydroxyl group at C7,
we synthesized the 7a-fluoro analogues. Replacing the
hydroxyl group with fluorine in aliphatic, cyclic, and
heterocyclic compounds exhibited increased activity
however it is difficult to substitute the hydroxyl group
with fluorine in a steroid ring due to elimination and
other side reactions, resulting in lower yields.12–14 We
have reported that the synthesis and antimicrobial activ-
ity of 3a-hydroxy-7a-fluoro-23,24-bisnorcholane poly-
amine carbamate also suffer from the aforementioned
bottleneck problem.10a


A number of methodologies have been applied in order
to substitute the hydroxyl group with fluorine in ste-
roids. The fluorination of steroids led by elemental fluo-
rine is usually associated with a lower yield and it is not
easy to perform in the laboratory.12 Diethylaminosulfur
trifluoride (DAST), a highly effective nucleophilic fluori-
nating agent, is a reagent of choice in that it is reactive,
easy to use, and commercially available. The fluorina-
tion of 3b-acetoxy-7a- and 7b-hydroxyandrost-5-en-17-
one with DAST, in n-pentane, provided complex and
inseparable mixtures of 7-fluoro derivatives in a 64%
yield, however, the resulting fluorinated steroid, when
mixed with chloroform, underwent decomposition at
5–10 �C and was susceptible to heat and acid.13 Epimer-
ization was found to be higher in polar solvents such as
dichloromethane and lower in nonpolar solvents such as
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n-pentane. 7a- and 7b-fluoro-5a-cholestan-22-al were
synthesized from a stigmasterol derivative, however
the yield was low.14


For the synthesis of 7-fluorinated squalamine ana-
logues, we investigated a more efficient method
that could produce the 7a-fluoro-3-ketosteroid. The
requisite starting material, 3-dioxolane-22-tert-butyl-
dimethylsilyloxy-23,24-bisnorchola-5-en-7-one (3), was
synthesized from commercially available 23,24-bis-
norchola-4-en-3-one by the literature procedure.10b


The catalytic hydrogenation of 3 with 5% Pt/C gave
6. The reduction of 3 with LiAlH4 in dry THF affor-
ded 7b-OH (4) and 7a-OH (5) quantitatively in a 1:1
ratio. The reduction of D5 and 7-keto groups for 3
was achieved simultaneously by dissolving metal
reduction. Under Li/liq. NH3 conditions, 3 primarily
furnished 7b-OH (7, 94%) along with the 7a-OH iso-
mer (8, 5%).
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Scheme 1. The fluorination of 7-hydroxysteroids with DAST. Reagents: (i) H


pentane; (v) pTSA, acetone.

The nucleophilic fluorination of the 7b-OH isomer (7)
was accomplished by DAST in n-pentane, at room tem-
perature. The simultaneous deprotection of C-3 ketal
and 22-TBS with pTSA in acetone provided a mixture
of the 7a-F isomer (14) and 7b-F isomer (15) in a ratio
of 4:3 in an 83% yield and eliminated product 9 in a 14%
yield.15 The similar fluorination of allylic alcohol 4 and 5
gave 10 and 11 in 62% yields, however, it was observed
to be unstable and rapidly decomposing at room tem-
perature when mixed with deuterated chloroform. We
examined other methods (e.g., the mesylate of 7 was
treated with a phase transfer catalyst (KF-Ph3SnF/sulfo-
lane),16 KF-18C6,17 and ionic liquid (bmim-BF4)18) but
these provided 12 and 13 only in traces. On the other
hand, when the 7a-OH isomer (8) reacted with DAST,
an eliminated product (9) resulted. It seemed that ax-
ial-equatorial stereochemistry at C-7 played an impor-
tant role, while the substitution of hydroxyl group at
C-7 with fluorine (Scheme 1).
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2, PtO2, EtOAc; (ii) Li/liq. NH3, THF; (iii) LiAlH4, THF; (iv) DAST, n-
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The 1H NMR chemical shift of H-7 in 14 was 4.57 ppm
with JHF = 49.1 Hz and the 13C NMR chemical shift of
C-7 was 90.3 ppm with JCF = 171.0 Hz, which showed
the axial configuration of fluorine. The 1H NMR chem-
ical shift of H-7 in 15 was 4.13 ppm with JHF = 49.0 Hz,
while the 13C NMR chemical shift of C-7 was 96.4 ppm
with JCF = 174.0 Hz15 which was consistent with an
equatorial fluorine configuration. The chemical shifts
and coupling constants observed were similar to those
found previously.13,14


The reductive amination of 7-fluoro-3-ketosteroids 14
and 15 with Boc-spermidine, in the presence of
NaBH3CN,19 afforded 7-fluoro-3-aminosteroids 16–19
in 93–94% yields, as shown in Scheme 2. The treatment
of 22-hydroxyl compounds 16–19 with a SO3-pyridine
complex in pyridine at room temperature provided 20–
23 in a quantitative yield. Consequently hydrochloride
salts were obtained from 16 to 23 with thionyl chloride
and methanol in dichloromethane at room temperature.
Recrystallization of the resulting products in acetone
yielded 24–31. Compounds 1, 2, and 32 were obtained
by a previously described method.10


Compounds 1, 2, 32, and 7-fluoro-3-aminosteroids 24–
31 were assessed against the strains of Gram-positive
and Gram-negative bacteria, respectively, and the MIC
(minimum inhibitory concentration) values are summa-
rized in Table 1. Compounds 1, 25, and 32 share the
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Scheme 2. The synthesis of 7-fluoro-3-aminosteroids. Reagents: (i) Boc-sper


SOCl2, MeOH, CH2Cl2.


Table 1. The antimicrobial activity (MIC) of 3-aminosteroids 1, 2, and 24–3


Strain 1 2 24 25 26


S. pyogenes 308A 25.0 NA 25.0 6.3 12


S. pyogenes 77A 25.0 50.0 12.5 6.3 6


S. aureus 503 12.5 50.0 12.5 6.3 6


E. coli DC2 25.0 50.0 50.0 6.3 12


P. aeruginosa 9027 12.5 50.0 50.0 6.3 12


P. aeruginosa 1771M 25.0 50.0 100.0 3.1 25


S. typhimurium 50.0 50.0 100.0 100.0 50


E. cloacae 1321E 50.0 50.0 100.0 100.0 100


Antimicrobial activity; IC50, lg/mL; NA, non applicable.

same stereochemistry having spermidine at 3b except
for a substituent at C7. The effect of the substituent at
C7 is clearly apparent as the fluoro analogue 25 has a
stronger antimicrobial activity than that of 1 and 32.
Compound 25 displayed the highest potency against
Pseudomonas aeruginosa 1771M having a MIC value
of 3.1 lg/mL. Compounds 25–27, 30, and 32 are the
most active against S. aureus 503 having a MIC value
of 6.3 lg/mL. Streptococcus pyogenes 77A is adversely
affected by 24–28 and 30, and in particular, 25 and 26
were the most potent with a low MIC of 6.3 lg/mL.
Escherichia coli was the most vulnerable to 25–27 and
32. Gram-positive S. aureus 503 was the most affected
by the 22-hydroxyl analogue (25–27) having a MIC
value of 6.3 lg/mL rather than the 22-sulfated counter-
part 2, 29, and 31. Compound 24 has an axial orientation
at C-3 and C-7 was more active against S. pyogenes 77A
and S. aureus 503, but it exhibited less potency, especially
against Gram-negative strains. Compound 28, a 22-sul-
fate analogue of 24, showed a twofold improvement
in activity against S. pyogenes 308A, E. coli DC2, and
P. aeruginosa 9027. In general, all compounds were less
potent against Salmonella typhimurium and Enterobacter
cloacae.


In conclusion, we have synthesized 7-fluoro-3-aminos-
teroids by the fluorination of 7b-hydroxysteroids in a
high yield. Our results suggest that the nature and ste-
reochemistry of functional groups exert a great influence
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27 28 29 30 31 32


.5 12.5 12.5 50.0 25.0 50.0 100.0


.3 12.5 12.5 50.0 12.5 50.0 100.0


.3 6.3 12.5 25.0 6.3 50.0 6.3


.5 12.5 25.0 50.0 25.0 25.0 12.5


.5 12.5 25.0 12.5 50.0 50.0 12.5


.0 6.3 50.0 25.0 50.0 50.0 6.3


.0 100.0 100.0 100.0 50.0 50.0 50.0


.0 100.0 100.0 100.0 50.0 50.0 100.0
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on antimicrobial activity. We can conclude that 25, 26,
and 27 were found to exhibit high potency, and com-
pound 25 in particular was the most potent among the
tested 7-fluoro-3-aminosteroids.
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Abstract—Corticotropin-releasing factor (CRF), a 41 amino acid peptide neurohormone synthesised by specific hypothalamic nuclei
in the brain, is implicated in stress-related function. Antagonism of CRF1 receptors is an attractive therapeutic approach for the
treatment of depression and anxiety. Unsaturated tetrahydrotriazaacenaphthylenes of general structure 3 have been identified as
potent and selective CRF1 receptor antagonists with a suitable oral pharmacokinetic profile.
� 2007 Elsevier Ltd. All rights reserved.

The health burden of stress-related diseases, including
depression and anxiety disorders, is rapidly increasing,
requiring the identification of more efficacious pharma-
cotherapies exhibiting improved tolerability with respect
to current treatments.1 Recent findings support a major
role for neuropeptides in mediating the response to
stress and emotional behaviors. Corticotropin-releasing
factor (CRF), a 41 amino acid peptide synthesised by
specific hypothalamic nuclei in the brain, was originally
isolated by Wale and colleagues in 1981 from ovine
hypothalamus.2 This neuropeptide is known to be the
major physiological regulator of the basal and stress-
mediated release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary. In addition CRF
has been recognised to coordinate many of the endo-
crine, autonomic and behavioral responses to stress via
activation of CRF1 receptors.
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Therefore the identification of CRF1 antagonists is an
attractive therapeutic approach for the treatment of
depression and anxiety.3


Despite major efforts by many pharmaceutical compa-
nies and academic groups during the last decade, the dis-
covery of potent small molecule CRF1 receptor
antagonists has proved to be challenging.4


Compounds such as CP-154,5265 and DMP-6966


(Fig. 1) were amongst the first CRF-1 antagonists show-
ing high affinity along with interesting signs of in vivo
activity in animal models of anxiety and depression.


These molecules share common pharmacophoric fea-
tures: (a) a bicyclic heterocyclic core substituted in the
top region of the molecule with a lipophilic alkylamine
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Figure 1. Bicyclic CRF1 receptor antagonists.
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Figure 2. Tricyclic CRF1 receptor antagonists.
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side chain; (b) an aromatic nitrogen acting as H-bond
acceptor7–9; (c) a pendant 2,4-disubstituted or 2,4,6-tri-
substituted aromatic moiety or heteroaromatic ring in
the bottom region of the molecule.


As part of a broad chemical strategy aimed towards
the discovery of new series of CRF1 antagonists, the
tricyclic templates of general structures 1 and 2
have been designed and explored in detail9 in our
laboratories.


In this article, we report the preparation of the corre-
sponding tetrahydrotriazaacenaphthylenes of general
structure 3 (Fig. 2), suitably substituted in both the
top region of the molecule (R1) and in the bottom aro-
matic portion (R2).


The synthetic route setup is described in Scheme 1.
Intermediates 8 (R1 = hept-4-yl or pent-3-yl) were pre-
pared in four steps starting from the azanidole 4.10,11
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Scheme 1. Reagents and conditions: (a) R1Br, NaH 80% oil, DMF,


triphenylphosphonium chloride, 1.6 M BuLi/THF 0 �C 10 min, then compo


70 �C, 1.5 h, 67–70%; (e) NaBH4, MeOH, 0 �C, 1 h, 89–93%; (f) imidazole, T


etone)palladium(0), 2-(dicyclohexylphosphino)-2 0-methylbiphenyl, K3PO4 ArN


20 min (cooling on), 84–88%; (h) Et3NÆ3HF, DMF, rt, overnight, 48–50%; (i)

The alkylation of 4 with the necessary alkyl bromides
occurred in high yields. Then, the formylation of the
C-3 position afforded the aldehyde intermediates 6,
which were homologated by Wittig-type reaction in
the presence of (methoxymethyl)triphenylphosphonium
chloride and BuLi, giving the corresponding methyl
enolethers 7 as mixture of the cis/trans isomers. Acid
hydrolysis generated the aldehyde derivative 8 in good
yield, after purification by flash chromatography. These
compounds were reduced to the corresponding alcohol 9
and then protected as TBS.


Intermediates 10 were reacted with the substituted ani-
lines using a Buchwald amination reaction,12 affording
compounds 11. The best conditions for this reaction used
Pd2(dba)3 (10%) as a catalyst, 2-(dicyclohexylphosphi-
no)-2 0-methylbiphenyl as a ligand, DME as a solvent
and K3PO4 as a base, under microwave irradiation
(150 W, T = 100 �C, P = 60 p.s.i., cooling, t = 20 min).
In the absence of microwave irradiation, reaction yields
reduced and conversion times increased. Also, the use
of different bases and solvents such as tBuOK and tolu-
ene significantly reduced yields.


After removal of the TBS, intermediates 11 afforded
alcohol derivatives 12. The final intramolecular cycliza-
tion reaction to give compounds 3a–j was successfully
carried out by refluxing the mesylates 13 in toluene in
the presence of triethylamine.


Alternatively, the mesylate derivatives 14, smoothly pre-
pared from alcohols 9, were transformed straight into

N


N


Cl


CHO


R


N


N


Cl


CHO


R


N


N


Cl


OMe


R


N


N CH2OR


Cl


R


7


8


9   R = H


6


10 R = TBS


14 = Ms


c


d


e


f


11


11


i


75–81%; (b) DMF, POCl3, reflux, 70–75%; (c) (methoxymethyl)-


und 10, THF, rt, 68–70%; (d) 2N HCl, 0 �C during the addition, then
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H2, DME, rt, then microwave irradiation, 100 �C, 150 W, P = 60 p.s.i.,


MsCl, Et3N, CH2Cl2, rt; (l) toluene, Et3N, reflux, 29–31% (two steps).
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Scheme 2. Reagents and conditions: (a) ethyl 2-bromobutanoate, NaH
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Table 1. In vitro potency of compounds 3a–l
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Entry R1 R2 X pIC50
a


CP-154,526 7.8


DMP-696 7.4


1 Hept-4-yl 2-Cl, 4-Cl C 7.5


3a Hept-4-yl 2,4-Bis-CF3 C 7.0


2a Hept-4-yl 2,4-Bis-CF3 N 7.8


3b Hept-4-yl 2-CH3, 4-CN C 8.4


2b Hept-4-yl 2-CH3, 4-CN N 7.3


3c Hept-4-yl 2-CH3, 4-OCH3 C 6.9


3d Hept-4-yl 3-F, 4-OCH3 C 7.4


3e Pent-3-yl 2-CH3, 4-CN C 7.9


3f Pent-3-yl 2-CH3, 4-OCH3 C 7.9


3g Pent-3-yl 3-F, 4-OCH3 C 7.3


3h Pent-3-yl 2-CH3, 4-OCF3 C 7.1


3i Pent-3-yl 2,4-Bis-CF3 C 6.9


2i Pent-3-yl 2,4-Bis-CF3 N 7.6


3j Pent-3-yl 4-OCH3 C 7.2


3k — 2-CH3, 4-CN C 7.4


3l — 2-CH3, 4-OCH3 C 6.8


a pIC50 = �logIC50.


Table 2. PK profile of compounds 3a, 3b, 3d and 3i in Sprague–


Dawley male rats


Parameters 3a 3b 3d 3i


Clp (mL/min/kg) 8 54 47 21


F (%) 71 <5 37 28


Vdss (L/kg) 2.5 17 24 6.8


T1/2 (h) 5.3 6.7 8.6 7.6


AUC (ngh/mL)a 1479 <15 131 222


a AUC normalised by oral dose.
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the final unsaturated tetrahydrotriazaacenaphthylenes
via a Buchwald amination reaction in the presence of
the appropriately substituted anilines.


In order to prepare racemic compounds 3k and 3l, the
modified synthetic approach described in Scheme 2
was setup. Alkylation of the nitrogen on the azaindole
4 with ethyl 2-bromobutanoate gave intermediate 15,
which was subsequently reduced to the primary alcohol
16. This intermediate was smoothly transformed into the
corresponding methyl ether 5. Final compounds were
prepared from compound 5 as described in Scheme 1.


Compounds 3a–l were characterized in vitro by displace-
ment of 125I-CRF from recombinant human CRF recep-
tors expressed in CHO-cell membranes. Results are
presented in Table 1.13


Based on the results obtained the following conclusions
can be drawn: (a) moving from tetrahydrotetra-
zazaacenaphthylenes (2) to the corresponding tetrahydro-
triazaacenaphthylenes (3) a significant improvement of
in vitro potency was observed only for compound 3b,
which can be considered as one of the most potent
CRF1 antagonists identified to date (pIC50 = 8.4 vs.
7.8 for 3b and 2a, respectively), while 3a and 3i were less
active than the analogues 2a and 2i (pIC50 = 7.0 and 6.9
vs. 7.8 and 7.6, respectively); (b) different substituents on
the pendant phenyl ring allow modulation of in vitro
affinity; (c) replacement of one of the methyl groups
with a methoxy in the top chain of the molecule reduces
the affinity for CRF1 receptors (pIC50 = 7.9 and 7.4 for
3e and 3k, respectively).


Four compounds were selected for further PK charac-
terization14 namely 3a, 3b, 3d, and 3i.15 As shown in
Table 2, 3b, the most potent compound in vitro, showed

moderate-high plasma clearance (Clp = 54 mL/min/kg)
and low oral bioavailability (F = <5%). Compound 3d
showed similar plasma clearance but better bioavailabil-
ity (37%). Compounds 3a and 3i instead showed reduced
plasma clearance (Clp = 8 and 21 mL/min/kg, for 3a and
3i, respectively), leading to oral bioavailability of 71 and
28%, for 3a and 3i, respectively. Therefore 2,4-bis-CF3


substitution in the aromatic region of the molecule
proved to be a positive modulator of the metabolic sta-
bility and was associated to increased oral exposure,
thus allowing the progression of both compounds to
in vivo efficacy studies. Conversely the presence of meth-
oxy or cyano substituents in the pendant phenyl ring, as
in 3d and 3b, proved to increase plasma clearance and
distribution volume.


In summary, the synthesis and the characterization of a
new series of unsaturated triazaacenaphthylene tem-
plates has been described. Several compounds exhibited
high affinity for the CRF1 receptor; in particular com-
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pound 3b is one of the most potent CRF1 antagonists
ever reported. The SAR associated with this chemical
series indicated that in vitro potency is sensitive to the
nature of the substituents on the top region of the mol-
ecule, whereas modifications in the aromatic ring in the
bottom region were better tolerated. From a PK point
of view, a 2,4-bis-CF3 substitution on the phenyl ring
in the bottom region of the molecule contributed to in-
crease the oral exposure by reducing plasma clearance
(first pass metabolism) and the distribution volume.
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Abstract—Synthesis of chiral permanent fluorophoric biscyclic macrocycles incorporating anthraquinone and (S)-BINOL core is
described. Interestingly, the biscyclic macrocycle 1 exhibited remarkable antibacterial activity against most of the pathogenic bac-
teria in the tested concentrations as compared to the other three compounds 2, 14 and 17 as well as the test control, tetracycline.
Further biscyclophanes 1 and 2 exhibited permanent fluorescence sensing property even under highly acidic conditions.
� 2007 Elsevier Ltd. All rights reserved.

Supramolecular systems with fluorescence tag play an
important role in biology.1 Anthraquinone based fluoro-
phoric systems find application as fluoride sensors,2


photoactive chemosensors3 and chemical modifications
with such receptor have been also reported.4,5 Similarly,
amidoanthraquinone core units have also been used for
the synthesis of cytotoxic,6 antimicrobial7 and human
telomerase inhibiting agents.8 Though such acid sensi-
tive fluorescent supramolecules9 have been reported,
synthesis of permanent fluorescence sensing system10 is
of greater importance. Even though very few reports
are available in the literature on pH sensitive supramol-
ecules,11 synthesis of fluorescent supramolecules with
chiral core units12 would be more fascinating. Synthesis
of chiral cyclophanes incorporating binaphthol has
been reported from our laboratory.13 Chiral biscyclic
macrocycles having anthraquinone unit are not known
to the best of our knowledge. The presence of anthraqui-
none unit and binaphthol unit in cyclophane causes
chiral as well as permanent fluorescence sensing proper-
ty. The presence of anthraquinone unit would also
impart antibacterial activity in the macrocyclic system.
We wish to report the synthesis of permanent fluores-
cence sensing chiral biscyclic cyclophanes 1 and 2 having
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anthraquinone as well as BINOL moiety and 3 a
biscyclic chiral cyclophane.


The purpose of synthesis of cyclophanes 1 and 2 is two-
fold. It would be of interest to examine fluorescence
activity of such cyclophanes under highly acidic condi-
tions so that they can be used as permanent fluorescence
sensing tags and to investigate their antibacterial efficacy
towards various bacteria such as Escherichia coli, Proteus
mirabilis, Proteus vulgaris and Pseudomonas aeruginosa
under different pH conditions. Thus by targeting the
synthesis of cyclophanes 1 and 2 biologically active
permanent fluorescence sensing supramolecules can be
achieved.


The synthetic pathway leading to the synthesis of chiral
biscyclophane amide 1 is outlined in Scheme 1. Reaction
of ethyl p-toluate 4 with NBS in CCl4 gave p-car-
bethoxybenzylbromide 5 in 82% yield. O-Alkylation of
5 with optically pure (S)-BINOL (6) in DMF in the
presence of K2CO3 gave chiral diester 7 in 71% yield
which was then reduced to the corresponding chiral diol
8 using LiAlH4 in THF. Treatment of chiral diol 8 with
PBr3 in CH2Cl2 led to the chiral dibromide 9 in 72%
yield. Reaction of one equivalent of chiral dibromide
9 (0.76 mmol) with one equivalent of methyl 3,5-
dihydroxybenzoate (10) (0.76 mmol) in presence of
K2CO3 (15.2 mmol) in acetone (250 mL) under high
dilution gave the cyclophane-ester 11, which on hydroly-
sis with alcoholic KOH followed by reaction with
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thionyl chloride gave the chiral cyclophane-acid chloride
13 in 98% yield. Synthesis of biscyclophane amide 1 was
obtained by the reaction of the acid chloride 13 with
0.5 equiv 1,4-diamino-9,10-anthraquinone (14) in the
presence of the triethyl amine in CH2Cl2. The chiral
biscyclophane amide 1 was thus obtained in 54% yield
after column chromatographic purification (Scheme 1).


The 1H NMR spectrum of biscyclophane amide
1 showed the O-methylene protons attached to the
BINOL unit as two doublets at d 5.00 and 5.19, and
other O-methylene protons as a distorted triplet at d
5.12. The inner annular protons of the 3,5-dihydroxy-
benzene moiety appeared as a singlet at d 6.44 and the
outer protons as another singlet at d 7.25 integrating
for two and four protons respectively. The p-xylenyl
protons appeared as a pair of doublets at d 6.86 and
6.93 integrating for 16 protons in addition to the
aromatic protons of the BINOL and anthraquinone

R


R = CH3


R = CH2Br
i


ii


7  E = CO2Et


8  E = CH2OH


9  E = CH2Br


i


iv


CO2Et


4


5


OO


EE


Scheme 1. Reagents and conditions: (i) NBS, CCl4, reflux, Bz2O2, 6 h, 5 (82


THF, reflux, 6 h, 8 (85%); (iv) PBr3, CH2Cl2, 0 �C, 4 h, 9 (72%); (v) methyl 3,


ethanol, 80 �C, 4 h, 12 (90%); (vii) 0.1 equiv Et3N, SOCl2, CH2Cl2, rt, 6 h, 1


Et3N, CH2Cl2, rt, 8 h, 1 (54%).

unit. It is noteworthy to mention that the amide protons
of 1 appeared as a singlet at d 13.38. The 13C NMR
spectrum of cyclophane 1 showed the peak at d 69.8
and 70.0 for two O-methylene carbons, a peak at d
166.0 for amide carbonyl, a peak at d 184.3 for
ketocarbonyl and in addition to the other aromatic
carbons. The FAB mass spectrum of 1 showed the
molecular ion at m/z 1491. Thus, the structure of the
cyclophane amide 1 has been completely characterized
by spectral and analytical data.14


Permanent fluorescence sensing hyper-branched dendri-
mer using dihydroxy anthraquinone as a core has been
explored recently from our laboratory.10 Hence
introduction of dihydroxy anthraquinone moiety in the
biscyclophane would be of much biological importance.
The synthetic pathway leading to biscyclophane 2 is
outlined in Scheme 2. The reduction of chiral ester 11
by LiAlH4 followed by reaction with thionyl chloride

ii


v


OO


OO


11  E = OMe
vi


12  E = OH


13 E = Cl
vii


viii
1


O E'


%); (ii) (S)-BINOL, K2CO3, DMF, 80 �C, 48 h, 7 (71%); (iii) LiAlH4,


5-dihydroxybenzoate, K2CO3, acetone, rt, 3 days, 11 (35%); (vi) KOH,


3 (98%); (viii) 0.5 equiv 1,4-diamino-9,10-anthraquinone (14), 1 equiv
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Scheme 2. Reagents and conditions: (i) LiAlH4, THF, 4 h, 15 (94%); (ii) SOCl2, py, CH2Cl2, 0 �C, 3 h, 16 (30%); (iii) 0.5 equiv 1,8-dihydroxy-9,10-


anthraquinone (17), K2CO3, DMF, 60 �C, 2 days, 2 (43%); (iv) 0.5 equiv (S)-BINOL (6), K2CO3, DMF, 60 �C, 2 days, 3 (63%).


Table 1. In vitro antibacterial activity (minimum inhibitory concen-


tration in mM) of fluorophoric anthraquinone compounds


pH Compound Escherichia


coli


Proteus


vulgaris


Proteus


mirabilis


Pseudomonas


aeruginosa


7 1 25 15 20 25


2 25 50 25 50


14 75 75 100 75


17 75 75 50 50


Tetracycline 50 35 20 35


6 1 50 15 75 40


2 60 55 20 25


14 55 60 85 55


17 75 65 25 50


5 1 25 20 45 75


2 25 75 90 40


14 75 40 75 100


17 50 100 100 75


Control NI NI NI NI


NI, no inhibition.
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in the presence of pyridine in CH2Cl2 gave the cyclo-
phane chloride 16 in 30% yields. Reaction of 1,8-dihy-
droxy-9,10-anthraquinone (17) with 2.1 equivalent of
chloride 16 in dry DMF at 70 �C in the presence of
K2CO3 (10 equiv) as a base for 2 days afforded biscyclo-
phane 2 in 43% yield (Scheme 2).


The 1H NMR of cyclophane 2 shows two pairs of dou-
blets at d 4.93, 4.97, 5.03 and 5.11 and a singlet at d 5.22
integrating to a total of 20 benzylic protons in addition
to the aromatic protons. The 13C NMR of cyclophane 2
showed the peak at d 69.9 and 70.9 for two O-methylene
carbons, a peak at d 182.5 and 184.5 for anthraquinone
carbonyl as well as for aromatic carbons. Thus, the
structure of the cyclophane 2 has been thoroughly
characterized by spectral and analytical data.15


Incorporation of (S)-BINOL as a core in the chiral bis-
cyclophanes would be more promising in the recognition
of large electron deficient chiral guest molecules.
Further, it is of interest to study the atropisomerism of
such molecules. By applying similar synthetic strategy
as discussed above for cyclophane 2, the biscyclophane
3 was prepared in 63% yield (Scheme 2). The 1H NMR
spectrum of biscyclophane 3 displayed O-methylene
protons attached to the BINOL unit as multiplet
at d 4.84–4.93 integrating for 12 protons and the other
O-methylene protons attached to the 3,5-dihydroxy
benzene moiety appeared as two doublets at d 4.98 and
5.15 integrating for four protons in addition to the pro-
tons in the aromatic region. In the 13C NMR of 3, the
O-methylene carbons appeared at d 69.8, 69.9 and 70.7.
The FAB mass spectrum of 3 showed the molecular
ion peak at m/z 1511. The structure of cyclophane 316


has been completely characterized by spectral and ana-
lytical data.


Fluorescence studies. Fluorescence studies were carried
out with the biscyclophanes 1 and 2. The absorption spec-
trum of the biscyclophanes 1 and 2 showed kmax at 552
and 382 nm. No bathochromic or hypsochromic shift
could be observed on changing the solvent from CHCl3
to CH3CN. Protonation of the carbonyl chromophore

in the anthraquinone moiety could lead to a change in
kmax. However, on adding AcOH, TFA and HCl upto
5 M for 1 · 10�5 M of the cyclophane, no shift in kmax


could be observed. The biscyclophanes 1 and 2 exhibited
a fluorescence emission band at 632 and 400 nm. Fluores-
cence quenching did not occur even after adding TFA
and HCl to the biscyclic cyclophanes, which shows that
the biscyclophanes 1 and 2 can function as permanent
fluorescence sensing material even under highly acidic
conditions.


Antibacterial efficacy. Antibacterial activity studies were
carried out with biscyclophanes 1 and 2 as well as parent
compounds 14 and 17. All the four compounds 1, 2, 14
and 17 exerted various levels of inhibitory effects against
four human pathogenic bacteria (Table 1). The antibac-
terial activity17 of the test compounds was dose depen-
dent and it was remarkable at higher concentrations.
Among the compounds tested, the anthraquinone
compounds 14 and 17 were less effective than bis-
cyclic macrocycles 1 and 2. Overall analysis on the
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antibacterial activity revealed that biscyclic macrocycle
1 remarkably inhibited all the pathogenic bacteria in
most of the tested concentrations as compared to other
three compounds and control.


In addition, the chiral biscyclic macrocycle 1 was active
against the test pathogens at all three different pH values
of 5–7. Further, compound 1 was also found to be supe-
rior to the commercial antibiotic, tetracycline, in con-
trolling E. coli, P. vulgaris and P. aeruginosa when
tested at pH 7. The minimum inhibitory concentra-
tions18 of compound 1 were between 15 and 25 mM as
compared to 25 and 100 mM for other compounds
and tetracycline. However, its effect against P. mirabilis
was equal to that of tetracycline (Table 1).


In conclusion, the compounds 1, 2, 14 and 17 exhibited
good antibacterial activity against all the four human
pathogenic bacteria. The compound 1 may be developed
as antibiotic drug as it showed superior activity against
all the test pathogens than the other compounds includ-
ing tetracycline. However, further studies are required to
determine their potential against a wide range of human
pathogens and its mode of actions. Synthesis of more
permanent fluorescence sensing chiral macrocycles and
their antibacterial activity as well as molecular recogni-
tion towards chiral guest molecules is on the way.
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13C NMR (125 MHz, CDCl3): d 69.9, 70.9, 101.0, 108.6,
115.3, 119.3, 119.6, 120.2, 120.7, 123.7, 124.8, 125.4, 126.6,
126.7, 128.1, 129.3, 129.4, 133.8, 134.2, 134.9, 136.3, 136.9,
139.2, 153.8, 158.3, 159.6, 182.5, 184.0; m/z (FAB-MS)
1465 (M+). Elemental Anal. Calcd for C100H72O12: C,
81.95; H, 4.95. Found: C, 81.77; H, 4.86.


16. Cyclophane 3 Yield 63%; ½a�30
D �250.94, (c 0.01, CHCl3);


mp 265 �C; 1H NMR (500 MHz, CDCl3): d 4.84–4.93 (m,
12H); 4.98 (d, 4H, J = 13.0 Hz); 5.15 (d, 4H, J = 13.0 Hz);
6.06 (s, 2H); 6.20 (s, 4H); 6.73 (d, 8H, J = 8.0 Hz); 6.89 (d,
8H, J = 8.0 Hz); 7.23–7.27 (m, 12H); 7.31–7.33 (m, 10H);
7.40 (d, 2H, J = 9.2 Hz); 7.84–7.89 (m, 10H); 7.95 (d, 2H,
J = 9.2 Hz): 13C NMR (125 MHz, CDCl3): d 69.8, 69.9,
70.7, 100.9, 108.5, 115.2, 116.0, 120.2, 120.6, 123.7, 123.9,
125.4, 125.7, 126.5, 126.7, 128.1, 129.3, 129.5, 129.6, 134.2,
134.3, 136.4, 136.9, 140.2, 153.8, 154.2, 159.1; m/z (FAB-
MS) 1511 (M+). Elemental Anal. Calcd for C106H78O10: C,
84.22; H, 5.20. Found: C, 84.01; H, 5.29.


17. Antibacterial activity. The antibacterial activity of the
compounds against human pathogens was evaluated by
the agar diffusion method. About 1 mL of inoculum of
each test pathogen was added to the molten NA medium
and poured into sterile Petri plates under aseptic condi-
tions. After solidification, a 5-mm well was made in the
center of each plate using a sterile cork borer. Each
compound was dissolved in 10% DMSO to get different
concentrations and filter-sterilized using 0.25 lm filter
paper. Each well received 50 lL solution of each com-
pound and the plates were incubated at room temperature.
Sterile DMSO (10%) was used as control. After 48 h, the
appearance of inhibition zone around the well was
observed.


18. Mann, C. M.; Markham, J. L. J. Appl. Microbiol. 1998,
84, 538.
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Abstract—A series of glycosylated sulfamides possessing a diverse substitution pattern, with benzylated, peracetylated, and unsat-
urated six- and five-membered ring sugar moieties attached to the NHSO2NH2 zinc binding group is reported. These derivatives
were tested for the inhibition of five human carbonic anhydrase (hCA, EC 4.2.1.1) isoforms, hCA I, II, IV, IX, and XII. Against
hCA I the sulfamides behaved as weak inhibitors, whereas they showed low nanomolar activity against hCA II, IX, and XII, being
slightly less effective as hCA IV inhibitors. One compound showed selectivity for inhibiting the tumor-associated isoforms hCA IX
and XII over the ubiquitous cytosolic hCA II. The sulfamide zinc binding group may thus indeed lead to very effective glycosylated
inhibitors targeting several physiologically relevant isozymes.
� 2007 Elsevier Ltd. All rights reserved.

The attachment of sugar moieties to the scaffold of aro-
matic sulfonamides has recently been proven1–3 to con-
stitute a new approach for designing potent inhibitors
of the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1).4–7 Indeed, derivatization of 4-carboxy-benzene-
sulfonamide or sulfanilamide by means of tails incorpo-
rating various simple or more complex sugar moieties,
such as in derivatives A–J,1–3 led to sulfonamides with
excellent inhibitory activity against the cytosolic iso-
forms CA I, and II, as well as the transmembrane,
tumor-associated enzymes CA IX and XII, and the
other extracellular isoform, CA XIV. Furthermore, the
X-ray crystal structure of the adduct of compound J
with the human isozyme hCA II recently reported by
Di Fiore et al.8 showed a lot of previously unknown
favorable interactions between the sugar scaffold of the
inhibitor and the enzyme active site, which can be

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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exploited to obtain tighter binding and eventually iso-
zyme-specific CA inhibitors (CAIs).8


Clinically used CAIs such as acetazolamide AZA or
topiramate TPM show applications as antiglaucoma,9


antiepileptic,10 or antiobesity agents.11 Other types of
compounds, targeting the tumor-associated isoforms
CA IX and XII, are being developed as diagnostic tools
or for the treatment of hypoxic tumors.7,12–15 Thus,
there is great interest in this type of pharmacological
agents, also due to the fact that the presently available
drugs or many such investigational compounds gener-
ally indiscriminately inhibit most of the known mamma-
lian isoforms (16 CAs are characterized in mammals
until now).4–7


It has also been demonstrated mainly by this group16


that in addition to the sulfonamide zinc binding group
(ZBG), potent CAIs can be obtained by using sulfamate
or sulfamide moieties as ZBGs. Only one sugar sulfa-
mide derivative was investigated up to now for its inter-
action with various CAs, the sulfamide analogue of
topiramate TPM.1b As that compound showed very
interesting enzyme inhibitory properties,1b affording
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the possibility to obtain inhibitors with lower affinity for
the ubiquitous isozyme CA II (but excellent affinity for
other isoforms such as CA VA, VB, VII, XIII, and
XIV), we decided to investigate in more detail the design
of sugar sulfamides as CAIs. Here we report the prepa-
ration of a series of such sugar sulfamide derivatives as
well as their interaction with five physiologically rele-
vant CA isoforms, the cytosolic hCA I and II as well
as the extracellular hCA IV, hCA IX, and hCA XII
(the last two are predominantly tumor-associated en-
zymes).4–7


Benzylated N-glycosylsulfamides 3–4 have been pre-
pared by an original procedure recently described by
Colinas and Bravo,17 implying the reaction of glycals
1, 2 with sulfonamides catalyzed by triphenylphosphine
hydrobromide (Scheme 1). Although the sulfonamido-
glycosylation with sulfamide was not reported in the
original procedure, this methodology afforded the
N-glycosylsulfamides 3 and 4 with excellent yields and
stereoselectivity. We extended the reaction conditions
to the O-acetyl protected compounds 5 and 6, and found
that sulfamide reacted smoothly with tri-O-acetyl glycals
5, 6 to give the N-glycosylsulfonamides 7, 8 in very good
yields, with the b-anomer as the preponderant product.
The N-glycosyl sulfamides 9–10 were prepared by Ferri-
er sulfonamidoglycosylation of glycals in the presence of
boron trifluoride etherate as catalyst.19 The obtained
mixture of anomeric sulfamides could be easily purified
by crystallization from ethyl acetate/hexane to afford the
pure a anomers. The related O-benzyl 2,3-unsaturated
glycosyl sulfamides could not be prepared due to the

preponderant formation of compound 13 by reaction
of the sulfonamide with the carbenium ion at C (3) fol-
lowed by the addition of the benzyl alcohol to the dou-
ble bond.17 The ribofuranosyl sulfamide 12 was
prepared by sulfonamidoglycosylation of methyl benzyl
ribofuranoside 11.18 The anomeric mixture was purified
by MPLC to afford the pure a anomer. This compound
was previously reported in the literature18 but has not
been tested as a CAI. All new compounds reported here
were fully characterized by NMR spectroscopy and
mass spectrometry (data not shown).


The new sulfamides 3–12 reported here and the two
standard drugs acetazolamide AZA and topiramate
TPM were tested for the in vitro inhibition of purified,
recombinant isoforms hCA I, II (cytosolic), IV (mem-
brane-bound), IX and XII (transmembrane, tumor-
associated enzymes) (Table 1).20,21


The following SAR should be noted from the data of
Table 1: (i) sulfamides 3–12, showed weak hCA I inhib-
itory activity, with inhibition constants in the range of
420–830 nM, being thus less effective as compared to
acetazolamide and topiramate (which possess a KI of
250 nM against this isoform); (ii) the new sugar–sulfa-
mides behaved on the other hand as quite effective inhib-
itors of the physiologically relevant and dominant
isoform hCA II,4–7 with KIs in the low nanomolar range
(of 6–23 nM). Only the erythro derivative 10 was a
slightly weaker inhibitor (KI of 58 nM), but anyhow
appreciably inhibited this isoform too. It may be
observed that both the benzyl-substituted epimers 3
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and 4, as well as the corresponding peracetylated ones 7
and 8 showed comparable inhibitory power, with the
less bulky peracetylated derivatives being slightly more
effective than the benzylated ones. Furthermore, the
configuration at C-4 of the two pairs did not influence
substantially the inhibitory power, with both pairs hav-

Table 1. Inhibition of cytosolic isozymes hCA I, and II, membrane-bound i


with acetazolamide AZA, topiramate TPM and the new sugar sulfamides 3–


Isozymes


AZA TPM 3 4


hCA Ib 250 250 800 720


hCA IIb 12 10 20 21


hCA IVc 74 4900 85 54


hCA IX d 25 58 10 17


hCA XIId 5.7 3.8 5.4 7.2


a Errors in the range of 5–10% of the shown data, from three different assay
b Human, recombinant isozymes.
c Human truncated (�20 aminoterminal residues) recombinant isozyme.
d Catalytic domain of human, cloned isoform.13,21

ing practically the same activity (around 20 nM for the
benzylated ones 3 and 4, and around 12 nM for the per-
acetylated ones 7 and 8, respectively). However, this was
not the case with the next pair erythro/threo derivatives,
the hex-2-enopyranosyl sulfamides 9 and 10: whereas 9
was a very effective hCA II inhibitor (two times more
effective than AZA or TPM, KI of 6 nM), its epimer
10 was a almost 10 times less effective enzyme inhibitor,
with a KI of 58 nM. Obviously the 4-acetyl moiety from
10 probably participates in a clash with an amino acid
residue within the hCA II active site, which leads to this
decreased affinity, whereas in its threo epimer 9, this neg-
ative interaction is not present, and the inhibitor shows
a very good binding to the enzyme. The same phenom-
enon has been observed for the strong CA inhibitor
topiramate, over the 210 times weaker hCA II inhibitor
topiramate–sulfamide (the compound analogous to
TPM but having a NHSO2NH2 ZBG instead of the
OSO2NH2 of TPM).1b In that case, by means of X-ray
crystallography, we detected a strong clash between a
methyl group of the inhibitor and the methyl of Ala65,
an amino acid unique to the hCA II active site, which
explained the diminished affinity of the sulfamide as
compared to the cognate sulfamate TPM.1b Returning
to the investigated compounds from this series of sulfa-
mides, it may be observed that the five-membered ring
derivative 12 showed comparable activity against hCA
II with the corresponding benzylated six-membered ring
derivatives 3 and 4 (Table 1); (iii) the new sulfamides 3–
12 showed efficient hCA IV inhibitory activity, with KIs
in the range of 43–85 nM, in the same range as the clin-
ically used compound AZA (KI of 74 nM), but being
much more effective inhibitors as compared to TPM
(KI of 4900 nM). Again the less bulky peracetylated
derivatives 7 and 8 were better inhibitors as compared
to the corresponding perbenzylated isomers 3 and 4,
whereas the unsaturated compounds 9 and 10 showed
this time a very similar behavior, with no significant dif-
ferences between the two epimers. The ribose derivative
12 was also an effective inhibitor, with a potency quite
similar to that of AZA; (iv) an excellent inhibitory
activity was shown by sulfamides 3–12 against the two
tumor-associated isoforms hCA IX and XII. Thus, the
inhibition constants of the new derivatives were in
the range of 9–45 nM against the first isoform, and in
the range of 4.8–32 nM against the second one. In this
case, the least effective inhibitor was against both iso-
zymes the furanose derivative 12, whereas the other sub-
stitution patterns (perbenzylated, peracetylated,

soform hCA IV, and transmembrane isozymes hCA IX and hCA XII


12


KI
a (nM)


7 8 9 10 12


830 830 590 780 420


12 11 6 58 23


43 57 63 58 76


13 16 11 9 45


4.8 7.8 9.8 11 32


s, by a CO2 hydration stopped-flow assay.20
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unsaturated) and the configuration at C-4 did not con-
tribute much to activity, the compounds showing a
rather compact behavior of very good inhibitor. Indeed,
except for 12, many of the new compounds investigated
here are more effective inhibitors than acetazolamide
and much better ones than TPM (which is less effective
as a CA IX inhibitor). Against CA XII, the activities of
these sulfamides, that of the sulfonamide AZA, and the
sulfamate TPM were comparable, all these compounds
being very effective inhibitors; (v) no selectivity for the
inhibition of the tumor-associated isozymes over that
of the ubiquitous, cytosolic one (CA II) has been ob-
served for these compounds, except for 10, which is an
effective hCA IX and hCA XII inhibitor (KIs of 9–
11 nM) but a medium potency hCA II inhibitor (KI of
58 nM). Thus, its selectivity ratio for the inhibition of
hCA IX over hCA II is 6.44, and that for the inhibition
of hCA XII over hCA II 5.27. This is a rather important
result, since these ratios for acetazolamide are 0.48 and
2.10, respectively. Thus, compound 10 is practically a
6.5 times better hCA IX than hCA II and a 5.3 times
better hCA XII than hCA II inhibitor. The inhibition
of the house-keeping enzyme hCA II is generally consid-
ered deleterious when the aim is to inhibit selectively
only the tumor-associated isoforms hCA IX and/or
hCA XII.22,23


In conclusion, we report here a small series of glycosyl-
ated sulfamides possessing a diverse substitution pat-
tern, with benzylated, peracetylated, and unsaturated
six- and five-membered ring sugars attached to the
NHSO2NH2 zinc binding group. These derivatives were
tested for the inhibition of five CA isoforms: hCA I, II
(cytosolic), IV (membrane-bound), IX, and XII (trans-
membrane, tumor-associated enzymes). Except for
hCA I against which the sulfamides behaved as weak
inhibitors, these new compounds showed low nanomo-
lar activity against hCA II, IX, and XII, and were
slightly less effective as hCA IV inhibitors. One com-
pound with selectivity for inhibiting the tumor-associ-
ated isoforms hCA IX and XII over the ubiquitous
hCA II has also been evidenced. Thus, the sulfamide
ZBG may indeed lead to very effective inhibitors target-
ing several physiologically relevant CA isozymes.
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Abstract—Small molecules based upon natural product dimers that exhibit cytotoxic activity were synthesized and evaluated for
their anti-proliferative activity in human breast cancer cell lines. A central isophthalic core structure linking aromatic amines con-
taining 3,5-disubstitutions produced the most active compounds. This series of compounds was found to be more active against the
estrogen receptor positive cell line MCF-7 than the estrogen receptor negative cell line, SKBr3.
� 2007 Elsevier Ltd. All rights reserved.

Numerous proteins responsible for cell proliferation and
differentiation exist either as hetero- or homodimers or
become activated through dimerization as the initial step
in their respective signaling cascade. For example, the
receptor tyrosine kinases VEGF and PDGF are impor-
tant cellular growth factors activated as homodimers by
ligand binding.1,2 Certain cytokines, including human
growth hormone and erythropoietin, have been shown
to bind simultaneously to two receptors and create a
receptor–ligand–receptor complex.3,4 The estrogen
receptor isoforms ERa and ERb form homo- or hetero-
dimers upon ligand binding.5–7 Hsp90, a molecular
chaperone responsible for the maturation of numerous
signaling proteins, exists predominantly as a cytosolic
homodimer.8 The existence of such dimeric proteins as
therapeutic targets suggests that dimeric small molecules
can be appropriate building blocks for disruption of
these and related protein complexes.


Many natural product dimers and their analogues have
been studied for cytotoxic activity (Fig. 1). Torreyanic
acid, a quinone dimer, demonstrated cytotoxic activity
in numerous human cancer cell lines and was deter-
mined to exhibit selective toxicity against cell lines that
demonstrate susceptibility to agonists of protein kinase
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C.9 The dicerandrols were isolated and characterized
as 2,2 0-dimeric tetrahydroxanthones that display potent
cytotoxic activity against lung and colon cancer cell
lines.10 Coumermycin A1, a dimeric member of the cou-
marin family of antibiotics exhibits potent anti-prolifer-
ative activity in human breast cancer cell lines and
structural analogues exhibit low micromolar anti-prolif-
erative activity.11,12 In addition to these representative
examples of naturally occurring dimers, numerous
groups have synthesized dimeric structures of natural
products in an effort to simultaneously inhibit both
monomeric units of a dimeric protein. Several series of
artemisinin-derived trioxane dimers have yielded deriva-
tives that demonstrate submicromolar anti-proliferative
activity.13–16 Geldanamycin dimers,17 estrogen dimers,18


and nonsteroidal bifunctional dimers19 that mimic
tamoxifen have also been prepared and retain potent
anti-proliferative activity against various breast cancer
cell lines. Based upon the dimeric nature of these com-
pounds we sought to identify and optimize a simple scaf-
fold that exhibits anti-proliferative activity against
human breast cancer cells. In particular, we desired a
small molecule dimer structurally related to the coumer-
mycin A1 aglycon.


Coumermycin A1 (Fig. 1) is a natural product dimer
that contains the general structure of novobiocin linked
at the 2- and 4-positions of the central 3-methyl pyrrole
bisester. We chose to prepare dimeric compounds that
linked simplified amines mimicking the coumarin ring
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Figure 1. Structures of various natural product and synthetically prepared cytotoxic dimers.
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of coumermycin A1 through 5- or 6-membered aryl
rings that were closely related to that of the central pyr-
role. The diacids and amines used in the preparation of
these analogues were chosen to investigate the role of
hydrogen bonding, lipophilicity, and steric features
important for manifesting anti-proliferative activity.


The first series of dimeric analogues was synthesized in
an effort to optimize the aromatic appendages connected
to the central diacid. This series contained 2,5-pyridine
dicarboxylic acid (A, Fig. 2) as the central unit and
was coupled with a variety of amines that contained
hydrophobic, hydrophilic, and hydrogen-bonding sub-
stituents (DM1–DM17). A second series contained 3,4-
ethylenedioxyaniline (1, Fig. 3) and was coupled to var-
ious diacids that represented analogues of the core acid
(DM18–DM27). These dimers were prepared using the
protocol shown in Scheme 1.20


The analogues prepared via this protocol (DM1–DM27,
Table 1) were tested for their anti-proliferative activity
against two distinct human breast cancer cell lines, an
estrogen receptor positive cell line, MCF-7, and an
estrogen receptor negative, Her2 over-expressing cell
line, SKBr3. The MTS cell proliferation kit (Promega)
was utilized to determine cell viability following a 72-h
incubation of the compound in each cell line as de-
scribed previously.21 In this assay, a novel tetrazolium
dye (MTS) is bioreduced by dehydrogenase enzymes in

viable cells into a soluble formazan product, the absor-
bance of which is directly proportional to the number of
living cells present. Coumermycin A1 was used as a po-
sitive control in these assays and the IC50 values ob-
tained were comparable to those previously reported.12


Each dimer was incubated with the dye at the highest
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Table 1. Anti-proliferative activity (lM) for the first two series of


dimeric compounds


Compound Diacida Amineb MCF-7 SKBr3


Coumermycin A1 — — 6.7 ± 0.2c 3.2 ± 1.5


DM1 A 1 >100 >100


DM2 A 2 >100 >100


DM3 A 3 >100 >100


DM4 A 4 >100 >100


DM5 A 5 4.1 ± 0.8 2.3 ± 0.1


DM6 A 6 >100 >100


DM7 A 7 >100 >100


DM8 A 8 >100 >100


DM9 A 9 >100 >100


DM10 A 10 7.2 ± 1.8 4.5 ± 1.6


DM11 A 11 >100 >100


DM12 A 12 >100 >100


DM13 A 13 27.3 ± 8.0 28.3 ± 1.1


DM14 A 14 >100 >100


DM15 A 15 >100 >100


DM16 A 16 >100 >100


DM17 A 17 >100 >100


DM18 B 1 >100 >100


DM19 C 1 >100 >100


DM20 D 1 >100 >100


DM21 E 1 >100 >100


DM22 F 1 >100 >100


DM23 G 1 >100 >100


DM24 H 1 >100 >100


DM25 I 1 >100 >100


DM26 J 1 >100 >100


DM27 K 1 27.5 ± 8.5 >100


a Diacid from Figure 2.
b Amines from Figure 3.
c Values are means ± standard error of two separate experiments per-


formed in triplicate.


Table 2. Anti-proliferative activity (lM) for the third series of dimeric


compounds


Compounds Diacida Amineb MCF-7 SKBr3


c


M. K. Hadden, B. S. J. Blagg / Bioorg. Med. Chem. Lett. 17 (2007) 5063–5067 5065

concentration tested in the anti-proliferative assays as a
control for potential dimer-induced reduction.


Of this initial series that contained the 2,5-pyridine
dicarboxylic acid as the central structure, only DM5,
DM10, and DM13 exhibited anti-proliferative activity
in both cell lines (Table 1). The most active compound,
DM5 (IC50 = 4.1 and 2.3 lM in MCF-7 and SKBr3
cells, respectively), incorporated the 3,5-dichloroaniline
side chains. DM13, which contained a single chlorine
in the 3-position on the aniline, exhibited an �7-fold
reduction in anti-proliferative activity, suggesting a
chlorine at each position is important for optimal
activity.


Only one compound in the second series utilizing 3,4-
ethylenedioxyaniline as the amine, DM27, exhibited
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Scheme 1. General scheme for the synthesis of DM1–DM65.

anti-proliferative activity in this assay. Interestingly, this
compound was only active in MCF-7 cells, suggesting
the potential for future development of this scaffold as
a cell-type specific inhibitor.


Based on the anti-proliferative activity of DM5, we syn-
thesized a third series of dimers that incorporated the
most active amine (5) with varying diacids (DM28–
DM35, Table 2) in an attempt to further optimize the
central moiety. Interestingly, the active compounds ob-
served in this series contained variations of isophthalic
acid (DM28, DM29, and DM35), suggesting that

DM28 J 5 4.2 ± 1.3 10.5 ± 2.3


DM29 K 5 10.2 ± 3.5 16.3 ± 6.5


DM30 E 5 >100 >100


DM31 D 5 >100 >100


DM32 B 5 >100 >100


DM33 H 5 >100 >100


DM34 G 5 >100 >100


DM35 I 5 2.7 ± 0.2 4.5 ± 0.2


a Diacid from Figure 2.
b Amines from Figure 3.
c Values are means ± standard error of two separate experiments per-


formed in triplicate.







Table 4. Anti-proliferative activity (lM) for the final series of dimeric


compounds


Compounds Diacida Amineb MCF-7 SKBr3


DM54 K 19 >100c >100


DM55 K 20 52.1 ± 3.5 >100


DM56 K 21 >100 >100


DM57 A 19 >100 >100


DM58 A 20 22.8 ± 5.0 34.9 ± 1.9


DM59 A 21 16.3 ± 1.5 104 ± 14


DM60 J 19 14.7 ± 0.6 >100


DM61 J 20 >100 >100


DM62 J 21 >100 >100


DM63 I 19 >100 >100


DM64 I 20 >100 >100


DM65 I 21 2.1 ± 0.8 12.2 ± 0.7


a Diacid from Figure 2.
b Amines from Figure 3.
c Values are means ± standard error of two separate experiments per-


formed in triplicate.
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orientation of the anilines is important for the inhibition
of cell growth. While the selectivity of DM27 for MCF-7
cells was lost when the 3,4-ethylenedioxyaniline was re-
placed with aniline 5 (DM29), the overall anti-prolifera-
tive activity was increased �3-fold. In addition, the
three active dimers were 2- to 5-fold more active against
the MCF-7 cell line.


Based upon the increased anti-proliferative activity asso-
ciated with the central isophthalic core structure, we ex-
panded the amines coupled to these diacids to give rise
to a fourth series of dimers (DM36–DM53). As ex-
pected, this series contained numerous dimers with
anti-proliferative activity (Table 3). Two anilines (4
and 6) that were inactive in the original series of dimers
demonstrated anti-proliferative activity when coupled
with isophthalic acid derivatives. In addition, the dimer
containing 3,5-dichloroaniline coupled to isophthalic
acid (DM35) was 25-fold more active than the corre-
sponding dimer containing a single chlorine atom
(DM41), further supporting the importance of substitu-
ents in both positions for optimal activity. All dimers in
this series were more active against MCF-7 than SKBr3
cells, consistent with the trend observed with the previ-
ous generations of compounds.


A final generation of dimers that incorporated anilines
with varying substituents at the 3- and 5-positions (19-
21) coupled with the four active diacids (A, I–K) was
synthesized and evaluated (Table 4). These anilines were
chosen based upon the size, hydrogen bonding, and elec-
tronic capabilities of the moieties at these two positions.
This series produced no discernible structure-activity
relationships for the 3,5-disubstituted anilines. Only
DM65, containing 3,5-dimethylaniline linked through
isophthalic acid exhibited anti-proliferative activity
(IC50 = 2.1 and 12.2 lM for MCF-7 and SKBr3, respec-

Table 3. Anti-proliferative activity (lM) for the fourth series of


dimeric compounds


Compounds Diacida Amineb MCF-7 SKBr3


DM36 J 4 81.8 ± 6.7c >100


DM37 J 13 2.4 ± 0.4 9.0 ± 5.3


DM38 J 6 40.4 ± 3.2 87.7 ± 10.6


DM39 J 18 >100 >100


DM40 I 4 4.6 ± 2.4 15.2 ± 1.3


DM41 I 13 56.5 ± 0.2 >100


DM42 I 6 >100 >100


DM43 I 18 >100 >100


DM44 I 10 >100 >100


DM45 K 17 >100 >100


DM46 I 17 >100 >100


DM47 J 17 >100 >100


DM48 K 15 >100 >100


DM49 J 15 >100 >100


DM50 I 15 12.5 ± 1.6 >100


DM51 K 16 >100 >100


DM52 I 16 >100 >100


DM53 J 16 >100 >100


a Diacid from Figure 2.
b Amines from Figure 3.
c Values are means ± standard error of two separate experiments per-


formed in triplicate.

tively) comparable to the most active compounds from
the previous series. Because chlorine and methyl groups
are generally considered isosteric,22 these data suggest
that the size of the substituents at these two positions
is a determining factor for optimal activity.


In conclusion, a dimeric small molecule scaffold that dis-
played anti-proliferative activity was explored for the
purpose of generating more efficacious compounds.
The synthesis and evaluation of several generations of
dimeric compounds provided structure–activity relation-
ships for this series, indicating a central isophthalic core
linking aromatic amines containing 3,5-disubstitutions
is important for anti-tumor activity. Several compounds
exhibited low micromolar activity and these dimers were
generally more effective against MCF-7 cells, compared
to SKBr3 cells.
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Abstract—Oxazolidinone analogs bearing substituted piperidine or azetidine C-rings are described. Analogs with a methyl group at
the 3-position of the azetidine ring or the 4-position of the piperidine ring exhibited reduced mitochondrial protein synthesis inhi-
bition while retaining good antibacterial potency.
� 2007 Elsevier Ltd. All rights reserved.

Linezolid (1) is the first member of the oxazolidinone class
of antibacterial protein synthesis inhibitors to reach the
market.1 The oxazolidinones bind to 23S rRNA in the
50S subunit of the bacterial ribosome, near the peptidyl
transferase center.2 Showing no significant cross-resis-
tance with the existing antibacterial classes, linezolid has
become an important addition to the clinician’s arma-
mentarium. Although linezolid is generally well tolerated,
prolonged courses of therapy are sometimes complicated
by reversible myelosuppression that can require cessation
of treatment. It has been suggested3 that mitochondrial
protein synthesis (MPS) inhibition is responsible for this
effect and in a recent report4 the oxazolidinone eperezolid
was shown to slow the proliferation of various mamma-
lian cell lines via inhibition of MPS.
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The identification of oxazolidinones with reduced MPS
inhibitory activity could expand the utility of the class
to include the treatment of deep-seated infections that
require extended courses of therapy. In connection with
this objective, we explored a series of oxazolidinone ana-
logs bearing hydroxy-azetidine or hydroxy-piperidine
C-rings (e.g., 2). These heterocycles bear an obvious
resemblance to the morpholine C-ring of linezolid but
offer the option to introduce an additional substituent
in proximity to the oxygen atom (i.e., R in 2). In the
course of our investigations, we made the unexpected
and surprising observation that MPS inhibition is signif-
icantly affected by the nature of the alkyl substituent in
these analogs. In particular, MPS inhibition was attenu-
ated in the case where, R = methyl and furthermore, this
modification only marginally affected antibacterial po-
tency. Herein, we describe the synthesis and biological
properties of a series of substituted azetidine and piper-
idine-containing oxazolidinone analogs.


The preparation of the azetidine and piperidine analogs
followed standard synthetic protocols for oxazolidinone
synthesis5 and is summarized in Schemes 1–5. Scheme 1
illustrates the synthesis of azetidine analogs 6a–c bearing
a single substituent (OH, OMe, or F, respectively) in the
3-position of the azetidine ring. Hydrogenolysis of the
known azetidine 36 was followed by a nucleophilic aro-
matic substitution reaction with 3,4,5-trifluoronitroben-
zene to yield 4a. Alcohol 4a could then be converted to
the methyl ether 4b or the fluoro azetidine 4c. Reduction
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of the nitro group in 4a–c was followed by protection of
the resulting amine as a benzyl carbamate (Cbz) to yield
5a–c (in the case of 5a, the hydroxyl was protected as a
tert-butyldimethylsilyl ether). Finally, the oxazolidinone
ring was installed by reaction with lithium tert-butoxide
and (1S)-2-(acetylamino)-1-(chloromethyl)ethyl acetate
according to the established procedure5 to provide 6b
and 6c. For 6a, a final deprotection step was required
(HF–Et3N).


Scheme 2 illustrates the synthesis of analogs 11a–c, 12,
and 13 in which a 3-alkyl substituent has been intro-
duced adjacent to the hydroxy, methoxy, or fluoro sub-
stituents of the azetidine ring. The 3-methyl and 3-ethyl
intermediates 8a and 8b were prepared by reaction of the
appropriate Grignard reagent with the azetidinone 7
which was prepared in three steps from 4a. Intermediate
8a was converted to 11a–c in a manner analogous to
that described above for the synthesis of 6a–c from 4a.
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30–60%; (g) CF3–SiMe3, TBAF, THF, 16%.

Trifluoromethyl azetidine intermediate 9 was prepared
in two steps from 4a via oxidation to the azetidinone fol-
lowed by reaction with trimethylsilyl trifluoromethane.7


Compounds 8b and 9 were converted to the oxazolidi-
nones 12 and 13 as described above for the preparation
of 6a–c.


The synthesis of piperidine-containing oxazolidinones is
described in Schemes 3–5. The preparation of analogs
18a–c originated with the commercially available piperi-
done 14, which was converted in two steps to the nitro-
aniline 15. Reduction of the nitro function and
conversion of the resulting amine to a benzyl carbamate
provided 16. At this stage, the ketone was reduced with
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DIBAL to provide 17a, or, alternatively, reacted with
Grignard reagents to provide the 4-methyl and 4-ethyl
intermediates 17b and 17c, respectively. The oxazolidi-
none pharmacophore was then installed as before5 to
provide analogs 18a–c.


Recently, it was disclosed that piperidine-containing
oxazolidinone analogs bearing a 4-cyanomethyl substi-
tuent exhibit excellent in vitro and in vivo properties.8


We therefore targeted the cyanomethyl analog 22 along
with the corresponding 4-methyl analog 27, in order to
evaluate the effect of a 4-alkyl substituent in this series.
The synthesis of 22 began with a Horner–Wadsworth–
Emmons reaction between piperidone 14 and
diethyl(cyanomethyl)phosphonate (Scheme 4). Hydro-
genation of the resulting cyanoacrylate then provided
intermediate 19, which was carried on to 22 using a

sequence of reactions analogous to those used for the
synthesis of 18 from 14.


The 4-alkyl analog 27 was prepared using a different
synthetic route starting with the commercially available
amino ester 23 (Scheme 5). Following Boc-protection of
the amine function in 23, the 4-methyl substituent was
introduced by reaction with LDA and iodomethane. Re-
moval of the Boc group (affording 24) was followed by
coupling to 3,4,5-trifluoronitrobenzene as before. The
methyl ester was then reduced and the resulting alcohol
converted to the mesylate 25. The oxazolidinone ring
was installed, and in a final step, the mesylate group
was displaced with cyanide to furnish the desired
4-methyl analog 27.


We evaluated the antibacterial activities of the new oxa-
zolidinone analogs by determining MIC90 values against
11 strains each of Staphylococcus aureus, Streptococcus
pneumoniae, and Enterococcus faecalis using standard
broth microdilution assay methods.9 An in vitro Esche-
richia coli transcription and translation (TnT) assay10


was used to provide a measure of intrinsic binding to
bacterial ribosomes. Inhibition of MPS was assessed
using an assay that measures [35S]methionine incorpora-
tion into mitochondrial proteins.4


Table 1 summarizes the data for azetidine analogs 6a–c
and the corresponding 3-alkyl substituted derivatives
11a–c, 12, and 13. These analogs displayed antibacterial
potencies similar and in some cases superior to those of
linezolid. The hydroxy-, methoxy-, and fluoro-azetidine
analogs 6a–c had identical MIC90 values against the
three bacterial organisms examined, and were twofold
more potent than linezolid against S. aureus and E. fae-
calis strains. The eight azetidine analogs in Table 1
exhibited very similar activities in the TnT assay, sug-
gesting comparable intrinsic binding affinities to the
ribosome target. Antibacterial activities were minimally
impacted by the introduction of a 3-alkyl substituent in
the azetidine ring; the alkylated analogs were equipotent
or at most one dilution less potent than the correspond-
ing unsubstituted analogs (cf. 6a–c vs. 11a–c).


The MPS inhibitory activity of analogs 6a (hydroxy)
and 6c (fluoro) was within the range of values obtained
for linezolid while the methoxy analog 6b was a some-
what more potent inhibitor of MPS. Interestingly, the
introduction of a 3-methyl substituent had a significant
effect on MPS inhibition. Hence, the 3-methyl analogs
11a and 11c had more than threefold higher IC50 values
than the des-methyl comparators 6a and 6c. A more dra-
matic effect was observed in the case of methoxy analogs
6b and 11b, with 3-methyl-3-methoxy analog 11b exhib-
iting a 15- to 30-fold reduction in MPS inhibition. The
3-ethyl and 3-trifluoromethyl analogs (12 and 13) were
prepared to probe steric and electronic effects of the
3-alkyl substituent. Surprisingly, neither of these ana-
logs differed significantly from the parent des-alkyl ana-
log 6a in the MPS assay. Hence, from this limited survey
of 3-alkyl substituents, it appears that a simple methyl
group has the most favorable attenuating effect on
MPS inhibition.







Table 2. Mitochondrial protein synthesis inhibition (IC50, lM), E. coli in vitro transcription and translation assay (IC50, lM), and antimicrobial


activity (MIC90, lg/mL) of piperidine-containing oxazolidinones


N


F


O


NHAc


O
N


F


R
X


Compound R X MPS IC50 (lM) EC TnT IC50 (lM) MIC90 S.a. MIC90 S.p. MIC90 E.f.


1 — — 11–26 4 1 4


18a H OH 11 1.7 2 1 2


18b Me OH 34–56 2.1 4 1 2


18c Et OH 13–23 2.1 4 1 2


22 H CH2CN 6 1.6 2 1 1


27 Me CH2CN 26 nt 2 1 1


S.a., Staphylococcus aureus; S.p., Streptococcus pneumoniae; E.f., Enterococcus faecalis; nt, not tested.


Table 1. Mitochondrial protein synthesis inhibition (IC50, lM), E. coli in vitro transcription and translation assay (IC50, lM), and antimicrobial


activity (MIC90, lg/mL) of azetidine-containing oxazolidinones


N


N


F


F O


O


NHAc


R
X


Compound R X MPS IC50 (lM) EC TnT IC50 (lM) MIC90 S.a. MIC90 S.p. MIC90 E.f.


1 — — 11–26 4 1 4


6a H OH 18 1.9 2 1 2


11a Me OH 68 3.4 4 1 4


12 Et OH 15–34 2.7 4 2 2


13 CF3 OH 19 2.4 4 2 2


6b H OMe 4 2.6 2 1 2


11b Me OMe 65–112 3.7 4 1 4


6c H F 13 1.4 2 1 2


11c Me F 42 2.3 4 1 2


S.a., Staphylococcus aureus; S.p., Streptococcus pneumoniae; E.f. Enterococcus faecalis.
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The antibacterial, TnT, and MPS inhibitory activities of
piperidine-containing oxazolidinones are presented in
Table 2. The larger piperidine ring places the distal sub-
stituents (i.e., R and X) further from the aromatic B-ring
than is the case in the azetidine series. For this reason, it
was unclear whether the effects observed for the
3-methyl azetidine analogs would hold also for 4-methyl
piperidine analogs. In fact, a similar trend was observed.
All of the piperidine analogs exhibited comparable IC50


values in the TnT assay. Likewise, antibacterial activities
(MIC90) were minimally affected by the introduction of
4-methyl or 4-ethyl substituents (cf. 18a vs. 18b–c and
22 vs. 27). In the MPS assay, however, 4-methyl analogs
18b and 27 exhibited between three and fivefold lower
levels of inhibition. The effect was again most significant
with a methyl substituent; the 4-ethyl analog 18c was
only marginally less active than des-alkyl analog 18a.
To further establish the significance of these effects, we
evaluated analogs such as 11a and 18b in two different
cell proliferation assays (data not shown). The trends
observed in the MPS assay were also apparent in the

cell-based assays, with methyl substituents conferring a
favorable effect.


The data presented here suggest that subtle structural
modifications far removed from the oxazolidinone phar-
macophore can significantly impact MPS inhibition in
oxazolidinone antibacterials. Importantly, attenuation
of MPS inhibition can be achieved with little or no im-
pact on the desired (antibacterial) bioactivity. At least
four compounds presented in the current work exhibit
significantly reduced MPS inhibition as compared to lin-
ezolid. These findings are suggestive of structural differ-
ences between the bacterial and mitochondrial
ribosomes that might be exploited to design safer and
more selective oxazolidinones.
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Abstract—As a part of our project aimed at developing new safe chemotherapeutic and chemoprophylactic agents against tropical
diseases, fluorine-containing drugs structurally related to 4-phenoxyphenoxyethyl thiocyanate (1) were designed, synthesized, and
evaluated as antiproliferative agents against Trypanosoma cruzi, the parasite responsible of American trypanosomiasis (Chagas’ dis-
ease), and Toxoplasma gondii, the etiological agent of toxoplasmosis. This thiocyanate derivative had previously proven to be an
effective agent against T. cruzi proliferation. Fluorine-containing thiocyanate derivatives 2 and 3 were threefold more potent than
our lead drug 1 against intracellular T. cruzi. The biological evaluation against T. gondii was also very promising. The IC50 values
corresponding to 2 and 3 were at the very low micromolar level against tachyzoites of T. gondii. Both of these drugs are interesting
examples of effective antiparasitic agents that have outstanding potential not only as lead drugs but also to be used for further
in vivo studies.
� 2007 Elsevier Ltd. All rights reserved.

American trypanosomiasis (Chagas’ disease) and toxo-
plasmosis are among the most prevalent parasitic dis-
eases worldwide.1 It has been estimated that around
18–20 million people are infected and over 40 million
individuals are at risk of infection by the hemoflagellat-
ed protozoan Trypanosoma cruzi, the responsible agent
of this disease.2 As other kinetoplastid parasites, T. cruzi
has a complex life cycle possessing four main morpho-
logical forms. It multiplies within the insect gut as an
epimastigote form and is spread as a non-dividing meta-
cyclic trypomastigote from the insect feces by contami-
nation of intact mucosa or wounds produced by the
blood-sucking activity of the vector. In the mammalian
host, T. cruzi proliferates as the intracellular amastigote
form, which is next released into the bloodstream as a
non-dividing highly infective trypomastigote that can
either invade other tissues or can infect the respective
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Chagas’ disease vectors closing the cycle.3–5 Transmis-
sion via the placenta or by blood transfusion is the
responsible mechanism for the occurrence of Chagas’
disease in developed countries where the disease is not
endemic.6,7


Toxoplasmosis is caused by Toxoplasma gondii, a com-
plex eukaryotic parasite that has adopted an essential
intracellular survival strategy.5,8 Most of T. gondii infec-
tions are asymptomatic. There are two asexual forms
that can cause disease in humans. The tachyzoite form,
which can invade all types of cells and divides rapidly
leading to cell death, and the bradyzoite form that di-
vides slowly and forms cysts in muscle and brain.9


The existing chemotherapy either for Chagas’ disease or
for toxoplasmosis remains deficient. The chemotherapy
for Chagas’ disease is based on two drugs empirically
discovered, nifurtimox, now discontinued, and benzni-
dazole. Although both of these compounds are able to
cure at least 50% of recent infections as indicated
by the disappearance of symptoms, and reduction of
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parasitemia and serology, they present severe side ef-
fects.10,11 The standard treatment against T. gondii
infections consists in the combination of pyrimeth-
amine, which inhibits the enzymatic activity of dihydro-
folate reductase, and sulfadiazine, whose target is
dihydropteroate synthetase.12 This therapy is frequently
associated with toxic side effects.13


The knowledge of unique aspects of the biochemistry and
physiology of T. cruzi has led to the finding of specific
molecular targets for rational drug design,14–19 among
them, sterol biosynthesis arises as a valid target for Cha-
gas’ disease.20 The parasitic pathway leads to ergosterol,
while cholesterol is the final product in the mammalian
host.21 For example, triazole derivatives,22–24 or
azasterols25,26 had shown to be effective antiparasitic
agents against T. cruzi targeting ergosterol biosynthesis.
In addition, we have demonstrated that aryloxyethyl
thiocyanate derivatives are potent inhibitors of T. cruzi
proliferation.27–29 4-Phenoxyphenoxyethyl thiocyanate
also known as WC-9 (1) is a representative member of
this family of compounds, which proved to be a potent
agent against T. cruzi proliferation whose target is squa-
lene synthase (SQS) (Fig. 1).30


On the other hand, it has been reported that sterol bio-
synthesis inhibitors such as azasterols act as selective
inhibitors of T. gondii proliferation.31,32 In particular,
it was recently reported that two quinuclidine deriva-
tives, SQS inhibitors, showed selective activity against
tachyzoites of T. gondii.33 As compound 1 is a potent
inhibitor of T. cruzi proliferation, and bearing in mind
that previous studies indicated that structural variation at
the B ring had no influence on biological action,27–29,34


it was thought that the introduction of a fluorine atom
at the B ring would be of benefit for biological activity.
The estimated logP values for the title compounds 2 and
3 were 4.71, while the corresponding one for 1 was 4.51.
As the drugs must penetrate two cell membrane to reach
TcSQS, it could be anticipated a better biological action.
Then, fluorine-containing drugs were designed, synthe-
sized, and biologically evaluated against the intracellular
and the epimastigote forms of T. cruzi and the tachyzo-
ite forms of T. gondii.


The introduction of a fluorine atom onto the B ring was
carried out via a coupling reaction that involves an aryl-
boronic acid and an appropriate phenol in the presence
of pyridine and cupric acetate as illustrated in the
Scheme.35–37 The title compounds were synthesized
starting from commercially available 4-benzyloxyphenol
(4), which on reaction with 3-fluorophenylboronic acid
in the presence of pyridine and cupric acetate was con-
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Figure 1. Chemical structure of 4-phenoxyphenylethyl thiocyanate.

verted into compound 5 in 79% yield. The benzyl group
of the resulting product was removed by catalytic hydro-
genation to give phenol 7 in 90% yield, which after
treatment with 2-bromoethyl tetrahydro-2H-pyran-2-yl
ether in a suspension of potassium hydroxide in methyl
sulfoxide34 afforded 9 in 80% yield. Cleavage of the
tetrahydropyranyl group of 9 by treatment with pyridi-
nium p-toluenesulfonate gave alcohol 11, which on reac-
tion with tosyl chloride gave the corresponding tosylate
13 in 33% yield. The title compound 2 was obtained by
nucleophilic displacement with potassium thiocyanate in
N,N-dimethylformamide at 100 �C in 43% yield.
Compound 3 was prepared following a similar synthetic
approach as illustrated in Scheme 1.


All compounds were routinely characterized by using 1H
and 13C NMR spectroscopy at 500 MHz and 125 MHz,
respectively (Bruker AM-500 apparatus). Elemental
analysis data for all new compounds were satisfactory.38


The title compounds 2 and 3 were potent growth inhib-
itors of the intracellular form of T. cruzi. Certainly,
these drugs exhibited IC50 values of 4.3 and 3.7 lM,
respectively, being fourfold more potent than our lead
drug WC-9, used as a positive control, under the same
assay conditions. The same behavior was observed
against the epimastigote form of T. cruzi where drugs
2 and 3 were more potent than 1 but to a lesser extent
than against amastigotes. The tetrahydropyranyl pre-
cursors of the title drugs, that is, compounds 9 and 10,
were also potent inhibitors of T. cruzi (amastigotes) pro-
liferation showing IC50 values of 19.0 and 14.4 lM,
respectively. This fact was in agreement with our previ-
ous results in other closely related compounds, where
the biological activity of drugs bearing the thiocyanate
group correlated quite well with the activity exhibited
by their natural tetrahydropyranyl ether precursors
when bonded to the same aromatic skeleton.28,29 The
efficacy decreased proportionally in all cases. In addi-
tion, fluorine-containing drugs were also potent inhibi-
tors of T. gondii (tachyzoites) possessing IC50 values at
the low micromolar level. Compounds 1 and 3 proved
to be the more effective growth inhibitors of T. gondii
exhibiting IC50 values of 2.80 and 3.99 lM, respectively.
WC-9, a well-known antiparasitic agent, and atovaqu-
one were used as positive controls for assays on T. cruzi
and T. gondii, respectively. The results are shown in Ta-
ble 1.


Biological assays on epimastigotes were performed as
previously described.34,39 Experiments on the intracellu-
lar form of the parasite were conducted on T. cruzi-in-
fected L6E9 myoblasts (Y strain) as described
before.40–42 Experiments on T. gondii tachyzoites were
carried out as previously published.43,44


It can be concluded that fluorine-containing thiocya-
nate derivatives were potent inhibitors of T. cruzi pro-
liferation exhibiting an efficacy superior than that
presented by WC-9 our lead drug. These compounds
offer excellent prospective as antiparasitic agents be-
cause they also exhibit potent inhibitory action on
T. gondii.
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Scheme 1. Reagents and conditions: (a) 3-FPhB(OH)2 or 4-FPhB(OH)2, Cu(OAc)2, CH2Cl2, py, rt, 5 days, 79% for 5, 35% for 6; (b) H2/Pd (C), rt,


overnight, 90% for 7, 92% for 8; (c) KOH, DMSO, BrCH2CH2OTHP, rt, 16 h, 80% for 9, 85% for 10; (d) PPTS, MeOH, rt, 14 h, 95% for 11, 78% for


12; (e) ClTs, py, rt, 8 h, 33% for 13, 55% for 14; (f) KSCN, DMF, 100 �C, 5 h, 43% for 2, 48% for 3.


Table 1. Effect of fluorine-containing drugs against Trypanosoma cruzi


and Toxoplasma gondii for compounds 1–3, 9, and 10


Compound IC50
a (lg/ml) IC50


a (lM) IC50 (lM)


T. cruzi


epimastigotes


T. cruzi


amastigotes


T. gondii


tachyzoites


1 (WC-9) 2.6 12.0 2.80


2 1.74 4.3 15.8


3 1.95 3.7 3.85


9 >20.0 19.0 3.99


10 >20.0 14.4 6.16


Atovaquone 0.29


a Values are means of three experiments.
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Work aimed at optimizing the chemical structure of
compounds such as 2 and 3 as well as to establish a more
complete structure–activity relationship is currently
being pursued in our laboratory.
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5. Garcı́a Liñares, G.; Ravaschino, E.; Rodriguez, J. B. Curr.


Med. Chem. 2006, 13, 335.

6. Galel, S. A.; Kirchhoff, L. V. Transfusion 1996, 36,
227.


7. Shulman, I. A.; Appleman, M. D.; Saxena, S.; Hiti, A. L.;
Kirchhoff, L. V. Transfusion 1997, 37, 727.


8. Levine, N. D.; Corliss, J. O.; Cox, F. E. G.; Deroux, G.;
Grain, J.; Honigberg, B. M.; Leedale, G. F.; Loeblich, A.
R., 3rd.; Lom, J.; Lynn, D.; Merinfeld, E. G.; page, F. C.;
Poliansky, G.; Sprague, V.; Vavra, J.; Wallace, F. G.
J. Protozool. 1980, 27, 37.


9. Fichera, M. E.; Roos, D. S. Nature 1997, 390, 407.
10. Marr, J. J.; Docampo, R. Rev. Infect. Dis. 1986, 8, 884.
11. De Castro, S. L. Acta Tropica 1993, 53, 83.
12. Harris, C.; Salgo, M. P.; Tanowitz, H. B.; Wittner, M.


J. Infect. Dis. 1988, 157, 14.
13. Montoya, J. G.; Liesenfeld, O. Lancet 2004, 363, 1965.
14. Rodriguez, J. B. Curr. Pharm. Des. 2001, 7, 1105.
15. Augustyns, K.; Amssoms, K.; Yamani, A.; Rajan, P. K.;


Haemers, A. Curr. Pharm. Des. 2001, 7, 1117.
16. Cazzulo, J. J.; Stoka, V.; Turk, V. Curr. Pharm. Des. 2001,


7, 1143.
17. Docampo, R. Curr. Pharm. Des. 2001, 7, 1157.
18. Docampo, R.; Moreno, S. N. J. Curr. Drug Targets Infect.


Disord. 2001, 1, 51.
19. de Lederkremer, R. M.; Bertello, L. E. Curr. Pharm. Des.


2001, 7, 1165.
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4 0), 154.45 (C-1 0), 159.69 (d, J = 11.0 Hz, C-100), 163.47 (d,
J = 246.7 Hz, C-300); MS (m/z, relative intensity) 289 (M+,
96), 203 (100), 147 (27), 95 (63), 86 (67); Anal. Calcd for
C15H12FNO2S: C, 62.28; H, 4.15; N, 5.19; S, 11.07.
Found: C, 62.71; H, 4.41; N, 4.77; S, 10.78.
4-(4-Fluorophenoxy)phenoxyethyl thiocyanate (3): yellow
pale oil: Rf 0.48 (hexane/EtOAc, 7:3); IR (film, cm�1)
2930, 2169, 1515, 1219, 1041, 842; 1H NMR (CDCl3)d
3.33 (t, J = 5.8 Hz, 2H, H-1), 4.30 (t, J = 5.8 Hz, 2H, H-2),
6.90 (d, J = 9.2 Hz, 2H, H-3 0), 6.92 (m, 2H, H-300), 6.95 (d,
J = 9.2 Hz, 2H, H-2 0), 7.00 (m, 2H, H-200); 13C NMR
(CDCl3)d 33.28 (C-1), 66.40 (C-2), 111.71 (SCN), 115.99
(d, J = 18.7 Hz, C-300), 116.24 (C-2 0), 119.41 (d, J = 8.5 Hz,
C-200), 120.14 (C-3 0), 151.69 (C-4 0), 153.86 (C-1 0), 158.45
(d, J = 241.6 Hz, C-400); MS (m/z, relative intensity) 289
(M+, 100), 203 (99), 147 (24), 95 (41), 86 (42); Anal. Calcd
for C15H12FNO2S: C, 62.28; H, 4.15; N, 5.19; S, 11.07.
Found: C, 62.42; H, 4.30; N, 4.81; S, 10.93.


39. Trypanosoma cruzi epimastigotes (Y strain) were grown in
a LIT medium containing 5% NCS and 1% P/S. Five-day-
old culture was centrifuged and resuspended in fresh
medium to get a 2–3 · 106 cell/ml suspension. Parasites
were then placed in sterile screw-cap tubes (2 ml/tube).
Two tubes were filled with medium for blank. Each drug
was tested at four different concentrations (1, 2.5, 5, 10,
and 20 lg/ml), each one in triplicate. Drugs stock solu-
tions were prepared in absolute ethanol and then were
diluted in a LIT medium. A control without drug was
done for each group tested. The concentrations of cells
were determined by measuring the absorbance of the
culture medium containing parasites at 600 nm against a
blank with culture medium alone. To calculate percent

inhibition, the following formula was used: percent
inhibition = 100 � (DAd · 100)/DAc, where DAc and DAd


are the differences in the absorbance of control cultures
and drug-treated cultures, respectively, at the beginning
and at day 5.


40. Ravaschino, E. L.; Docampo, R.; Rodriguez, J. B. J. Med.
Chem. 2006, 49, 426.


41. Yan, W.; Moreno, S. N. J. Immunol. Methods 1998, 220,
123.


42. Gamma-irradiated L6E9 myoblasts (1 · 107 cells/plate) in
DMEM containing 20% FCS were plated in 12-well tissue
culture plates and incubated at 37 �C in a 5% CO2


atmosphere for 24 h. After 24 h, wells were washed once
and fresh media were added containing 4.17 · 106 try-
pomastigotes or amastigotes/well in DMEM. One well was
left without parasites for control. After 2 h of incubation
at 37 �C in a 7% CO2 atmosphere, cultures were washed
twice with Hanks’ solution, and culture medium was
replaced to remove extracellular parasites. At this time,
0.5–1 lCi of [5,6-3H]uracil/well (specific activity, 40–50 Ci/
mmol) and drug solutions in water were added. Two wells
were left for infection control. Cultures were incubated for
72 h. Incorporation of the [5,6-3H]uracil into trichloro-
acetic acid (TCA)-precipitable material was measured at
day 3. The supernatants from the monolayers were
transferred to glass tubes, the cells were dissolved with
1.3 ml of 1% sodium dodecyl sulfate containing 100 lg of
cold uracil per ml, and the suspension was transferred to
the glass tubes. The wells were rinsed with 3 ml of 5%
TCA (ice-cold) which was combined with the previous
suspension. The samples were maintained in ice for 15 min
and collected on glass fiber filters (Whatman GF/B) by
using a sampling manifold (Millipore, Bedford, MA).
After filtering, the tubes were rinsed twice with 4 ml of 5%
TCA and the filters were rinsed twice with TCA and once
with 95% ethanol. After drying the filters, they were
placed in scintillation vials containing 4–5 ml of scintilla-
tion cocktail Ecolume. Vials were vortexed for 20 s
and counted. The percent inhibition was calculated by
employing the following formula: percent inhibi-
tion = 100 � (DCd · 100)/DCc, where DCc and DCd are
the differences in the count per minute of control cultures
and drug-treated cultures, respectively.


43. Toxoplasma gondii tachyzoites of the m2m3 clone express-
ing yellow fluorescence protein44 were routinely maintained
in vitro in human foreskin fibroblast monolayers (HFF) in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM glutamine,
1 mM pyruvate, at 37 �C in a humid 5% CO2 atmosphere.
Confluent HFF monolayers grown in 96-well black plates
with optical bottoms (Falcon/Becton–Dickinson, Franklin
Lakes, NJ) were used and drugs dissolved in the same
medium and serially diluted in the plates. Freshly isolated
tachyzoites were filtered through a 3 lm filter and passed
through a 22 gauge needle, before use. The cultures were
inoculated with 104 tachyzoites/ml in the same media. The
plates were incubated at 37 �C and read daily in a Molecular
Devices fluorescent plate reader. To preserve sterility the
plates were read with covered lids, and both excitation
(510 nm) and emission (540 nm) were read from the
bottom.44 For the calculation of the IC50, the percent of
growth inhibition was plotted as a function of drug
concentration by fitting the values to the function: I = Imax


C/(IC50 + C), where I is the percent inhibition, Imax = 100%
inhibition, C is the concentration of the inhibitor, and IC50


is the concentration for 50% growth inhibition.
44. Gubbels, M.-J.; Striepen, B. Antimicrob. Agents Chemo-


ther. 2003, 47, 309.
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Abstract—Out of 400 virtually designed imidazoline N-oxides, five cyclic nitrones were selected on the basis of PASS prediction as
potent nootropics and were evaluated for their biological activities in albino mice. The selected N-alkyl and aryl-substituted nitrones
were found to be excellent nootropics. A series of lead compounds acting as cognition enhancers have been provided, which can be
further exploited in search of such New Chemical Entities (NCEs).
� 2007 Elsevier Ltd. All rights reserved.

One of the major challenges of the third millennium will
be to restore normal brain functions in individuals suffer-
ing from neurodegenerative diseases like Alzheimer’s dis-
ease, Parkinson’s disease or from cognitive dysfunction,
one of the main symptoms accompanying ageing, stroke,
acute as well as chronic cerebrovascular diseases, inflam-
mation, traumatic brain injury, intoxication and oth-
ers.1–4 Nootropics, also known as smart drugs or
cognition activators, are the drugs that enhance mental
functions especially under conditions of disturbed neural
metabolism resulting from the lack of oxygen, electro-
shock or age-related induced changes and facilitate infor-
mation flow between cerebral hemispheres. This category
of drugs is becoming especially critical on account of the
rapidly growing segment of the victimized population.


Antioxidants are gaining a paramount significance as a
panacea for a large number of life-style diseases like age-
ing, cancer, diabetes, cardiovascular and other degener-
ative diseases, etc. Nitrones, by acting as excellent spin
traps, have been known to oppose the oxidative damage
and the associated challenges.5 However, the mechanism
with which nitrones operate as antioxidants does not lie
solely in their spin-trapping tendency. Other mecha-
nisms of action, well documented in the literature,
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involve inhibition of Nitric Oxide Synthase (iNOS)
expression, as well as cytokine production, modulation
of calcium homeostasis, glutamate regulation and apop-
tosis.5a The piracetam group of antiamnesic compounds
works by several mechanisms to revitalise neural func-
tion. By supplying glutamic acid analogues to the Kreb’s
cycle they enhance glucose utilization in aerobic respira-
tion, the major means by which animal cells extract
chemical energy from sugars via ATP formation. This,
in turn, raises phospholipid cAMP levels, thereby
enhancing the function of dopamine and acetylcholine
neurons.


NO


O


NH2


Piracetam - the original smart drug


   2-Oxo-1-pyrrolidine

Piracetam like nootropics revert amnesia induced by
scopolamine and other amnesic drugs, electroconvulsant
shocks and hypoxia by an unknown mechanism. They
also function as antioxidants (structure comparable to
vitamin C) and retard lipofuscin formation. But none
of the mechanisms has, so far, gathered general consen-
sus. Thus, years after the identification of piracetam, a
unifying hypothesis on the mechanism of action is till
lacking and this class of cognition enhancers, despite
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chemical similarity and close pharmacological profile,
uses an amazing variety of molecular mechanisms to
produce the final nootropic effect. The excellent cogni-
tive properties6 of piracetam, its neuropatholobiology
and the known antioxidant properties of nitrones pro-
vided us an impetus for the design, synthesis and biolog-
ical evaluation of the nitrones (structurally related to
piracetam), endowed with a similar pharmacological
profile. The chemical and biochemical properties of nit-
rones as well as their brain penetration and toxicity are
tremendously influenced by the substitution pattern of
these molecules.


In an effort to optimize their biological profile, a wide
structural diversity of nitrones typified by 3, possessing
p-nitro phenyl moiety as a silent feature of their chemi-
cal structure, have been virtually designed, synthesized
and investigated for the foresaid pharmacological activ-
ity. To the best of our knowledge, there are no reports
concerning the cognition-enhancing activity of such nit-
rones. The compounds chosen for activity determination
were selected on the basis of their best prediction values
for crossing the blood–brain barrier from each set of the
virtually screened compounds as well as ease of their
synthesis. The design was initiated with unsubstituted
nitrones followed by the incorporation of various sub-
stituents on the nitrogen as well as on the carbon atom
of the Schiff’s bases and also on the carbon atom of
nitrosoalkenes from which they are synthesized. In order
to accelerate search for potent New Chemical Entities
(NCEs), the assistance of computer-aided drug discov-
ery program PASS (Prediction of Biological Activity
Spectra)7 was used to predict the cognition-enhancing
action for different imidazoline N-oxides.


Contrary to many other existing methods of SAR/
QSAR/QSPR/molecular modelling methods focused on
predicting a single type of biological activity within the
same chemical series, computer-aided program PASS
predicts not only for the desirable pharmacological ef-
fect but also for molecular mechanisms of action and
different unwanted side effects like mutagenicity, carcin-
ogenicity, teratogenicity and embryotoxicity. Such anal-
ysis of heterogeneous sets increases considerably the
chance of discovering NCEs (e.g., cognition enhancers).
The technique of PASS is based on the analysis of SARs
for the training set currently including about 46,000
drugs, drug candidates and lead compounds whose bio-
logical activities are determined experimentally. The set
of MNA (Multilevel Neighbourhood atoms) descriptors
is generated on the basis of structural formulas pre-
sented in the MOL-file (SDF-file) form. Since MNA
descriptors are generated for each compound de novo,
new descriptors can be obtained upon presentation of
a novel structural feature in the compound under study.
Based on the statistics of MNA descriptors for active
and inactive compounds from the training set, two prob-
abilities are calculated for each activity: Pa—probability
of compound being active and Pi—probability of com-
pound being inactive. Being probabilities, the Pa and
Pi values vary from 0.000 to 1.000 and in general
Pa + Pi < 1, since these probabilities are calculated inde-
pendently. The PASS predictions can be interpreted and

used in a flexible manner—(i) only activities with Pa > Pi


are considered as possible for a particular compound.
(ii) If Pa > 0.7—the chance to find the activity experi-
mentally is high. But, in many cases the compound
may occur to be a close analogue of known pharmaceu-
tical agents. (iii) If 0.5 < Pa < 0.7—the chance to find the
activity experimentally is less, but the compound is
probably not so similar to known pharmaceutical
agents. (iv) If Pa < 0.5—the chance to find the activity
experimentally is even less, but the chance to find a
structurally new compound, that is, NCEs increases.


Recently, an Internet version of PASS7c has been made
available at the PASS developer’s web site. The user can
submit the MOL-file of the molecule under study and
obtain the predicted biological activity spectrum on
their computer immediately. This new internet version
of PASS provides access to prediction of 783 kinds of
biological activity, in contrast to an earlier version that
predicted 319 activities.


Selection of possible cognition enhancers. Prediction of
biological activity spectra was made for about 400 virtu-
ally designed variedly substituted structures from the
theoretical calculations on the basis of PASS prediction.
The compounds screened were the structures formed
from the various combinations of R (H, CH3, C2H5,
C6H5, p-CH3AC6H4, p-OCH3AC6H4, C6H5CH2, cyclo-
hexyl, iso-propyl, n-butyl, furyl), R1 (H, CH3, C2H5,
C6H5, p-NMe2AC6H4) and R2 (H, C6H5 p-CH3AC6H4,
p-NO2AC6H4) groups in the nitrone moiety. On the
basis of prediction results from the database analysis,
potential cognition enhancers were selected. The follow-
ing criteria were used for selection:


1. Those compounds were selected, which had cognition
enhancing activity with Pa > 0.4 (intended to find
NCEs) in their predicted activity spectra.


2. In case a number of structures in a certain chemical
series were predicted to be active, only a few represen-
tatives were selected.


The relationship between the number of compounds
predicted as probable nootropics and representative val-
ues of probability to be active Pa is shown in Figure 1.
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Out of the 400 compounds chosen for PASS prediction,
318 from were predicted as cognition enhancers with
Pa > 40%. On the basis of the above-mentioned criteria,
five potential nitrones were selected for testing their noo-
tropic activities. The compounds screened above were
further subjected to ‘Lipinski rules of five’.8 The MIPC
(Molnspiration Property Calculator) program has been
utilized (www.molinspiration.com) for calculating the
Lipinski descriptors. The logP values and the associated
parameters for the five compounds under consideration
have been provided in Table 1 and the probabilities of
the test compounds for being active (Pa) are provided
in Table 2. On the basis of above-mentioned criteria
and with a goal to provide the diversity of potent cogni-
tion enhancers, the chosen compounds were synthesized
and experimentally tested as nootropics.


General procedure for the synthesis of nitrones 3. The
acyclic aryl and alkyl imines (Schiff’s bases) 1 derived
from the condensation of aryl/alkyl amines and alde-
hyde, reacted with a-nitrosoalkenes 2 (1.2 equiv), gener-
ated in situ from a-bromooxime and sodium
bicarbonate, in dry dichloromethane at room tempera-
ture under stirring conditions for 24–28 h to give the de-
sired nitrones 3 (Scheme 1), characterized as 1-alkyl/
aryl-4-(4-nitrophenyl)-2-aryl-2,5-dihydro-1H-imidazole
3-oxide on the basis of their spectral and analytical
data.9a


This methodology is a facile and direct itinerary towards
the synthesis of novel and biologically potent heterocy-
clic N-oxides containing an a-hetero atom.9b


Animals. Albino mice of either sex weighing around 18–
25 g (older ones, aged 28 weeks) were used in the present
study. The animals were housed in central animal house

Table 1. LogP values and the associated parameters for the com-


pounds under consideration


M logP TPSA N atoms MW


A 2.32 84.767 32 433.49


B 2.449 72.295 27 360.39


C 2.411 72.295 27 366.44


D 1.341 85.435 27 364.38


E 2.019 75.533 31 417.49


nON nOHNH nViolations Nrotb


A 8 1 0 6


B 6 1 0 4


C 6 1 0 4


D 7 1 0 5


E 7 1 0 6


Table 2. The probabilities of being active Pa of the test compounds on


the basis of PASS prediction


Compound Pa Pi


A 50.1 11.4


B 69.2 3.3


C 51.8 9.9


D 40.9 19.3


E 56.7 7.0

of Guru Nanak Dev University, had free access to food
and water and maintained under 12:12 h light and dark
cycles. All experiments were carried out during day time
from 09:00 to 14:00 h. Institutional Animals Ethics
Committee (IAEC) approved the experimental protocol
and care of animals was taken as per guidelines of CPC-
SEA, Dept. of Animal Welfare, Govt. of India.


Drugs and chemicals. Scopolamine hydrobromide (Sig-
ma–Aldrich, USA) piracetam (Nootropil�, UCB India
Pvt. Ltd, Vapi, Gujarat) were suspended in 1% CMC
solution. Volume of oral and ip administration was
1 ml/100 g.


Behavioural paradigm to evaluate learning and memory—
Elevated plus maze. The elevated plus maze served as the
exteroceptive behavioural model (wherein the stimulus
existed outside the body) to evaluate learning and mem-
ory in mice. The apparatus consisted of two open arms
(16 · 5 cm) and two covered arms (16 · 5 · 12 cm). The
arms extended from a central platform (5 · 5 cm), and
maze was elevated to a height of 25 cm from the floor.
On the first day, each mouse was placed at the end of
open arm, facing away from the central platform. Trans-
fer latency (TL) was taken as the time taken by mouse to
move into one of the covered arms with all its four legs.
TL was recorded on the first day. If the animal did not
enter into one of the covered arms within 90 s, it was
gently pushed into one of the two covered arms and
the TL was assigned as 90 s. The mouse was allowed
to explore the maze for 10 s and then returned to its
home cage. Memory retention was examined 24 h after
the first day trial on the second day.10


Group I: represented control group for young mice
(n = 6). 10 ml/kg of distilled water (DW), po, was
administered. TL was noted after 30 min of administra-
tion on and after 24 h, that is, on next day.


Group II: piracetam, 200 mg/kg, ip, was injected to both
young and aged mice, respectively. TL was noted after
30 min of injection and after 24 h.


Groups III–VII: test compounds (A–E) were adminis-
tered orally at a dose of 75 mg/kg, except test compound
D at a dose of 90 mg/kg, 30 min before subjecting the
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Table 3. Effect of transfer latency (TL)


S. No. Treatment


group


Dose


(mg/kg)


n % Age


decrease in TL


1 Control — 6 11.2 + 2.78


2 Piracetam 200 6 51.3 + 6.82*


3 A 75 6 40.4 + 8.38*


4 B 75 6 36.4 + 7.77*


5 C 75 6 51.6 + 9.28*


6 D 90 6 64.2 + 6.66*


7 E 75 6 10.8 + 5.66


* P < 0.05 as compared to control.
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animals to elevated plus maze test. TL was noted again
after 24 h.


The dose of the test compounds was selected as molecu-
lar weight equivalents to piracetam.


Statistical analysis. All the results were expressed as
means (±SEM). The data from elevated plus maze and
passive avoidance tasks were analyzed using ANOVA
followed by Student’s (Unpaired) ‘t’ test.10 Utility of
an elevated plus maze for the evaluation of nootropics,
scopolamine and electroconvulsive shock,11 Ascorbic
acid: a promising memory enhancer in mice.12


Effect of test compounds on facilitation of passive behav-
iour. The mice showed higher transfer latency (TL) val-
ues on first day as compared to second day (after 24 h),
piracetam (200 mg/kg, ip) pretreatment significantly de-
creased transfer latency on as compared to control
group, indicating improvement in both learning and
memory. The pretreatment with test compounds A–E
significantly reduced the TL as compared to control
group. Piracetam, A, B, C, and D are all significantly
different than control. Compounds A and C are within
the standard deviations of piracetam. However A
showed lower % TL as compared to C, although still
within the SEM. The compound C showed comparable
to and compound D exhibited a better effect than pirace-
tam (Table 3).


Structure–activity relationship. The resulting biological
activities of the compounds studied are the consequence
of both pharmacokinetic and pharmacodynamic proper-
ties that may be differently affected by structural
modifications indicating that there is a strict correlation
between potency and structural as well as conforma-
tional characteristics of the molecules. Comparison of
cognitive activities of the test compounds A–E (Table
3) shows that the electronic nature of the substituents
present on N1 (i.e., alkyl and aryl) and C2-atoms could
be responsible for the potency of the compounds and
this is substantiated by the known scavenging mecha-
nism of the nootropics. Electron-withdrawing nature
on C-2 position has been thought to be responsible for
the better activities of C and D compared to A and E
(p-methoxyphenyl group in A and E is electron-donating
relative to bare phenyl in C and D). Further N-alkyl
substituted nitrones show much better activities in our
results compared to N-aryl substituted ones. Thus A,
C and D compounds represent the most significant

results of this chemical series. The compound E, the only
compound with non-hydrogen substituents at R1 and
R2, shows significantly less activity compared to other
compounds A–D. This may be perhaps because the
addition makes the region too bulky for efficient
scavenging to occur. Although the activity under study
is whole-animal behaviour, so many other properties
of the compounds could also be responsible for differ-
ences in observed activity, for example, susceptibility
of particular functional groups to metabolism, second-
ary effects from certain groups, etc. Since, the mecha-
nism of action (MOA) of nitrones for their nootropic
activity is well documented in their abilities to scavenge
free radicals, the underlying phenomena of mechanism
are thought to be influenced by electronic nature of
the substituents on the nitrone moiety. However, the
detailed studies are still underway to establish the exact
MOA.


Thus, innovative computer-assisted approaches have
been applied in a search for new cognition enhancers.
We have used virtual combinatorial design of highly di-
verse chemical compounds to increase the probability of
finding new chemical entities. Different types of imidaz-
oline N-oxides were analyzed during the project. The
most likely compounds (presumably NCEs) were se-
lected, synthesized and tested as potential cognition
enhancers. Five compounds from the library of 400
compounds (predicted as nootropics) were selected as
potential cognition enhancers, out of which, three com-
pounds have comparable or greater effect in consider-
ably less concentration in comparison with the classic
cognition enhancer, piracetam. Thus we have provided
a novel series of lead compounds acting as cognition
enhancers, which can further be expanded a lot to ex-
ploit such NCEs. It is anticipated that these drugs when
taken in large concentrations can further improve their
nootropic activities. Thus, our investigation has shown
an increased probability of compounds to be biologi-
cally active in the subset of compounds selected on the
basis of PASS prediction.
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Abstract—C11, C12-cyclic urea analogues of ketolides were designed and synthesized by use of a novel ketene acetal inter-
mediate. This intermediate enabled introduction of an amino group at C12 stereospecifically and in high yield. The resulting
cyclic urea ketolides appear to have in vitro activity similar to that of telithromycin which contains a C11, C12 cyclic car-
bamate moiety. Some of the C2 fluorinated compounds have improved potency against erm-containing Streptococcus
pyogenes.
� 2007 Elsevier Ltd. All rights reserved.
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Macrolide antibiotics represented by erythromycin A
have been in use for more than half a century. More re-
cently, however, due to the success of erythromycin A
and its second-generation analogues such as clarithro-
mycin and azithromycin, some pathogens developed
resistance to macrolide antibiotics. There are two major
mechanisms of resistance, one involving modification of
the macrolide target, the ribosome (erm (B) encoded),
and increased efflux of macrolide (mef-encoded).1 To
overcome this resistance, a new series of macrolide anti-
biotics called ketolides was developed. Their structures
are characterized by the presence of a ketone group at
C3, a cyclic carbamate group at C11 and C12, and a het-
erocycle tethered at the cyclic carbamate nitrogen.1 Teli-
thromycin (1) is the first and only ketolide antibiotic
approved and marketed to date.2 In the USA it is ap-
proved for the treatment of community acquired pneu-
monia.3 Although there have been many ketolide
analogues prepared since the original disclosure of teli-
thromycin, almost all of them contain a cyclic carba-
mate moiety at C11 and C12 which is dictated by the
substitution pattern of their starting material, clarithro-
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mycin (3). We contemplated a series of compounds in
which a cyclic urea moiety was incorporated in place
of the cyclic carbamate group (e.g., 2).


We hypothesized that such compounds might have anti-
bacterial activity, pharmacokinetic, and safety proper-
ties different from telithromycin since they possess an
additional hydrogen bond donor and an additional site
for modifications (see Fig. 1).
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Figure 1. Telithromycin and a target ketolide.
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Scheme 1. Reagents and conditions: (a) See Ref. 5; (b) DBU, CH3CN, 80 �C, 67%; (c) TMS-N3, SnCl4, CH2Cl2, �78 �C to rt, 69%.
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The major challenge was how to incorporate a nitrogen
atom at C12. This was achieved by utilizing unique
ketene acetal intermediate 5 as disclosed in our earlier
manuscript (Scheme 1).4 Thus, well-established interme-
diate 4 in the ketolide chemistry5 was treated with DBU
to generate ketene acetal (5) in 67% yield. This was a
product of an internal alkylation of the C2 enolate
through the oxygen atom. Its formation was believed
to be manifested by the proximity of functional groups
within the macrocyclic ring. After establishing its struc-
ture, it was envisioned that a nucleophile might add at
C12 if the ketene acetal moiety was activated by a Lewis
acid. Indeed, treatment of this intermediate with TMS-
azide in the presence of tin chloride generated azide 6
in 69% yield. It was shown by X-ray crystallography
that the C12 azide group had the same orientation as
the C12 hydroxy group in clarithromycin probably as
a result of the cage structure of 5.4


The synthesis of cyclic urea analogues was then estab-
lished as shown in Scheme 2. Thus, the azide group
was reduced with zinc and acetic acid and the resulting
C12 amine was immediately treated with phosgene to
generate isocyanate 8 in a high yield. It was then allowed
to react with a side-chain amine (R–NH2). In contrast
with the carbamate case, the product isolated from this
reaction was uncyclized urea 9. Cyclization was success-
fully carried out by treating it with a catalytic amount of
KOH in hot toluene. The stereochemistry at C10 was
determined as the same as that of telithromycin since
the C10 proton appeared as a singlet at d3.11 ppm in
NMR.6 The acetyl group at the C2 0 position of desos-
amine was then removed by treatment with methanol
to give 11. It had been reported that fluorination at
C2 sometimes increases the in vitro potency of the
resulting ketolides.7 For this purpose, the acetyl pro-
tected intermediate (10) was further treated with potas-

sium hexamethyldisalazide (KHMDS) and SelectfluorTM


to introduce a fluorine atom stereospecifically.8 Alkyl-
ation of the urea nitrogen was also carried out by treat-
ing the fluorinated intermediate (12) with one equivalent
of KHMDS and alkyl halide. The acetyl group was re-
moved as before to give compound 15. The compounds
prepared by this route are listed in Tables 1 and 2 which
incorporate slightly different strains of pathogens for
in vitro screening. All MIC (minimum inhibitory con-
centration) determinations were carried out using
NCCLS guidelines.9 In Tables 1 and 2, average MIC’s
are given in lg/mL. Staphylococcus aureus 0052, 1146,
Streptococcus pyogenes 203, and Streptococcus pneumoniae
1016 are erythromycin-susceptible strains, whereas
S. aureus 1117, S. pyogenes 1079, S. pneumoniae 1095,
and 1175 are erythromycin-resistant strains by the
mechanisms indicated in the parentheses.


From Tables 1 and 2, it appears that most of the com-
pounds are active against macrolide-sensitive S. aureus,
S. pyogenes, S. pneumoniae, macrolide-resistant erm-
containing S. pneumoniae, and Haemophillus influenzae.
Against mef-containing S. pneumoniae fluorinated ana-
logues are quite potent, whereas unfluorinated ana-
logues are not. Some of the fluorinated cyclic urea
derivatives have improved potency against erm-contain-
ing S. pyogenes compared with telithromycin. It is con-
sidered desirable to have activity against erm-containing
S. pyogenes as this is the causative pathogen of strep
throat. If the newly introduced nitrogen atom is methyl-
ated as in 15a, 15f, and 15g, similar profiles to the unme-
thylated analogues are maintained. Substitution of this
nitrogen, however, with a group larger than a methyl
group appears to be detrimental for the activity against
erm-containing S. pyogenes. Like telithromycin, these
compounds are active against macrolide-sensitive
S. aureus but not against erm-containing S. aureus.
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Within the limited heterocycles tested, the unsaturation
in the tether imparts little difference into their in vitro
potency (11a vs 11c; 13a vs 13c; 15a vs 15g). Some ana-
logues have activity against H. influenzae similar to or
slightly better than telithromycin. Compound 15f appears
to have a balanced in vitro profile against macrolide-resis-
tant S. pneumoniae, S. pyogenes, and H. influenzae. Due to
changes in the direction of research, no in vivo data were
generated on any of these compounds.


In conclusion, we have successfully synthesized C11,
C12-cyclic urea (as opposed to a cyclic carbamate in

telithromycin) analogues of ketolides. The efficient
introduction of a prerequisite nitrogen atom at C12
was achieved by utilizing a novel ketene acetal inter-
mediate. The nitrogen atom was introduced regio-
and stereo-specifically at the C12 position. The result-
ing cyclic urea analogues possess in vitro antibacterial
activity similar to that of telithromycin. Some of the
fluorinated analogues show improved potency against
macrolide-resistant S. pyogenes. In addition, the chem-
istry described here may be of use in designing new
series of ketolides where the C12 amino group is
modified.







Table 1. Antimicrobial activity of C11, C12-cyclic urea ketolides (MIC lg/mL)
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Compound R1 R2 S. aureus
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S. aureus


(erm) 1117


S. pyogenes


(s) 203


S. pyogenes


(erm) 1079


S. pneumoniae


(s) 1016


S. pneumoniae


(erm) 1095


S. pneumoniae


(mef) 1175


H. influenzae


1100


Telithromycin (1) 0.049 100 0.012 32 0.013 0.05 0.39 0.5


11a H H 0.039 100 0.024 32 0.024 0.049 6.3 8


13a F H 0.049 100 0.006 4 0.006 0.012 0.78 2


15a F Me 0.024 100 0.024 8 0.013 0.025 0.20 2


15b F 0.049 100 0.012 64 0.025 0.05 0.39 0.5


15c F Et 0.049 100 0.024 32 0.013 0.025 0.39 0.25


15d F 0.098 100 0.098 64 0.05 0.10 0.78 0.5


15e F 0.098 100 0.049 32 0.05 0.10 0.39 0.25


S. aureus, Staphylococcus aureus; S. pyogenes, Streptococcus pyogenes; S. pneumoniae, Streptococcus pneumoniae; H. influenzae, Haemophilus influenzae; (s), erythromycin susceptible.
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Table 2. Antimicrobial activity of C11, C12-cyclic urea ketolides (MIC lg/mL)
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Abstract—A novel series of benzenesulfonamides that contain ferrocenyl or ruthenocenyl moieties were synthesized and investigated
for their ability to inhibit the enzymatic activity of physiologically relevant carbonic anhydrase (CA) isozymes: hCA I, II and
tumour-associated IX (h = human). This manuscript describes the regioselective synthesis of both the 1,4- and 1,5-disubstituted-
1,2,3-triazole benzenesulfonamides from ethynylmetallocene substrates. This is the first report describing the covalent attachment
of organometallic moieties to the arylsulfonamide (ArSO2NH2) CA recognition pharmacophore. At hCA I these metallocene deriv-
atives were either nanomolar or low micromolar inhibitors, while against hCA II and IX inhibition in the range of 9.7–80 nM and
10.3–85 nM, respectively, was observed. The ruthenocenyl derivatives gave superior CA inhibition compared to the ferrocenyl com-
pounds across all three CA isozymes. These compounds constitute a new organometallic class of CA inhibitors with promising bio-
logical activity.
� 2007 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs, EC 4.2.1.1) are abundant
zinc metalloenzymes that are present in a diversity of
organisms including higher vertebrates, green plants, al-
gae, bacteria and archaea.1,2 So far 16 isozymes have
been characterized in humans (designated hCA) – 12
of these possess catalytic activity for the reversible
hydration of carbon dioxide to bicarbonate anion and
a proton: CO2 þH2O$ HCO3


� þHþ.2,3 Different iso-
zymes exhibit variable enzyme kinetics, tissue distribu-
tion, expression levels and subcellular locations and
these differences underpin a general drug discovery strat-
egy that aims to develop selective inhibitors for a range
of specific therapeutic applications.2,4 Recently, a role
for CA inhibition as an anticancer therapy has been
identified owing to the overexpression of some CA iso-
zymes (CA IX and CA XII) in cancer cells. CA IX is
of particular interest owing to its ectopic expression in
carcinomas derived from cervix, uteri, kidney, lung,
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oesophagus, breast, colon and so on, contrasting with
minimal expression in normal tissues. Inhibition of CA
IX may constitute a novel approach for the treatment
of cancers in which it is overexpressed and this is now
an area of research under intensive investigation.4


An aromatic or heteroaromatic sulfonamide moiety (Ar-
SO2NH2) is the classical recognition fragment necessary
for small molecules to bind the active site of CA.1–3 The
deprotonated sulfonamide moiety (ArSO2NH�) coordi-
nates to the CA active site Zn2+ and inhibits the enzyme
by impeding the normal catalytic cycle. Arylsulfona-
mides are a reliable CA ‘anchor’ fragment upon which
tethering ‘tail’ groups is a proven means to optimize
physicochemical properties of inhibitors.3 Clinically
used CA inhibitors containing the ArSO2NH2 motif in-
clude acetazolamide (AZA), methazolamide (MZA),
ethoxazolamide (EZA), dichlorophenamide (DCP),
brinzolamide (BRZ) and dorzolamide (DZA). Metal-
based sulfonamides that involve the coordination of a
cationic metal to the heteroatoms of heterocyclic sulfon-
amides such as AZA and MZA have been synthesized
and investigated as inhibitors of CA by others.5,6 These
metal complexes are typically 10- to 100-fold more po-
tent than the parent sulfonamides and are among the
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most potent CA inhibitors reported (picomolar inhibi-
tion has been observed).6 Presently, there are no known
reports of the covalent attachment of organometallic
moieties to the aromatic sulfonamide CA pharmaco-
phore using standard organic synthetic methodology.
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Scheme 1. M = Fe (1,3,4), M = Ru (1 0,3 0,4 0). Reagents and condi-


tions: (i) metallocene (0.05–0.113 mM), azide (1 equiv), sodium


ascorbate (0.4 equiv), CuSO4Æ5H2O (0.2 equiv), 1:1 t-BuOH/H2O,


40 �C, 24 h, 21–50%; (ii) metallocene (0.04–0.13 mM), azide (1 equiv),


[Cp*RuCl(PPh3)2] (6 mol%), toluene, 110 �C, Argon, 58–96%.

Ferrocene and ruthenocene belong to the metallocene
family of organometallic compounds, wherein a metal
is sandwiched between two cyclopentadienyl (Cp) li-
gands. The electronic structure of these metallocenes
renders them aromatic and they undergo reactions typ-
ical of organic aromatic compounds. Attaching an orga-
nometallic fragment to a known organic drug is
becoming recognized as a strategy to endow the drug
with new and improved therapeutic properties.7,8 The
incorporation of the organometallic ferrocenyl fragment
into clinically used organic scaffolds has been extensively
investigated with the breast cancer drug tamoxifen (to
generate ferrocifens) and the antimalarial agent chloro-
quine (to generate ferroquine).7–10 The results from
these investigations are encouraging and importantly
are attributable to the metallocene component of the
conjugate. Ferroquine is effective against chloroquine
resistant malaria parasites and is in late Phase II clinical
trials, while the ferrocifens have antiproliferative effects
against both hormone-dependent and non-hormone-
dependent breast cancer tumours and are poised to com-
mence clinical trials.7–11 The ferrocenyl moiety is stable
in both air and aqueous environments rendering this
fragment compatible with drug lead discovery. In a ther-
apeutic context ruthenocene is less well studied, it differs
from ferrocene with regard to the orientation of the Cp
rings. In ferrocene there is a small energy barrier sepa-
rating the staggered and eclipsed rotational orientations
of the two Cp rings, whilst ruthenocene exhibits only the
lower energy eclipsed conformation.12 Furthermore,
since ruthenium is located below iron in group 8 of
the periodic table, the ionization potential of metallo-
cene–organic conjugates should be considerably higher
when ferrocene is replaced for ruthenocene.13 If inhibi-
tor oxidation plays a role in the inhibition of CA, it is
expected that the ruthenium derivatives would be more
effective inhibitors than their ferrocene counterparts.

The Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction
(1,3-DCR; ‘click chemistry’) as popularized by Sharpless
and Meldal14,15 allows the selective synthesis of the 1,4-
disubstituted-1,2,3-triazole regioisomer from azide and
acetylene substrates. Without catalyst a mixture of triaz-
oles is obtained by reaction at elevated temperatures,
however regioselective synthesis of the other possible
product of 1,3-DCR, that is, the 1,5-disubstituted-
1,2,3-triazole, has recently become possible using ruthe-
nium complexes such as [Cp*RuCl(PPh3)2] as cata-
lyst.16,17 Ruthenium catalysts have been less accessible
than Cu(I) sources, consequently this reaction is so far
much less investigated compared to the Cu(I)-catalyzed
variant – significantly there are no medicinal chemistry
applications reported (the [Cp*RuCl(PPh3)2] catalyst
has only recently become commercially available). We
have previously demonstrated the versatility of the 1,3-
DCR to generate 1,4-disubstituted-1,2,3-triazole glyco-
conjugate benzenesulfonamides with varied sugar tail
fragments.18–20 This versatility has encouraged us to fur-
ther explore our ‘click-tailing’ strategy to append metal-
locene tails onto the CA ArSO2NH2 recognition
fragment to generate metallocene-based CA inhibitors.
This manuscript describes the regioselective synthesis
for both 1,4- and 1,5-disubstituted-1,2,3-triazole ben-
zenesulfonamides from ethynylmetallocene substrates.
The target metallocene derivatives 3, 4, 3 0 and 4 0 were
synthesized by the 1,3-DCR of ethynylferrocene (1,
commercially available) or ethynylruthenocene (1 0, syn-
thesized by literature methods)21 and 4-azidobenzene-
sulfonamide (2), Scheme 1.22 The 1,4-disubstituted-
1,2,3-triazole regioisomers 3 and 3 0 were prepared by
the Cu(I)-catalyzed 1,3-DCR while the 1,5-disubsti-
tuted-1,2,3-triazole regioisomers 4 and 4 0 were prepared
by the ruthenium-catalyzed 1,3-DCR using
[Cp*RuCl(PPh3)2]23 as catalyst. Synthesis details are de-
scribed fully in Supplementary data. All compounds
were investigated for their ability to inhibit the enzy-
matic activity of CA isozymes: hCA I, II and IX.


The singlet resonance in the 1H NMR spectrum attribut-
able to the aryl proton of the triazole moiety is evidence
for the formation of the click product. This proton res-
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onates at d 9.00 and 8.88 ppm for the 1,4-disubstituted
triazoles 3 and 3 0. This is �1 ppm downfield of the cor-
responding resonance in the 1,5-disubstituted analogues
4 and 4 0 (d 8.11 and 7.90 ppm, respectively). 13C NMR
spectroscopy revealed the resonances expected for the
triazole Cipso and CH carbons. For the 1,4-disubstituted
triazole 3 these carbons resonate at d 147.9 and 119.2,
respectively, while for the 1,5-disubstituted triazole 4
these carbons resonate at d 138.0 and 133.2, respectively.
These chemical shifts are fully consistent with those re-
ported previously for 1,4- and 1,5-disubstituted 1,2,3-
triazoles.24,25 The regiochemistry assignment of the
1,4-disubstituted triazole was further investigated by
1D NOE experiments carried out on the ferrocene deriv-
ative 3. Selective saturation of the triazole proton reso-
nance (d 9.00 ppm) resulted in strong NOE
enhancements of the arylbenzene protons, HAA0 , and
the ferrocenyl protons, Haa0 , with a weaker NOE
enhancement of ferrocenyl protons, Hbb0 , Figure 1a.
Reversal of the experiment by selective saturation of
Haa0 on the monosubstituted Cp ring (d 4.79–
4.80 ppm) was then conducted. This resulted in the
NOE enhancement of the remaining ferrocenyl protons
and the triazole proton, with no NOE enhancement ob-
served for the aryl protons HAA0 , Figure 1b. These re-
sults are fully consistent with the central positioning of
the triazole proton – between the ferrocenyl and aryl-
sulfonamide moieties as in the 1,4-regioisomer. Related
experiments on the ferrocene 1,5-regioisomer 4 were un-
able to provide unambiguous confirmation of the regio-
chemistry assignment owing to near co-incident
chemical shifts of the triazole and aryl protons – prohib-
iting the selective saturation of the triazole proton.
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Figure 1. Observed 1D NOE enhancements of the ferrocene derivative


3. (a) With selective saturation of the triazole proton; (b) with selective


saturation of Haa0 .


Table 1. Carbonic anhydrase inhibition and selectivity data for metallocene


Ki (nM)a


hCA Ic hCA IIc hCA IXd


2 3900 47 105


3 (Fe; 1,4-) 3900 80 85


3 0(Ru; 1,4-) 44 9.7 10.3


4 (Fe; 1,5-) 1600 36 65


4 0(Ru; 1,5-) 9 12.3 64


AZA 250 12 25


MZA 50 14 27


EZA 25 8 34


DCP 1200 38 50


BRZ 450 3 47


DZA 500 9 52


a Error in the range of ±5–10% of the reported value, from three determinat
b Ki ratios are indicative of isozyme selectivity.
c Human (cloned) isozymes, by the CO2 hydration method.26–30


d Catalytic domain of human (cloned) isozyme, by the CO2 hydration metho

Data for the inhibition of isozymes hCA I, II and IX
(determined via assaying the CA hydration of CO2)26


for the azidosulfonamide 2, the metallocene-sulfona-
mides and clinically used CA inhibitors are presented
in Table 1. The inhibition constant (Ki) selectivity ratios
for hCA IX compared with hCA I and II are also
provided.


At isozyme hCA I, the ferrocene sulfonamides 3 and 4
exhibited equal or only slightly improved inhibition,
respectively, compared to the parent azide scaffold 2
which had a Ki of 3900 nM. The ruthenocene derivatives
3 0 and 4 0 showed much greater inhibition, with Kis of 44
and 9 nM, they were 88- and 433-fold more potent than
2, respectively. The 1,5-substituted triazoles (4 and 4 0)
were more potent than the 1,4-substituted triazoles (3
and 3 0). For isozyme hCA II the parent compound 2
had a Ki of 47 nM. The ruthenocene derivatives 3 0 and
4 0 again showed greater inhibition than the ferrocene
derivatives, �5-fold more potent than parent sulfon-
amide 2 with Kis of 9.7 and 12.3 nM, respectively. The
ferrocene derivative 4 had a similar Ki to 2 (Ki = 36 nM),
whereas 3 was less potent than 2 (Ki = 80 nM). At iso-
zyme hCA IX the parent azidosulfonamide 2 had a Ki


of 105 nM. The ruthenocenyl-based 1,4-regioisomer 3 0


was found to be the most potent inhibitor
(Ki = 10.3 nM, 10-fold more potent than 2 and more po-
tent than all standard inhibitors). The remaining metal-
locene derivatives were only slightly more potent than 2
(Kis of 85, 65 and 64 nM). Distinct for this isozyme was
that the ruthenocene 1,4- and 1,5-analogues were equi-
potent (Kis of 64 and 65 nM), whereas for all other reg-
ioisomer pairs the 1,5-regioisomer was significantly
more potent than the 1,4-regioisomer.


Collectively, the CA inhibition results demonstrate that
both the metal (Fe or Ru) and the triazole substitution
pattern (1,4- or 1,5-) can markedly influence CA inhibi-
tion characteristics. In terms of isozyme selectivity the
intention for therapeutic applications of CA is to gener-
ate inhibitors that are selective for hCA IX – particu-
larly over the physiologically dominant isozyme hCA
II. Of note in our results is that the 1,4-regioisomers 3

-sulfonamides and standard inhibitors


Selectivity ratiosb


Ki (hCA I)/Ki (hCA IX) Ki (hCA II)/Ki (hCA IX)


37.1 0.45


45.9 0.94


4.3 0.94


24.6 0.55


0.14 0.19


10.0 0.48


1.85 0.52


0.74 0.24


24.0 0.76


9.6 0.06


9.6 0.17


ions.


d.26–30
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and 3 0 were approximately equipotent at hCA IX and II,
with the ratio of Kis approaching unity. Although these
compounds are not yet selective, the trend is towards
improved hCA IX selectivity, especially when compared
to the parent compound 2 and all clinically used sulfon-
amides (where the Ki(hCA II)/Ki(hCA IX) selectivity ra-
tios range from 0.06 to 0.76). Importantly compounds 3,
3 0 and 4 were also selective towards hCA IX over the
other physiologically abundant isozyme hCA I.


In summary, we have explored the synthesis and CA
inhibition of novel benzenesulfonamides bearing tria-
zole-tethered metallocene ‘tails’. This study is the first
to (i) incorporate an organometallic fragment onto the
aromatic sulfonamide CA recognition pharmacophore
via a covalent bond; and (ii) the first medicinal chemis-
try application of the regioselective 1,3-DCR between an
azide and acetylene substrates using the ruthenium cat-
alyst [Cp*RuCl(PPh3)2]. The attachment of the ruthen-
ocenyl fragment to the benzenesulfonamide scaffold
gave superior CA inhibition compared to the ferrocenyl
fragment across all three CA isozymes investigated (with
the exception only of compound 4 0 at hCA IX). Further-
more, the orientation of the metallocene tail appears to
affect both potency and isozyme selectivity, with the 1,4-
triazole regioisomer typically improving hCA IX selec-
tivity over the 1,5-triazole regioisomer. The CA inhibi-
tion profiles for the metallocene derivatives
demonstrate that these compounds are worthy of fur-
ther investigation. Future studies will aim to investigate
how the differing metal (Fe or Ru) imparts this striking
influence on enzyme inhibition. In addition other orga-
nometallic and inorganic metal fragments will be
investigated.
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Abstract—A series of constrained piperidine analogues were synthesized as novel muscarinic M3 receptor antagonists. Evaluation of
these compounds in binding assays revealed that they not only have high affinity for the M3 receptor but also have high selectivity
over the M2 receptor.
� 2007 Elsevier Ltd. All rights reserved.

Overactive bladder (OAB) arises from the uncontrolled
spontaneous activity of the detrusor muscle during blad-
der filling leading to the symptoms of urinary urgency and
increased frequency of micturition with or without incon-
tinence. Urinary bladder contraction is predominantly
under the control of the parasympathetic system, where
the primary neuronal input is via cholinergic muscarinic
receptors. Five distinct muscarinic subtypes are known
to exist (M1–M5) and at least two of them are involved
in normal and disturbed bladder contraction. In patients
with an overactive bladder, blocking the muscarinic
receptors in the detrusor muscle will cause less frequent
and less forceful bladder contractions allowing improved
bladder filling and reduced urge incontinence. However,
since the muscarinic receptors are widely distributed
throughout the body, an antimuscarinic action at organ
systems other than the urinary bladder can lead to several
adverse effects including dry mouth, constipation, blurred
vision, headache, somnolence and tachycardia. It is
believed that achieving subtype selectivity may lead to
organ selectivity. The human urinary bladder smooth
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muscle contains a mixed population of muscarinic M2


and M3 receptor subtypes. Although the M2 receptors
predominate in number, the M3 receptors are mainly
responsible for normal micturition contraction because
they mediate direct contraction of the detrusor muscle.1


The M2 receptor contributes by reversing the relaxation
produced by b-adrenoceptor stimulation. However,
blockade of the M2 receptor may lead to adverse cardiac
effects, owing to the presence of functional M2 receptors
in the heart. Thus, a dual M3/M2 receptor antagonist
would produce the required relaxation of the bladder
but might also induce cardiac toxicity. Indeed, the impor-
tance of selectivity is reflected in the recently launched
drugs darifenacin and solefenacin, which have been
reported2 to have M3/M2 selectivity of 59- and 12-fold,
respectively. There are few reports of compounds having
high M3 receptor selectivity,3 and the present study high-
lights the high selectivity seen in a novel class of
azabicyclohexanes.


Recently,4 we disclosed compounds of general structures
1 and 2 as having high affinity for the M3 receptor but
moderate selectivity over the M2 receptor. With a quest
to achieve higher affinity and selectivity, we designed a
new series of compounds 3 based on series 2 in which
the acetylenic group has been replaced by the more
rigid bicyclic moiety, (1a, 5a, 6a)-6 amino-3-azabicy-
clo[3.1.0]hexane. As with other M3 receptor antagonists,
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many of the key pharmacophoric features such as a
bulky hydrophobic group, a hydroxyl group, a basic
nitrogen atom and a set distance between the carbonyl
group and the basic nitrogen were maintained. This de-
sign is also supported by reports5,6 that piperidine and
piperazine may be used as the required amine portion.

CH3


OR
4


N R 2


R 1


R 3 N


( )n


OH
X


O H


H
R


1 2


N


H


H


R 2


R 1


OH


O


N
H


3


A number of compounds were synthesized with the
general structure 3, and the present work discusses the
optimization of the groups R1 and R2.


rac-2-Cycloalkyl-2-phenyl-2-hydroxy acetic acids 5a–c
were prepared by the addition of cycloalkyl magnesium
bromides to ethyl benzoylformate followed by basic
hydrolysis using literature precedent.7 The amidic
condensation of amine 68 with the acids (5a–c) in the
presence of N-ethyl-N 0-(3-dimethylaminopropyl)-N 0-
ethylcarbodiimide hydrochloride (EDC), 1-hydrox-
ybenzotriazole (HOBT) and N-methylmorpholine
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Scheme 2. Reagent and conditions: (a) H2, Pd/C, MeOH, rt, 80–90%; (b) P


K2CO3, KI, CH3CN, reflux, 83% (8b) and 30% (8c).

(NMM) gave 7a–c (Scheme 1). Compound 7d was ob-
tained by coupling rac-mandelic acid with amine 6.


Compounds 7a–c were debenzylated in quantitative
yields under hydrogenation conditions using Pd/C as
catalyst in methanol and the crude secondary amines

converted to compounds 8a–c by reductive amination
with acetophenone (8a) or alkylation with 1-bromo-eth-
ylbenzene (8b–c) (Scheme 2). The products were diaste-
reomeric mixtures.


Compounds 8d–m in which R1 was fixed as cyclopentyl
were obtained from compound 7a by hydrogenation
followed by reductive amination reactions with 2-thio-
phene carboxaldehyde (8d), 4-methylacetophenone (8e)
and 3-phenylpropanal (8l). Compounds 8f–k and 8m
were obtained by hydrogenation of 7a followed by alkyl-
ation with various bromides under alkaline conditions
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(Scheme 3). The R and S isomers of compound 8m and
the R isomer of 8i were prepared from the enantiomers
of 5a.9


The muscarinic M3 receptor binding affinity of com-
pounds 7a–d and 8a–c indicates a preference for bulkier
groups at R1 (Table 1). When R2 is benzyl, M3/M2 selec-
tivity increases with increasing bulk at R1, but interest-
ingly no such an effect is observed when R2 is a-
methylbenzyl.


A comparison of compounds in which the R1 group was
initially maintained as a cyclopentyl group (Table 2)
reveals that the thiophenyl compound 8d has lower mus-
carinic M3 receptor affinity than the phenyl analogue 7a,
indicating in this case that thiophene does not behave as
bioisostere for benzene. Comparing compound 7a with

N


H


H


OH


O


N
H


7a


a, 


Scheme 3. Reagent and conditions: (a) H2, Pd/C, MeOH, rt, 87%; (b) aldehyd


K2CO3, KI, CH3CN, reflux, 30–70%.


Table 1. Variation at R1 and R2


R 1


OH


O


N
H


Compound R1 R2 n


7a Cyclo-C5H9


CH2


7b Cyclo-C6H11


CH2


7c Cyclo-C7H13


CH2


7d H


CH2


8a Cyclo-C5H9


CH(Me)


8b Cyclo-C6H11


CH(Me)


8c Cyclo-C7H13


CH(Me)


a n is the number of experiments.

compounds 8k and 8l shows that optimum M3 receptor
affinity and selectivity arises when the phenyl ring is one
atom or preferably two atoms away from the tertiary
nitrogen atom. Branching of the methylene linker pro-
duces a small increase in M3 receptor affinity and M3/
M2 receptor selectivity (compare compound 7a with
compounds 8a and 8e), but this small increase is accom-
panied with more complexity in the molecule i.e. an
additional chiral centre.


Keeping in mind the preference for R2 to be an aryl-
ethyl group, we decided to study the effect of substitu-
tion on the phenyl ring of the R2 group (compounds
8f–i). Unfortunately, in all cases, substitution by elec-
tron-donating and electron-withdrawing or alkyl
groups results in decreased M3 receptor affinity and
decreased M3/M2 receptor selectivity. When the R2

R 2N


H


H


OH


O


N
H


8d-m


b


e or ketone, Na(OAc)3BH, HOAc, THF, rt, 15–20% or alkyl bromide,


N


H


H


R 2


a Ki ± SEM (nM)10 M3/M2


M3 M2


3 96 ± 20.7 1422.3 ± 127.3 15


3 31.7 ± 8.4 943.3 ± 149.2 30


3 6.8 ± 0.5 349 ± 65.6 51


1 >1000 >1000 NA


3 25.1 ± 7.6 630 ± 59 25


3 5.9 ± 1.4 154 ± 12 26


3 1.8 ± 0.2 39 ± 6.5 22
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Compound R2 na Ki ± SEM (nM)10 M3/M2


M3 M2


8d
S CH2 1 524 3981 8


8e
CH


Me


Me


3 58.9 ± 16 1230 ± 148 21


8f


CH2


Me


Me


2 43.6 ± 13 812 ± 27 19


8g
CH2


Cl


3 31.3 ± 4.4 298.3 ± 59.5 10


8h


CH2


O


MeO 2 43.6 ± 7 537 ± 38 12


8i
CH2


O


O


3 20 ± 3.8 277 ± 60 14


8j


CH2
3 42 ± 2 778.3 ± 140.8 19


8k
CH2 3 9.3 ± 0.2 335.3 ± 14.4 36


8l


CH2
1 776 2630 3


8m
CH2 3 33 ± 11.7 1370 ± 277 41


(2R)-8m
CH2 4 12.4 ± 2.5 564 ± 110 46


(2S)-8m
CH2 1 71 1139 16


(2R)-8i
CH2


O


O


4 12.3 ± 2.9 646 ± 113 52


Darifenacin — 5 2.5 ± 0.45 63 ± 4.4 25


Solefenacin — 5 40.5 ± 16.5 273 ± 50 7


a n is number of experiments.
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group is an arylmethyl group, it is found that the
naphthylmethyl analogue 8j has higher M3 receptor
affinity and higher M3/M2 receptor selectivity than

the phenylmethyl compound 7a, indicating a lack of
steric hindrance at the receptor close to the basic nitro-
gen atom.
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We have shown previously when R1 is a cycloalkyl
group, that the R enantiomer is favoured.4 For example,
when R1 is cyclopentyl and R2 is 2-methyl-2-pentenyl,
(2R)-8m has a higher M3 receptor affinity than the race-
mate. This trend is followed in the current (1a, 5a, 6a)-6
amino-3-azabicyclo[3.1.0]hexane series: the 2R isomer of
the benzodioxol 8i has not only a higher M3 receptor
affinity but also a higher M3/M2 receptor selectivity than
the racemate.


In conclusion, we have discovered a novel class of com-
pounds with high affinity for the M3 receptor and high
selectivity over the M2 receptor. Whilst we have
described the SAR of compounds in which the R1 group
is cyclopentyl, compounds having improved in vitro
profiles might be produced when the R1 group is the
more bulky cycloheptyl. In addition, highly potent
antagonists might result from the separation of the
compounds into their homochiral forms and such com-
pounds might be developed as selective M3 muscarinic
receptor antagonists for the treatment of OAB.
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Abstract—A series of glycosyl-thioureido sulfonamides incorporating glucosamine, galactosamine, and mannosamine tails, and sul-
fanilamide, halogenosulfanilamide, and metanilamide heads was synthesized. Many of the new compounds showed micromolar–
submicromolar affinity for the inhibition of the cytosolic isoforms I and II of the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1), but low nanomolar binding to the tumor-associated isozymes, CA IX and XII. The selectivity ratios for the inhibition
of the tumor-associated over the cytosolic isozymes were in the range of 107–955 for the most selective such inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

In previous work from this laboratory1,2 we showed that
the ‘sugar-approach’, consisting in the attachment of
glycosyl moieties as tails to the molecules of aromatic/
heterocyclic sulfonamides/sulfamides/sulfamates, may
lead to the development of very effective carbonic anhy-
drase (CA, EC 4.2.1.1) inhibitors targeting several iso-
zymes of the 16 presently known in mammals.
Furthermore, Poulsen’s group3 confirmed our results,
reporting a large number of very potent CA I, II, IX,
and XII inhibitors by means of click-tailing, sulfona-
mides which also incorporate simple as well as quite
complex sugar tails. Some of these derivatives, of types
A–J prepared by the two groups, may be used as phar-
macological tools to better understand the physiology
and inhibition of some CA isoforms, but may also con-
stitute lead molecules for obtaining tighter-binding or
isoform-selective compounds.1–3 Indeed, the high reso-
lution X-ray crystal structure of the adduct of the gluco-
syl-sulfanilamide compound J with human CA II—hCA
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II allowed the evidencing of precedently unknown inter-
actions between the inhibitor and the enzyme active site,
which might be useful to obtain even stronger enzyme
inhibitors.4 J also showed effective antiglaucoma activ-
ity in vivo, in an animal model of the disease.1a In fact,
the presence of the hydrophilic sugar moieties in com-
pound such as A–J is highly beneficial for various puta-
tive applications of such derivatives, due to their
increased water solubility as compared to the classical
sulfonamide/sulfamate inhibitors, such as acetazolamide
AZA, methazolamide MZA, ethoxzolamide EZA,
dichlorophenamide DCP, and topiramate TPM.5 In-
deed, the CA inhibitors (CAIs) have clinical applications
as antiglaucoma,6 antiobesity,7 antiepileptic,8 and/or
antitumor drugs/diagnostic agents.9 It is obvious that
different isozymes of the 16 mentioned above are prefer-
entially targeted by various compounds with different
pharmacological activity: antiglaucoma drugs primarily
target CA II, IV, and probably XII,6 antiobesity com-
pounds the mitochondrial isoforms CA VA and CA
VB,7 the antiepileptic derivatives CA VII and XIV,8


whereas the antitumor derivatives the transmembrane,
tumor-associated isoforms CA IX and XII which
are highly overexpressed in many types of hypoxic
tumors.9–12
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Another interesting aspect that emerged during our
investigations of sugar-containing CAIs was the possi-
bility to design compounds with reduced affinity for
the ubiquitous, house-keeping isoform hCA II, which
still show significant inhibitory power against other
physiologically important isoforms.1b Thus, the topira-
mate sulfamide analogue TPM_NH is 210 times weak-
er hCA II inhibitor as compared to its cognate
sulfamate TPM.1b This compound is a rather weak
hCA I, IX, and XII inhibitor too (affinity in the micro-
molar range, see also Table 1) but shows nanomolar
inhibitory activity against other CA isoforms, such as
CA VA, VB, VII, and XIII.1b By resolving the high
resolution X-ray crystal structure of the hCA II–
TPM_NH adduct, in addition to the usual binding
of all these types of inhibitors to the CA active site
(Fig. 1), an important clash between the 8-methyl moi-
ety of the inhibitor and the methyl group of Ala65 has
been evidenced. Otherwise, TPM_NH binds in an
identical manner to hCA II as TPM, for which this
clash is absent. This was the first report showing that
it is possible to obtain CAIs with diminished affinity
for hCA II while still maintaining tight binding for
other isoforms.1b

Considering the above-mentioned results of the sugar-
containing sulfamide TPM_NH, we decided to investi-
gate other derivatives possessing this type of scaffold
in the search of inhibitors with selectivity for some
medicinal chemistry targets within the CA family. Here,
we report the synthesis of a series of glycosyl-thioureido
sulfonamides and their inhibitory activity against four
physiologically relevant isoforms, the cytosolic, ubiqui-
tous hCA I and II, as well as the transmembrane, tu-
mor-associated CA IX and XII (Scheme 1).


Reaction of DD-glucosamine, DD-galactoseamine, and DD-
mannoseamine 1 with isothiocyanato sulfonamides 213


afforded thioureas 3–5 by a general procedure we have
explored in detail for the preparation of various classes
of CAIs (Scheme 1).13,14 The new compounds 3–5
incorporated the scaffolds of sulfanilamide, 3-haloge-
nosulfanilamides as well as metanilamide, since we
showed earlier that such derivative leads generally to
effective CAIs when thioureido-amino acid and/or thio-
ureido-substituted aryl moieties are attached to them.13


Inhibition data with the derivatives 3–5 as well as stan-
dard CAIs against four isoforms, i.e., hCA I, II, IX, and







Table 1. Inhibition data of sulfonamides 3–5 reported in the present


paper and standard CA inhibitors AZA–TPM, against isozymes I, II


(cytosolic), IX, and XII (transmembrane), by a stopped-flow, CO2


hydration assay17


Inhibitor hCA Ic


(lM)


KI
a hCA IIc


(lM)


hCA IXd


(lM)


hCA XIId


(lM)


AZA 0.25 12 25 5.7


MZA 0.050 14 27 3.4


EZA 0.025 8 34 22


DCP 1.20 38 50 50


TPM 0.25 10 58 3.8


TPM_NHb 3.45 2130 4580 1870


3a 2.7 9700 77 7.9


3b 0.6 15,400 139 87


3c 2.8 9200 131 389


3d 0.10 8600 9.0 207


4a 3.6 7700 74 104


4b 1.3 870 13 9.6


4c 0.10 910 8.4 95


4d 4.3 940 42 14


5a 0.12 15,700 72 94


5b 0.13 18,900 57 393


5c 2.7 6800 63 9.7


5d 0.10 120 64 95


a Errors in the range of 5–10% of the shown data, from three different


assays, by a CO2 hydration stopped-flow assay.17


b From Ref. 1b. The compound is a low nanomolar inhibitor (KI in the


range of 21–35 nM) for CA VA, CA VB, CA VII, CA XIII, and CA


XIV.1b


c Human, recombinant isozymes.
d Catalytic domain of human, cloned isoform.12,13
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XII, are shown in Table 1. Data of Table 1 show the fol-
lowing structure–activity relationship (SAR) for this ser-
ies of glycosyl-thioureido sulfonamides: (i) compounds
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Table 2. Selectivity ratios for the inhibition of the tumor-associated (CA IX and XII) over the cytosolic (CA I and II) isozymes with selected CAIs


Compound Selectivity ratio


hCA I/hCA IX hCA II/hCA IX hCA I/hCA XII hCA II/hCA XII


AZA 10 0.48 43.8 2.10


EZA 0.73 0.23 1.13 0.36


TPM 4.31 0.17 65.7 2.63


3a 35.0 125.9 341.7 1227


3d 11.1 955.5 0.48 41.5


4b 100.0 66.9 135.4 90.6


4c 11.9 108.3 1.05 9.5


5c 42.8 107.9 278.3 701


F.-Z. Smaine et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5096–5100 5099

3–5 described here showed moderate hCA I inhibitory
activity, with KIs in the range of 0.10–4.3 lM. Usually,
hCA I is an isoform with lower affinity for sulfon-
amide-type inhibitors as compared to hCA II,15 as it
has a more restricted active site cavity as compared to
hCA II (due to the presence of the rather bulky
His200 in the neighborhood of the catalytic Zn(II)
ion).16 Thus, normally, many sulfonamide/sulfamate
inhibitors are inhibiting this isozyme with KIs in the
micromolar–submicromolar range, as exemplified for
the clinically used derivatives AZA–TPM from Table 1
(only EZA is a rather potent hCA I inhibitor, with a
KI of 25 nM). The new derivatives reported here are
practically in the same range as hCA I inhibitors as these
clinically used compounds. It may be seen that the man-
nose derivatives 5 are generally better inhibitors than the
corresponding glucose ones 3 which in turn are better
inhibitors than the galactose derivatives 4 (however sev-
eral exceptions from this rule are obvious in the data of
Table 1); (ii) unexpectedly (due to reasons mentioned
above regarding the active site cavity of isozymes I
and II),15,16 the hCA II inhibitory activity of these com-
pounds was also rather weak, with inhibition constants
in the range of 0.12–18.9 lM. In fact, as observed for
the clinically used compounds AZA–TPM, sulfona-
mides and sulfamates generally show low nanomolar
affinity for this isozyme.15 Four derivatives explored
here, i.e., 4b–4d and 5d, were submicromolar inhibitors
(KIs of 0.12–0.94 lM), whereas the remaining ones
were much weaker inhibitors (KIs in the range of
6.8–18.9 lM). It may be observed that generally the
galactose derivatives 4 were more active than the corre-
sponding glucose ones 3 which in turn were better hCA
II inhibitors than the corresponding mannose deriva-
tives 5 (with the notable exception of derivative 5d).
No clear-cut SAR could be drawn regarding the sulfon-
amide heads of these derivatives, since compounds with
similar potency were obtained both for sulfanilamide/
metanilamide series, as well as for the halogeno-substi-
tuted sulfanilamides. However, the best hCA II inhibitor
was the thioureido-metanilamide derivative of mannose
5d; (iii) much better inhibitory activity has been ob-
served for the new derivatives 3–5 against the tumor-
associated isozymes hCA IX and XII, with KIs in the
range of 8.4–139 nM against the first isoform, and 7.9–
389 nM against the second one, respectively. These data
clearly show that many of the new thioureido-sulfona-
mides reported here show a high degree of selectivity
for the inhibition of the tumor-associated over the cyto-
solic, ubiquitous isoforms (Table 2), and this is a quite

relevant result. Against hCA IX the best activity has
been observed for the galactose derivatives 4 which were
generally more active than the corresponding mannose
ones 5 which in turn were better hCA IX inhibitors than
the corresponding glucose derivative 3 (except for 3d
which was one of the best inhibitors targeting this iso-
zyme, together with 4c). Again the sulfonamide head
seemed to be less important for obtaining effective inhib-
itors, since compounds possessing all the substitution
patterns investigated here (sulfanilamide, metanilamide,
and halogenosulfanilamide) led to inhibitors with com-
parable activity (Table 1). Against hCA XII the SAR
data were even less sharp, since for each sugar series
there was a very effective inhibitor (KIs of 7.9–9.7 nM,
i.e., 3a for the glucose series, 4b for the galactose one,
and 5c for the mannose derivatives) as well as a much
less effective inhibitor (KIs of 104–393 nM, i.e., 3c for
the glucose derivatives, 4a for the galactose ones, and
5b for the mannose ones, respectively);17 (iv) data of Ta-
ble 2 show that the presently available sulfonamides/sul-
famate with clinical use do not show any selectivity for
the inhibition of the tumor-associated isozyme hCA
IX over the ubiquitous, cytosolic one hCA II. However,
there is some degree of specificity for the inhibition of
CA XII over CA I and II. However, the isoform with
the greatest importance as drug target is CA IX, and
the main issue is not to inhibit appreciably also CA
II.9–12 Data presented in the Table show that many of
the new sulfonamides investigated here show a high de-
gree of selectivity for the inhibition of CA IX over CA I
and II, as well as the inhibition of CA XII over CA I/II.
Indeed, except the clinically used compounds AZA,
EZA, and TPM which are better CA II than CA IX
inhibitors, compounds such as 3a, 3d, 4b, 4c, and 5c
among others showed 66.9–955.5 times better affinity
for the inhibition of the tumor associated isoform IX
over CA II (their selectivity ratio for the inhibition of
C IX over CA I being also favorable). The same effect
has been observed for the selective inhibition of CA
XII over CA II (with these compounds being 9.5–1227
times better CA XII than CA II inhibitors and showing
an acceptable selectivity profile over CA I too).


In conclusion, we report here a series of glycosyl-thio-
ureido sulfonamides incorporating glucose, galactose,
and mannose tails and sulfanilamide, halogenosulfanila-
mide, and metanilamide heads. Many of the new com-
pounds showed micromolar–submicromolar affinity for
the inhibition of CA I and II, but low nanomolar
binding to CA IX and XII. The selectivity ratios for
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the inhibition of the tumor associated over the cytosolic
isozymes were in the range of 107–955 for the most
selective inhibitors.
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9. Thiry, A.; Dogné, J.-M.; Masereel, B.; Supuran, C. T.
Trends Pharmacol. Sci. 2006, 27, 566.


10. Pastorekova, S.; Parkkila, S.; Zavada, J. Adv. Clin. Chem.
2006, 42, 167.


11. (a) Svastova, E.; Hulikova, A.; Rafajova, M.; Zat’ovico-
va, M.; Gibadulinova, A.; Casini, A.; Cecchi, A.;
Scozzafava, A.; Supuran, C. T.; Pastorek, J.; Pastorek-
ova, S. FEBS Lett. 2004, 577, 439; (b) Cecchi, A.;
Hulikova, A.; Pastorek, J.; Pastorekova, S.; Scozzafava,
A.; Winum, J.-Y.; Montero, J.-L.; Supuran, C. T.
J. Med. Chem. 2005, 48, 4834.


12. (a) Dubois, L.; Douma, K.; Supuran, C. T.; Chiu, R. K.;
van Zandvoort, M. A.; Pastorekova, S.; Scozzafava, A.;
Wouters, B. G.; Lambin, P. Radiother. Oncol 2007, 83,
367; (b) Alterio, V.; Vitale, R. M.; Monti, S. M.; Pedone,
C.; Scozzafava, A.; Cecchi, A.; De Simone, G.; Supuran,
C. T. J. Am. Chem. Soc 2006, 128, 8329.


13. (a) Scozzafava, A.; Supuran, C. T. J. Enz. Inhib. 1998, 13,
103; (b) Supuran, C. T.; Scozzafava, A.; Jurca, B. C.; Ilies,
M. A. Eur. J. Med. Chem. 1998, 33, 83; (c) Casini, A.;
Scozzafava, A.; Mincione, F.; Menabuoni, L.; Ilies, M. A.;
Supuran, C. T. J. Med. Chem. 2000, 43, 4884; (d)

Innocenti, A.; Casini, A.; Alcaro, M. C.; Papini, A. M.;
Scozzafava, A.; Supuran, C. T. J. Med. Chem. 2004, 47,
5224.


14. To a solution of isothiocyanate 2 (1 equiv) in acetonitrile
at room temperature was added the DD-glycosylamine
hydrochloride 1 (1 equiv) solubilized in a saturated
NaHCO3 aqueous solution (1 equiv). The mixture was
stirred for 3 h at room temperature and then concentrated
under vacuum. The residue was diluted with ether and the
precipitate filtered. The residue was then washed with
ethyl acetate, acetonitrile, and diethyl ether. Silicagel
chromatography (eluent: methylene chloride–methanol,
9:1) yielded pure compounds 3–5.
Compound 3a: Rf (CH2Cl2/CH3OH, 8:2) = 0.14; mp 89–
92 �C; 1H NMR (DMSO-d6, 400 MHz) d 8.6 (s, 1H), 7.7
(m, 4H); 7.3 (s, 2H), 6.9 (d, 1H, J = 8.4 Hz), 5.5 (dd, 1H,
J = 2 Hz, J = 8.7 Hz), 4.9 (d, 1H, J = 6.2 Hz), 4.7 (d, 1H,
J = 5.7 Hz), 4.6 (d, 1H, J = 7.5 Hz), 4.4 (m, 1H), 3.6 (m,
2H), 3–3.5 (m, 4H); MS ESI+ m/z 416 (M+H)+. ESI� m/z
392 (M�H)�.
Compound 4a: Rf (CH2Cl2/CH3OH, 8:2) = 0.13; mp 65–
70 �C;1H NMR (DMSO-d6, 400 MHz) d 9.1 (s, 1H), 7.8
(m, 4H), 7.3 (s, 2H), 6.9 (d, 1H, J = 8 Hz), 5.6 (d, 1H,
J = 8.4 Hz), 5.1 (m, 1H), 4.6 (d, 1H, 4.8 Hz), 4.4 (m, 2H),
4.1 (m, 1H), 3-3.6 (m, 5H); MS ESI+ m/z 416 (M+H)+.
ESI� m/z 392 (M�H)�.
Compound 5a: Rf (CH2Cl2/CH3OH, 8:2) = 0.19; mp 154–
158 �C; 1H NMR (DMSO-d6, 400 MHz) d 9.3 (s, 1H), 7.75
(d, 2H, J = 8.8 Hz), 7.72 (d, 2H, J = 8.8 Hz), 7.3 (s, 2H), 6
(d, 1H, J = 7.2 Hz), 5.5 (d, 1H, J = 4.4 Hz), 4.6 (m, 2H),
4.16 (m, 1H), 4.13 (d, 1H, J = 7.2 Hz), 4 (m, 1H), 3.8
(m, 1H); 3.2–3.4 (m, 4H); MS ESI+ m/z 416 (M+H)+. ESI�


m/z 392 (M�H)�.
15. Supuran, C. T.; Scozzafava, A.; Casini, A. Development


of sulfonamide carbonic anhydrase inhibitors. In Carbonic
Anhydrase—Its Inhibitors and Activators; Supuran, C. T.,
Scozzafava, A., Conway, J., Eds.; CRC Press: Boca
Raton, 2004; pp 67–147.


16. (a) Temperini, C.; Scozzafava, A.; Supuran, C. T. Bioorg.
Med. Chem. Lett. 2006, 16, 5152; (b) Temperini, C.;
Innocenti, A.; Guerri, A.; Scozzafava, A.; Rusconi, S.;
Supuran, C. T. Bioorg. Med. Chem. Lett. 2007, 17,
2210.


17. Khalifah, R. G. J. Biol. Chem. 1971, 246, 2561, An
Applied Photophysics stopped-flow instrument has been
used for assaying the CA-catalyzed CO2 hydration activ-
ity. Phenol red (at a concentration of 0.2 mM) has been
used as indicator, working at the absorbance maximum of
557 nm, with 10 mM Hepes (pH 7.5) as buffer, 0.1 M
Na2SO4 (for maintaining constant the ionic strength),
following the CA-catalyzed CO2 hydration reaction for a
period of 10–100 s. The CO2 concentrations ranged from
1.7 to 17 mM for the determination of the kinetic
parameters and inhibition constants. For each inhibitor
at least six traces of the initial 5–10% of the reaction have
been used for determining the initial velocity. The uncat-
alyzed rates were determined in the same manner and
subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized
water and dilutions up to 0.1 nM were done thereafter
with distilled–deionized water. Inhibitor and enzyme
solutions were preincubated together for 15 min at room
temperature prior to assay, in order to allow for the
formation of the E-I complex. The inhibition constants
were obtained by non-linear least-squares methods using
PRISM 3, from Lineweaver–Burk plots, as reported
earlier, Refs. 12 and 13, and represent means from at
least three different determinations.





		Carbonic anhydrase inhibitors: Selective inhibition of the extracellular, tumor-associated isoforms IX and XII over isozymes I and II with glycosyl-thioureido-sulfonamides

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5227–5232

Synthesis and in vitro antibacterial activity of novel
methylamino piperidinyl oxazolidinonesq


Brijesh Kumar Srivastava,* Rina Soni, Jayendra Z. Patel,
Manish Solanki, Darshan Valani, Sunil Gupta, Bhupendra Mishra,


Vijay Takale, Purvi Pandya, Mukul R. Jain and Pankaj R. Patel


Zydus Research Centre, Sarkhej-Bavla N. H.8A, Moraiya, Ahmedabad 382210, India


Received 3 May 2007; revised 22 June 2007; accepted 27 June 2007


Available online 30 June 2007

Abstract—Design and synthesis of a few novel methylamino piperidinyl substituted oxazolidinones are reported. Their antibacterial
activities have been evaluated in a MIC assay against broader panel of both susceptible and resistant Gram-positive strains. (S)-N-
{3-[3-Fluoro-4-(methyl-{1-[3-(5-nitrofuran-2-yl)-acryloyl]-piperidin-4-yl}-amino)-phenyl]-2-oxo-oxazolidin-5-ylmethyl}-acetamide
4i has shown comparable antibacterial activity to linezolid and eperezolid in the MIC assay, additionally compound 4i showed good
antibacterial activity with an in vitro MIC value of 2–4 lg/mL against linezolid resistant Staphylococcus aureus (linezolid P16 lg/mL).
� 2007 Elsevier Ltd. All rights reserved.

Bacterial infections have been a serious concern both in
the hospital and community settings. The mortality and
morbidity caused by Gram-positive bacteria has world-
wide alarming impact on the human population. Oxazo-
lidinones have been remarkable antibacterials, which act
with a novel mechanism by inhibiting the protein synthe-
sis at the bacterial ribosomal level.1 The only drug of
oxazolidinone class linezolid (ZyvoxTM) 1 (Fig. 1) has
been approved by USFDA in April 2000.2 The multidrug
resistance is another challenge to medical fraternity.
Unfortunately the linezolid is also not spared from resis-
tance, however only few cases have been reported.3


Several pharmaceutical industries and academic institu-
tions have witnessed the pace of oxazolidinone antibac-
terial research to get efficacious and safer drug.4,5


Recently, we have disclosed our oxazolidinone antibac-
terial findings but due to unfavorable pharmacokinetic
and pharmacodynamic profile none of the compounds
could be selected for further development6.
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Weidner-Wells et al. investigated 4-piperidinyloxy oxazo-
lidinone 3 (Fig. 1) with antibacterial activity against vari-
ety of susceptible as well as resistant Gram-positive
organisms.7 The results from the SAR developed by them
demonstrated that replacement of piperazinyl ring of
eperezolid 2 (Fig. 1) by 4-piperidinyloxy moiety is tolera-
ble for imparting antibacterial activity. We have devel-
oped a novel series of oxazolidinones 4a–4i, (Fig. 2)
where piperazinyl ring of eperezolid is replaced by meth-
ylamino piperidinyl system. Ranbaxy Research Labora-
tories has optimized piperazinyloxazolidinones to get
5-nitrofuryl derivative 5 (RBx-7644),5m (Fig. 2) which is
safer and currently in clinical development.8 Similarly
we have developed SAR and identified compound 6,
(Fig. 2) which bears 5-nitrofuryl on the distant nitrogen
atom of the piperazinyl ring of the eperezolid system,
show impressive in vitro MIC values against all the strains
tested.6a Looking on the promising drugability of 5-nitro-
furyl derivative, we modified methylamino piperidinyl
oxazolidinone series to get 5-nitrofuryl derivative 4i.
The oxazolidinones 1, 2, 4a–4i, 5, and 16 were evaluated
for their in vitro antibacterial activities in MIC assay by
Clinical & Laboratory Standards Institute Guidelines.9


The syntheses of methylamino piperidinyl substituted
oxazolidinones 4a–4i and 16 have been outlined in
Scheme 1 and achieved as reported in the literature.6b,10


4-Hydroxy piperidine was converted into N-Boc-4-pipe-
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ridinol derivative 7 using tert-butoxy carbonyl anhydride,
which was reacted with methanesulfonyl chloride to
afford mesityl derivative 8. Reaction of 8 with sodium
azide gave azide derivative 9, which was further reduced
to its amino derivative 10 using triphenyl phosphine.
Reaction of 10 with 3,4-difluoro nitrobenzene was carried
out by nucleophilic substitution reaction at position 4 to
afford 11. The –NMe derivative 12 was synthesized from
11 employing methyl iodide and sodium hydride. The
nitro group of compound 12 was reduced using Raney-
Ni/hydrazine hydrate to furnish –NH2, which upon
subsequent protection with carboxy benzyloyl afforded
intermediate 13. The oxazolidinone ring was constituted
by reacting anion of 13 with (R)-glycidyl butyrate to
afford alcohol derivative 14. Compound 14 was subse-
quently converted to –NH2 derivative in the similar
manner as described for compounds 7–10 followed by
reaction with acetic anhydride to get –NHAc derivative
15. The –Boc moiety of compound 15 was deprotected
by treatment of trifluoroacetic acid to afford N-methyl
piperidinyl oxazolidinone intermediate 16. Finally
compound 16 was reacted with appropriate acrylic acid
derivatives using 1-hydroxy-benzotriazole monohydrate
and [1-(3-dimethylaminopropyl)-3-ethylcarbodiimide]
hydrochloride in the presence of triethylamine to furnish
compounds 4a–4i.


The oxazolidinones 4a–4i and 16 were screened against
susceptible Gram-positive strains such as Bacillus subtil-

is, Staphylococcus epidermidis, Enterococcus faecalis,
and Staphylococcus aureus. The compound containing
cinnamoyl group 4a exhibited mild in vitro activity for
susceptible B. subtilis, however it did not show antibac-
terial activity for rest of the strains mentioned in Table 1.
Substitution of the phenyl ring of cinnamoyl moiety by
4-OH group 4b also did not make any notable change in
MIC values except for E. faecalis. Thus, substitution of
electron-donating group on cinnamoyl moiety is not
suitable for imparting antibacterial activities. In order
to see the effect of electron-withdrawing group on phe-
nyl ring, we substituted 4th position of the phenyl ring
with electron-withdrawing –NO2 group 4c, to our sur-
prise there was no improvement observed in antibacte-
rial activities. Furthermore, when 3 and 4 positions
were substituted as 1,2-methylenedioxy group 4d, still
no antibacterial activity was noticed. Looking on the
unfavorable antibacterial activity shown by cinnamoyl
compound 4a and its derivatives 4b–4d, we replaced
phenyl system of cinnamoyl derivative with saturated
cyclohexyl group 4e, however it exhibited MIC 4–8 lg/mL
against methicillin resistant S. aureus and there was
complete loss of antibacterial activity for rest of the
strains tested. Owing to our previous reports, where
heterocycle systems displayed significant antibacterial
activities against the similar set of Gram-positive
strains,6d further we synthesized furan derivative 4f,
which also did not show appreciable change in MIC val-
ues as compared to 4e (Table 1). Methylamino piperid-







i


N
H


OH


ii


N


OH


Boc


iii


N


OMs


Boc


iv


N


N3


Boc


v


N


NH2


Boc


vi


N


N


Boc


F


NO2


Me
vii, viii


N


N


Boc


F


NHCbz
Me


ix


N


N


Boc


F


N
Me O


O


OH


N


N


Boc


F


NO2


H


ii-iv, x


N


N


Boc


F


N
Me O


O


NHAc


xi


HN


N


F


N
Me O


O


NHAc


xii


OH


O


R


7 8 9 10


111213


14 15


164a-4i


N N
O


O


NHAc


F
N


Me


OR


Scheme 1. Reagents and conditions: (i) Boc2O, THF, 0 �C, 3–4 h, 85%; (ii) MeSO2Cl, TEA, CH2Cl2, 0–5 �C, 1 h, 63%; (iii) NaN3, DMF, 70–80 �C,
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27–28 �C, 30 min, 23%; (vii) Raney Ni, N2H4ÆH2O, MeOH, 27–78 �C, 30 min, 50%; (viii) CbzCl, NaHCO3, (CH3)2CO, H2O, 0–27 �C, 35%; (ix)


n-BuLi (1.6 M sol. in hexane), (R)-glycidyl butyrate,THF, �78 �C, 3 h, 40%; (x) Ac2O, pyridine, 27–28 �C, 30 min, 85%; (xi) TFA, CH2Cl2, 27–28 �C,


1–2 h, 65%; (xii) EDCÆHCl, HOBtÆH2O, TEA, CH2Cl2, 27–28 �C, 0.5–1 h, (15–76%).


Table 1. In vitro MIC [minimum inhibitory concentration in lg/mL] values of novel methylamino piperidinyl oxazolidinones 4a–4i in various


susceptible Gram-positive strainsa
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Table 1 (continued)


Compound R B.s. S.e. E.f. E.f. 1 S.a. S.a. 1 S.a. 2


4e 8–16 >16 >16 8–16 >16 8–16 8–16


4f
O


2–4 >16 >16 >16 >16 >16 >16


4g
N
H


2–4 4–8 8–16 >16 8–16 >16 >16


4h
O


HO
>16 >16 >16 >16 >16 >16 >16


4i
OO2N


0.5–1 1–2 2–4 4–8 1–2 2–4 1–2


1 1–2 2–4 2–4 1–2 1–2 2–4 ND


2 0.5–1 2–4 2–4 2–4 1–2 2–4 ND


5 0.25–0.5 0.5–1 ND 2–4 1–2 1–2 1–2


16 >16 >16 >16 >16 >16 >16 >16


a MIC were determined by broth micro dilution technique. B.s., Bacillus subtilis ATCC 6633; S.e., Staphylococcus epidermidis ATCC 12228; E.f.,


Enterococcus faecalis ATCC 29212; E.f. 1, Enterococcus faecalis ATCC 14506; S.a., Staphylococcus aureus ATCC 33591; S.a. 1, Staphylococcus


aureus ATCC 29213; S.a. 2, Staphylococcus aureus ATCC 33592; ND, not done.
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inyl oxazolidinone with 3-indoyl moiety resulted in
compound 4g, which was found to be mediocre against
B. subtilis, S. epidermidis, while hydroxymethyl deriva-
tive of furan 4h showed no antibacterial activities
against susceptible strains (Table 1). The 5-nitrofuryl
derivative 4i exhibited comparable in vitro MIC values

Table 2. In vitro MIC values of novel methylamino piperidinyl oxazolidino


Compound E.f. 2 E.f. 3 S.a. 3 S.a. 4


4a 8–16 4–8 8–16 >16


4b 8–16 8–16 8–16 >16


4c >16 >16 >16 >16


4d >16 >16 >16 >16


4e 8–16 8–16 8–16 >16


4f >16 8–16 >16 >16


4g 8–16 8–16 8–16 >16


4h >16 >16 >16 >16


4i 1–2 1–2 2-4 2–4


1 1–2 ND 1–2 >16


2 1–2 ND 2–4 >16


5 1–2 2–4 1–2 >16


16 >16 >16 >16 >16


a MIC were determined by broth micro dilution technique. E.f. 2, multi-resis


Enterococcus faecium ATCC 700221; S.a. 3, Staphylococcus aureus ATCC 2


methicillin resistant Staphylococcus aureus ATCC 700699; S.p., Streptococ


moniae ATCC 700904; S.e. 1, Staphylococcus epidermidis ATCC 155; ND,

as those of linezolid 1, eperezolid 2, and RBx-7644 5.
Replacement of piperazinyl system of compound 6 by
N-methyl piperidinyl as in 4i resulted in a slightly lesser
potent compound.6a The unmasked N-methyl piperidi-
nyl derivatives 16 were found to be inactive against all
the strains tested (Tables 1 and 2). Encouraged by

nes 4a–4i in various susceptible and resistant Gram-positive strainsa


S.a. 5 S.p. S.p. 1 S.e. 1


8–16 8–16 8–16 4–8


4–8 8–16 8–16 8–16
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>16 >16 >16 >16


1–2 2–4 0.25–0.5 0.25–0.5


1–2 0.5–1 0.5–1 1–2


1–2 0.25–0.5 0.25–0.5 ND


0.5–1 2–4 0.25–0.5 0.25–0.5


>16 >16 >16 >16


tant Enterococcus faecalis ATCC 700802; E.f. 3, vancomycin resistant


5923; S.a. 4, linezolid resistant Staphylococcus aureus NRS 119; S.a. 5,


cus pyogens ATCC 14289; S.p. 1, multi-resistant Streptococcus pneu-


not done.
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MIC values obtained for compound 4i, we tested all the
compounds against broader panel of susceptible and
resistant Gram-positive strains (Table 2). Compounds
4a–4h and 16 displayed similar inferior potency against
various strains mentioned in Table 2 as exhibited for
strains mentioned in Table 1 except for compound 4i,
which was found to be potent against all the strains
mentioned in Table 2.


In the view of emerging resistance to linezolid, we tested
oxazolidinone derivatives 4a–4i against linezolid resis-
tant S. aureus strain NRS 119 (we are registered user
of Network on Antimicrobial Resistance in S. aureus,
www.narsa.net), which has G 2576T mutations in
DNA encoding the central loop of domain V of 23S
rRNA and these mutations have been reported to
develop microorganisms having linezolid resistance.3d


Compound 4i showed antibacterial activity with
in vitro MIC values in the range of 2–4 lg/mL against
linezolid resistant S. aureus (Table 2, linezolid P16 lg/mL).
Thus, appropriate substitution on oxazolidinone would
give compounds, which may even work against linezolid
resistant organisms.


In summary, replacement of piperazinyl ring of eperezo-
lid by methylamino piperidinyl system resulted in com-
pounds which were tolerable for antibacterial activity
in MIC assay. The cinnamoyl derivative 4a and different
substituents on the phenyl ring 4b and 4c are poor anti-
bacterial agents. However, the heterocyclic derivatives
4f–4i are still suitable for imparting antibacterial activity
particularly 5-nitrofuryl derivative 4i is comparable in
antibacterial MIC values to linezolid, eperezolid, and
RBx-7644. Optimization of the methylamino piperidinyl
oxazolidinone resulted in compound 4i, which was also
active against linezolid resistant strains.
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(M+H)+.
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Abstract—We have recently reported the discovery of a novel class of glucocorticoid receptor (GR) antagonists, exemplified by 3,
containing a 1,2-dihydroquinoline molecular scaffold. Further SAR studies of these antagonists uncovered chemical modifications
conveying agonist functional activity to this series. These agonists exhibit good GR binding affinity and are selective against other
nuclear hormone receptors.
� 2007 Elsevier Ltd. All rights reserved.
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Synthetic glucocorticoids are widely used to treat many
serious inflammatory and autoimmune disorders.1 How-
ever, a major drawback in their clinical use is their asso-
ciation with a number of severe and, in some cases,
life-threatening adverse events, such as enhanced bone
resorption and muscle weakening. The discovery of glu-
cocorticoid receptor (GR) agonists that are dissociated,
that is, that exhibit a reduced incidence or a reduced
severity of side effects while maintaining potent anti-
inflammatory activity, is currently an area of intense
research activity within the medicinal chemistry commu-
nity.2 There are also additional efforts underway to iden-
tify selective GR antagonists with the expectation that
these may be useful in treating diabetes.3


The progesterone receptor (PR) antagonist Mifepristone
(RU-486) 1 is a known GR antagonist effective at block-
ing gene-transcription mediated by endogenous gluco-
corticoids. The therapeutic utility of Mifepristone has
been demonstrated for the treatment of Cushing’s syn-
drome, diabetes, glaucoma, and depression.4 Although
structural similarity between Mifepristone and endoge-
nous glucocorticoids is noticeable, it also shares struc-
tural features with a series of compounds from
Abbott/Ligand, exemplified by 2,5 that reportedly dem-
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onstrate dissociated GR agonist properties in both cellu-
lar and in vivo systems. In addition, we have recently
disclosed a new class of potent and selective GR ligands,
such as 3, that display antagonistic activity in a cellular
system (Fig. 1).6


Literature precedents indicate that minor structural
modifications of some GR ligands can cause a func-
tional switch from agonist to antagonist activity.7


Therefore, we decided to explore if our GR antagonists

N
H


O
N
H


O


2   AL-438 3


Figure 1. Steroidal and nonsteroidal nuclear receptor ligands.
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Table 1. Effects of a-methylation at the C-4 position on GR and PR


binding affinity


N
H


O


XR


Compound X R GRa IC50 (nM) PRa IC50 (nM)


12 S@O H >2000 >2000


13 S H 360 460


14 S Me 116 600


15 O H >2000 >2000


16 O Me 116 480


a Values are means of two experiments.
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Scheme 1. Reagents and conditions: (a) Boc2O, 1.6 M n-BuLi, THF,


�78 �C! 0 �C! rt, 6 h, 91%; (b) selenium dioxide, 1,4-dioxane,


reflux, 3 h, 94%; (c) Grignard reagent, THF, �78 �C, 30 min, 47–83%;


(d) allyl iodide, 1.0 M sodium bis(trimethylsilyl)amide, DMSO, rt,


10 min, 51–88%; (e) TFA, dichloromethane, rt, 2 h, 60–90%.
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could also be converted to agonists via minor structural
modifications. In addition, we attempted to improve the
drug-like properties of our GR ligands represented by 3.
A primary concern was that thioether-containing
compounds are likely to be extensively metabolized by
flavin-containing monooxygenase (FMO) and cyto-
chrome P450 enzymes.8 These enzymes typically oxidize
the thioether-containing xenobiotics to sulfoxide and/or
sulfone metabolites, which often display high clearance
in in vivo or in vitro systems. Efficacy was expected to
be concomitantly lost since compound 12, a sulfoxide
analog of one of our antagonists, did not demonstrate
appreciable GR binding affinity when tested at concen-
trations up 2000 nM (Table 1). We thus anticipated that
improving the compounds metabolic stability would be
beneficial for both their pharmacokinetic and pharma-
codynamic profiles. This paper discloses our initial at-
tempts at identifying a novel series of dissociated GR
agonists that are structurally derived from our original
series of GR antagonists exemplified by 3.


For SAR study of the a-position on C4 substituent, we
synthesized various derivatives, starting from compound
4.6 Protection of the secondary amine in 4 with a tBoc
group followed by allylic oxidation with selenium diox-
ide yielded aldehyde 6 in good yield. Reactions of 6 with
a variety of Grignard reagents at low temperature affor-
ded the secondary alcohols 7 in modest to good yield.
Further O-alkylation of 7 with allyl iodide, followed
by removal of the tBoc group with trifluoroacetic acid,
provided the desired allyl ether analogs 8, in acceptable
overall yield (Scheme 1).


To study the effects of oxygen substitution, we synthe-
sized several ether analogs starting from compound 6.
The aldehyde 6 was treated with methyl magnesium bro-
mide to afford the secondary alcohol 9 in good yield.
This alcohol was then activated as a mesylate and trea-
ted with various alkoxides to afford the corresponding
ether derivatives. These compounds were eventually
deprotected under standard conditions to generate the
analogs 11 (Scheme 2).


All the compounds were evaluated for binding in a panel
of human nuclear hormone receptors, including GR,

PR, estrogen receptor (ER), and mineralo-corticoid
receptor (MR) using a fluorescence polarization compet-
itive binding assay.9


Introduction of a methyl group at the a-position of the
1,2-dihydroquinoline C4 substituent resulted in a sig-
nificant increase in GR binding affinity for both the
thioether- and the ether-containing analogs. For the
thioether analogs, introduction of the methyl group
at the a-position resulted in an approximately threefold
increase in GR binding affinity, whereas more than a
15-fold increase in GR binding affinity was observed
for the ether analogs. Reduction of the size of the het-
eroatom from sulfur to oxygen was not beneficial for
GR binding affinity in the absence of the a-methyl sub-
stitution. However, increasing the size of C4 substitu-
ents in the presence of the a-methyl group restored
GR binding affinity (Table 1). These data suggest that
the size of the substituent at the C4 position is impor-
tant to achieve potent GR binding affinity. This discov-
ery encouraged us to prioritize the ether series for
further exploration over the thioether analogs. We also
felt that moving away from the thioether derivatives
would also alleviate the potential metabolic liability
associated with sulfur oxidation.


We then investigated the replacement of the a-methyl
group in compound 16 with other substituents, and ana-
lyzed the impact of this modification on the resulting
GR binding affinity. Increasing the size of the a-substi-
tuent from methyl (16; IC50 = 116 nM) to ethyl (17;
IC50 = 355 nM) or i-propyl (18; IC50 = 710 nM) was
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Scheme 2. Reagents and conditions: (a) MeMgBr ether solution, THF,


0 �C, 15 min, 87%; (b) MsCl, TEA, dichloromethane, 0 �C, 1 h, 99%;


(c) primary alcohol, 60% NaH, DMF, 0 �C! rt, 4 h, 30–85%; (d)


TFA, dichloromethane, rt, 2 h, 60–90%.


Table 3. GR and PR binding affinity with different O-substituents


N
H


O


O


R


Compound R GRa


IC50 (nM)


PRa


IC50 (nM)


24 Me 1060 540


16 Allyl 116 480


25 * 210 1300


26
*


395 980


27 * 565 1600
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accompanied with an approximately threefold and
sixfold loss of GR binding affinity, respectively. Com-
pounds featuring a n-propyl (19) or larger substituents
at the a-position lost a significant amount of GR bind-
ing affinity. The n-propyl substituted compound 19
and the phenyl substituted analog 21 were devoid of
either GR or PR binding affinity when tested at concen-
trations up to 2000 nM. These results indicate that the
size of the a-substituent is critical for GR binding affin-
ity. Interestingly, the impact of the size of the a-substit-
uents on PR binding affinity was not as significant as it
was on GR binding affinity (Table 2).


Replacing the allyl group of compound 16 with other al-
kyl groups affected both the GR and the PR binding
affinities. For example, replacing the methyl substituent
in compound 24, with an allyl group, as in compound

Table 2. GR and PR binding affinity with different a-substituents


N
H


O


OR


Compound R GRa IC50 (nM) PRa IC50 (nM)


15 H >2000 >2000


16 Methyl 116 480


17 Ethyl 355 330


18 i-Propyl 710 950


19 n-Propyl >2000 >2000


20 Allyl >2000 440


21 Phenyl >2000 >2000


22 Benzyl >2000 1200


23 Phenethyl >2000 1000


a Values are means of two experiments.

16, resulted in about a ninefold increase in GR binding
affinity. However, increasing the substituent size further
resulted in a loss of GR binding affinity, as illustrated
with the 2-butenyl, compound 25 (IC50 = 210 nM), the
2-pentenyl compound 27 (IC50 = 565 nM), and the
3-phenylallyl compound 28 (IC50 = 980 nM). Reduction
of the double bond in compound 28 led to a threefold
enhancement in GR binding affinity, while the phenethyl
ether analogs (30–33) displayed GR binding affinities
similar to those of compound 29 (IC50 = 185–400 nM).
Regarding the PR binding affinity, no significant differ-
ence was observed between the methyl ether 24
(IC50 = 540 nM) and the allyl ether, 16 (IC50 = 480 nM).
Larger oxygen substituents were also characterized by a
significant loss of PR binding affinity. For example,
compounds 29 and 30, featuring a phenylpropyl and
phenethyl substitution, respectively, showed IC50 >
2000 nM. Although an SAR emerged through oxygen
substitution for both GR and PR binding affinity, it
remained relatively flat for the GR binding affinity when

28 * 980 >2000


29 * 260 >2000


30


*


405 >2000


31
*


Cl


290 >2000


32


* Cl
275 1900


33


*


Cl


185 930


34


*


400 >2000


a Values are means of two experiments.
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compared to the trends observed when modifying the a-
substitution. These results suggest that a-substitution
has a more significant impact on GR binding affinity
than the oxygen substitution (Table 3).


Structural variations of the right-hand side phenyl ring
were also examined. We have reported earlier that intro-
duction of fluorine atom at the C5 position of this phe-
nyl ring resulted in about a twofold increase in GR
binding affinity (compounds 35 and 37) in the thioether
series.6 A similar positive effect on GR binding affinity
was also observed in the ether series. Especially in the al-
lyl ether series, introduction of a fluorine atom as R2
produced a significant increase in GR binding affinity
and afforded the most potent GR ligand, compound
38 (IC50 = 34 nM), in this series (Table 4).

Table 5. GR, PR, ER, and MR binding affinity of compounds with the bes


N
H


O


O


F


N
H


S


16: Racemate
41: (-)-isomer
42: (+)-isomer


36


Compound GRa IC50 (nM) PRa IC50 (nM) MRa IC50 (nM


16 34 450 970


41 110 620 >2000


42 40 170 1100


35 190 >2000 >2000


37 84 >2000 >2000


a Values are means of two experiments.
b Values are maximum inhibition at 2000 nM percentage to dexamethasone


Table 4. Effects of fluorine substitution at R2 on GR and PR binding


affinity


N
H


S


R2


O


R1


N
H


O


O


R2


R1


Thioethers Ethers


Compound Series R1 R2 GRa


IC50 (nM)


PRa


IC50 (nM)


13 Thioether Allyl H 360 460


35 F 190 1400


36 Thioether Phenethyl H 194 >2000


37 F 84 >2000


16 Ether Allyl H 116 480


38 F 34 451


39 Ether Phenethyl H 404 >2000


40 F 195 1300


a Values are means of two experiments.

The enantiomers of the most potent GR ligand, com-
pound 38, were separated by chiral HPLC,10 and pro-
filed for binding affinities, functional activity, and
in vitro metabolic stability. Compound 42, (+)-isomer,
and the corresponding racemate demonstrated similar
GR binding affinities, whereas compound 41, (�)-iso-
mer, was about threefold less potent. No differences
in selectivity profiles were observed between the race-
mate and either enantiomers. The in vitro metabolic
stability of these compounds was assessed by
measuring their half-lives in a human microsomal
preparation.11 Unfortunately, there was no significant
difference between the ether and thioether series, as
all compounds showed relatively short half-lives
(620 min). Finally, both enantiomers were evaluated
for functional cellular activity using an IL-1 induced
IL-6 assay in human foreskin fibroblasts.12 Although
both compounds 41 and 42 inhibited IL-6 production
with IC50’s of 260 and 170 nM, respectively, the mag-
nitude of their inhibition of IL-6 production at the
highest concentration (2000 nM) was modest. Indeed,
compounds 41 and 42 displayed only 46% and 28%
of dexamethasone’s maximum effect, respectively.
These data indicate that these ligands are partial GR
agonists (Table 5).


In summary, a novel and potent series of GR partial
agonists has been identified by structural modification
of a GR antagonist lead. Structural modifications of
substituents at the C4 and the C6 position impacted
GR and PR binding affinities differently, and led to
the discovery of potent and selective binders. The most
potent GR ligand within the series (38) was resolved to
its (+)-isomer 42. Compound 42 represents a novel,
potent, and selective GR partial agonist. Unfortu-
nately, replacement of the thioether functionality
with an ether substituent did not provide compounds
metabolically more stable in human microsome
preparations.

t substituents combinations at C4 and C6 position


O


F


N
H


S


O


F


38


) ERa IC50 (nM) HLM T1/2 (min) IL-6 IC50 (nM)


>2000 6 Not tested


>2000 5 260 (46%)b


>2000 6 170 (28%)b


>2000 12 Not active


>2000 17 Not active


inhibition.
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Abstract—High-throughput screening has identified 1-methyl-3-(trifluoromethyl)-N-[4-(pyrrolidinylsulfonyl)phenyl]-1H-pyrazole-5-
carboxamide 16677 as a novel and potent (IC50 = 35–145 nM) inhibitor against multiple primary isolates of diverse measles virus
(MV) genotypes currently circulating worldwide. The synthesis of 16677 and several analogs together with effects on MV replication
is described. The most potent analog displays nanomolar inhibition against the MV and a selectivity ratio (CC50/IC50) of ca. 16,500.
Published by Elsevier Ltd.

Paramyxoviruses are negative stranded RNA viruses,
most of which are highly contagious airborne pathogens
that spread via the respiratory route. Members of this
viral family include major human and animal pathogens
such as measles virus (MV), human parainfluenza
viruses (HPIV), mumps virus, respiratory syncytial
virus, and Newcastle disease virus.1 Despite the exis-
tence of an effective live-attenuated vaccine,2 MV
remains a serious threat to human health globally. Riba-
virin, the only drug available for the treatment of some
paramyxovirus infections,3,4 has been used experimen-
tally for the treatment of measles but with limited effi-
cacy.5 More recently, benzimidazo-thiazole derivatives
have been reported to be more potent and less cytotoxic
than Ribavirin. The most active compound in the latter
series demonstrated a selectivity ratio (CC50/IC50) of 246
compared with Ribavirin at 14.6


Previously, we described the development of a novel
class of MV fusion inhibitors, substituted anilides, in a
structure-based molecular design study.7,8 The lead

0960-894X/$ - see front matter Published by Elsevier Ltd.
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compound in this inhibitor class, AS-48,9,10 shows activ-
ity in the low micromolar range (IC50 = 0.6–3.0 lM)
against a panel of MV field isolates. A single Sub-Saha-
ran isolate is resistant to inhibition by AS-48, however,
and in vitro adaptation has resulted in the appearance of
characteristic escape mutants after four to seven pas-
sages,11 suggesting that resistance may emerge rapidly
in the field. Identification of additional drug candidates
against MV with diverse target characteristics is there-
fore imperative. Toward this goal, we have developed
and implemented a novel cell-based assay for high-
throughput screening (HTS) identification of MV inhib-
itors.12 This approach has yielded several confirmed hit
candidates, the most potent of which, compound 16677
(IC50 = 250 nM against MV Edmonston strain), was
found to act as a well-behaved, target-specific inhibitor
of MV replication with drug-like properties. The
compound (1-methyl-3-(trifluoromethyl)-N-[4-(pyrrolid-
inyl-sulfonyl)phenyl]-1H-pyrazole-5-carboxamide) a
first-in-class non-nucleoside inhibitor of the MV RNA
polymerase complex (RdRp) activity,12 was prepared
by coupling of 4-amino-prolidinyl sulfonamide 1 with
1-methyl-3-trifluoro-pyrazole-5-acetyl chloride 2 in very
good yield using pyridine as base13 (Scheme 1).


A structure–activity profile has begun to emerge by
examination of the four molecular fragments circum-
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Scheme 1. Retro-synthesis of screening hit 16677.
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Figure 1. N-[4-(Pyrrolidinylsulfonyl)phenyl]-1H-amide analogs 3.


Table 1. MV antiviral IC50s and CC50s for N-[4-(pyrrolidinylsulfonyl)phenyl]-1H-phenyl amides 3


ID Compound EC50 (lM)a (MV-Alaska) CC50 (lM)b (Vero cells)


3a MS-8 CPE inhibit >75 MTT cytotox >300


3b MS-9 CPE inhibit >75 MTT cytotox >300


3c MS-10 CPE inhibit 48 ± 6.1 MTT cytotox >300


3d AS-36b CPE inhibit NDc MTT cytotox 11 ± 1.3


3e AS-60a CPE inhibit >75 MTT cytotox >300


3f AS-36a CPE inhibit NDc MTT cytotox 59 ± 4


3g AS-27 CPE inhibit >75 MTT cytotox >300


3h AS-40 CPE inhibit P75 MTT cytotox 76 ± 3


3i AS-60b CPE inhibit >75 MTT cytotox >300


3j AS-60d CPE inhibit >75 MTT cytotox >300


3k AS-61d CPE inhibit >75 MTT cytotox >300


3l AS-57a CPE inhibit >75 MTT cytotox >300


3m AS-57b CPE inhibit >75 MTT cytotox >300


3n MS-13 CPE inhibit >75 MTT cytotox >300


3o MS-30 CPE inhibit >75 MTT cytotox >300


3p MS-11 CPE inhibit >75 MTT cytotox >300


3q MS-17 CPE inhibit 25 MTT cytotox 140


3r AS-119 CPE inhibit >75 MTT cytotox 37 ± 1.5


3s MS-12 CPE inhibit 65 MTT cytotox >300


a Values represent averages of four experiments ± SD; highest concentration assessed 75 lM.
b Values represent averages of two experiments ± SEM; highest concentration assessed 300 lM.
c EC50 not determined (ND) when CC50 6 75 lM.
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scribed in Scheme 1; namely the pyrazole ring on the
right, the amide linker, the central phenyl ring, and
the pyrrolidine ring to the left. The first stage of hit opti-
mization focused on introducing a variety of aromatic
rings as pyrazole replacements (Fig. 1 and Table 1).


Phyrazole ring replacement. N-[4-(Pyrrolidinylsulfo-
nyl)phenyl]-1H-amides 3a–s were synthesized by cou-
pling of N-[4-(Pyrrolidinyl sulfonyl)phenyl]-1H-amine
with corresponding acetyl chlorides. Disappointingly,
none of the compounds showed significant activity.
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Figure 2. Substituted phenyl derivatives.


Table 2. MV antiviral IC50s and CC50s of substituted phenyl and different l


ID Compound EC50 (lM)a (MV-A


4a MS-37 CPE inhibit


4b MS-14 CPE inhibit


4c MS-38 CPE inhibit


4d MS-15 CPE inhibit


5 MS-26 CPE inhibit


6 MS-27 CPE inhibit


7 MS-34 CPE inhibit


8 MS 36 CPE inhibit


a Values represent averages of four experiments ± SD; highest concentration
b Values represent averages of two experiments ± SEM; highest concentratio
c EC50 not determined (ND) when CC50 6 75 lM.
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Scheme 2. Synthesis of ketone and hydroxyl analogs of compound 16677.


DIPEA, DMF; (c) n-BuLi, THF; (d) NaBH4.

Given the precipitous drop-off in potency, it would ap-
pear that the trifluoromethylated pyrazole ring in
16677 is essential. The pharmacophore tolerates neither
substituted aromatic rings, alternative 5-membered ring
heterocycles nor trifluoromethylated pyridines.


Middle phenyl ring substitution. Preliminary modification
of this phenyl ring was accomplished by installing a lim-
ited set of substituents as indicated by 4a–d (Fig. 2). Polar
moieties ortho to the amide nitrogen (4a and 4b) eliminate
activity altogether, while ester 4c and amide 4d show
fairly high toxicities. The CC50s of both compounds were
determined as 13–14 lM (Table 2). While a more thor-
ough-going exploration of substitution at the central phe-
nyl is called for, it is noteworthy that the critical CF3-
substituted terminal pyrazole cannot be duplicated in
the center of the 16677 lead molecule.


The linker region. Four different variations of the linker
with an equivalent number of heavy chain atoms were
prepared. The structures of compounds 5–8 (Schemes
2 and 3) and their corresponding activities are recorded
in Table 2 (entries 5–8), illustrating a minimum 400-fold
degradation in activity relative to 16677. All the struc-
tural manipulations cause both a geometric reorganiza-
tion and a variation in hydrogen bonding capacity.
Thus, the planar amide in each case is replaced with a
torsionally mobile surrogate. Compounds 5 and 6 elim-
inate NH hydrogen-bond donating capacity, while 7 and

inker compounds


laska) CC50 (lM)b (Vero cells)


>75 MTT cytotox 288 ± 13


P75 MTT cytotox >300


NDc MTT cytotox 14 ± 0.5


NDc MTT cytotox 13 ± 0.3


15.5 ± 2.4 MTT cytotox >300


41 ± 39 MTT cytotox >300


>75 MTT cytotox >300


>75 MTT cytotox >300


assessed 75 lM.
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8 deplete the C@O H-bond accepting potential. Disen-
tangling the geometric and non-bonded effects will re-
quire additional linkers. However, it is clear that the
synthetically facile amide is a powerful activity enhanc-
ing moiety.


Analogs 5 and 6 were prepared as outlined in Scheme 2.
1-Methyl-3-trifluoromethyl-5-pyrazolecarboxylic acid 9
was transformed to its acetyl chloride and coupled with
N,O-dimethylhydroxylamine hydrochloride in the pres-
ence of diisopropylethyl amine in DMF to afford the
Weinreb amide 10. 4-Methyl-pyrrolidinyl sulfonamide
11 was treated with n-butyl lithium, followed by addi-
tion of 10 to give ketone analog 5. Reduction of the lat-
ter’s carbonyl group with sodium borohydride in
methanol furnishes alcohol 6.


Synthesis of the amine analog 7 was initiated by reduction
of the carboxyl group in 9 with lithium aluminum hydride
in THF to obtain alcohol 12. Replacement of the hydro-
xyl group with bromide to yield 13 proceeded smoothly
with PBr3. Coupling of 13 with 4-amino-pyrrolidinyl sul-
fonamide 1a in the presence of cesium carbonate in DMF
provided 7. In the meantime, alcohol 12 was likewise com-
bined with 4-fluoro-pyrrolidinyl sulfonamide under the
same conditions to form 8 (Scheme 3).


Modification of the pyrrolidine ring. Considerable effort
was expended to increase the potency of 16677 by mod-
ifying the central and right side of the molecule. How-
ever, as illustrated above, none of the analogs

delivered increased potency, while considerable cytotox-
icity was frequently encountered (i.e., compounds 4c
and 4d). Further modification was shifted to the sulfony-
lated pyrrolidine ring on the left. A variety of heterocy-
clic rings were employed as pyrrolidine replacements
while retaining the remainder of the 16677 structure
(Fig. 3). The most active piperidine derivative 14d, when
subjected to a secondary virus titer reduction assay,
revealed activity against live MV (0.012 ± 0.017 lM,
strain Alaska) and no cytotoxicity (Promega, Table 3).


Conclusions and prospects. In this initial optimization of
the high-throughput screening MV hit 16677, we have
developed a preliminary SAR by structural manipula-
tion within the four sectors highlighted in Scheme 1. A
variety of modifications of the three sectors on the right
either essentially abolished anti-MV activity or resulted
in high cytotoxicity. However, a highly potent analog
has been generated by replacing the pyrrolidine ring in
16677 with a piperidine to give 14d. The compound
shows activity around 10 nM and essentially no cytotox-
icity when assessed in a commercially available cytotox-
icity assay. Assessment of cell proliferation activity in
the presence of 14d using a Trypan-blue exclusion assay
has yielded a CC50 concentration of 199 ± 27lM, result-
ing in a selectivity index (CC50/IC50) of approximately
16,500. Our previous entry inhibitor efforts uncovered
substances effective in the 0.6–3 lM range,10 while one
other study likewise reported anti-MV compounds in
the low micromolar range without specifying the mech-
anistic basis for inhibition.6 Compounds 16677 and 14d







Table 3. MV antiviral IC50s and CC50s of 1-methyl-3-(trifluoromethyl)-N-[4-(pyrrolidinylsulfonyl)-phenyl]-1H-heterocyclic ring-5-carboxamides


ID Compound EC50 (lM)a (MV-Alaska) CC50 (lM)b (Vero cells)


14a AS-85a CPE inhibit 14 ± 2 MTT cytotox 100


14b AS-105 CPE inhibit 23 ± 10 MTT cytotox >300


14c AS-103 CPE inhibit NDc MTT cytotox 13 ± 0.7


14d AS-136a CPE inhibit <2.3 MTT cytotox >300


14e AS-251 CPE inhibit >75 MTT cytotox >300


14f AS-244 CPE inhibit 28 ± 9 MTT cytotox 126 ± 7


14g AS-236 CPE inhibit 43 ± 24 MTT cytotox >300


a Values represent averages of four experiments ± SD; highest concentration assessed 75 lM.
b Values represent averages of two experiments ± SEM; highest concentration assessed 300 lM.
c EC50 not determined (ND) when CC50 6 75 lM.
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are the first MV inhibitors with potencies in the low nM
range.12 Future work will be devoted to expanding the
class, maintaining the high selectivity ratio, extending
utility to other viruses in the same family and developing
analogs that are suitable for animal testing.
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Abstract—Inhibition of the glycine transporter GlyT1 is a potential strategy for the treatment of schizophrenia. A novel series of
GlyT1 inhibitors and their structure–activity relationships (SAR) are described. Members of this series are highly potent and selec-
tive transport inhibitors which are shown to elevate glycine levels in cerebrospinal fluid.
� 2007 Elsevier Ltd. All rights reserved.
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The amino acid glycine is a major neurotransmitter in
the mammalian CNS with both inhibitory and excit-
atory actions.1 It has also been shown to modulate excit-
atory neurotransmission as obligatory co-agonist with
glutamate at NMDA receptors in the pre-frontal cortex.
NMDA receptor hypofunction has been implicated in
the etiology of schizophrenia and NMDA receptor acti-
vation constitutes a potential strategy for the develop-
ment of novel schizophrenia treatments.2 Since direct
acting NMDA receptor agonists are epileptogenic and
excitotoxic, indirect modulation of the NMDA receptor
through its co-agonist (glycine) binding site has received
considerable attention as a potentially non-toxic ap-
proach.3 Glycine uptake is mediated by two glycine
transporters, GlyT1 and GlyT2, which belong to the
family of Na+/Cl�-dependent neurotransmitter trans-
porters.4 Since NMDA receptors are co-localized with
GlyT1, this transporter may be involved in the regula-
tion of extracellular glycine concentrations at NMDA
receptors. Modulation of extracellular glycine levels by
glycine transporter inhibition therefore constitutes a no-
vel strategy for the treatment of positive and negative
symptoms of schizophrenia including its cognitive
deficits.5
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Figure 1 shows the structure of several reported GlyT1
inhibitors.6–8 Although these compounds form a struc-
turally heterogeneous group, a sarcosine (N-methyl gly-
cine) substructure as in 1 is a known motif.9 Piperazinyl
acetic acids such as 2 are structurally related to sarco-
sines.10 Other structural types without a carboxylate
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Figure 1. GlyT1 inhibitors.
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group have also been described, for example, 311–14 and
4.15 Herein, we disclose the discovery and SAR studies
of a novel class of GlyT1 inhibitors in which the sarco-
sine group is linked to a substituted biphenyl system via
an ethanolamine linker (5).16


A high-throughput screening campaign of the Lilly cor-
porate compound collection led to the discovery of 5 as
potent and selective inhibitor of GlyT1 (IC50 = 45 nM,
GlyT2 IC50 > 30,000 nM).


In addition to the characteristic N-methyl glycine moiety
as acidic head group and the novel ethanolamine linker,
5 also contained a 2-acyl biphenyl system which was the
focus of our initial SAR studies (Fig. 2). Herein we will
report on the impact of changes in Domains 1 and 2 on
glycine transporter binding affinity and selectivity.


Our synthetic strategy was based on the use of advanced
intermediates from which the targets should be accessi-
ble in one or two steps using robust synthetic protocols
amenable to a rapid parallel synthesis (RPS) approach
(Fig. 3).


We envisaged the use of cross-coupling chemistry for the
preparation of analogues containing a biphenyl system
either para (Domain 2) or ortho (Domain 1) to the eth-
anolamine linker. A Weinreb amide intermediate could
be used for the introduction of different acyl substituents
(addition elimination).


To allow efficient exploration of a variety of aromatic
substituents in Domain 2 of hit 5 we used para-bromo
analogue 9 as late stage intermediate suitable for a rapid
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Figure 3. General synthetic approaches to analogues of 5.
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Figure 2. SAR Domains in HTS hit 5.

parallel synthesis approach (Scheme 1). Readily accessi-
ble phenol 8 was coupled with [(2-hydroxyethyl)-meth-
ylamino]acetic acid tert-butyl ester under modified
Mitsunobu conditions using 1,1 0-(azodicarbonyl)dipi-
peridine (ADDP) to give 9.17 Introduction of the para-
aryl group was achieved following the Suzuki–Miyaura
protocol.18 Ester hydrolysis under acidic or basic condi-
tions gave the final compounds. Both the coupling and
the deprotection step were carried out in a parallel
fashion.19


Replacement of the thiophene group in 5 by phenyl and
cyclohexyl was achieved using the aforementioned
ADDP-mediated coupling of the requisite phenol with
the tert-butyl protected side chain. The phenol coupling
partners were prepared following established literature
procedures.20


Changes to the acyl group in Domain 1 required a vari-
ety of different chemical approaches (Scheme 2). Reduc-
tion of the carbonyl precursors, 23 and 24, respectively,
using triethylsilane and trifluoroacetic acid provided
convenient access to the methylene linked phenyl and
cyclohexyl analogues 25 and 26. Attempted reduction
of the carbonyl group in 5 to access 27 under similar
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Scheme 1. Reagents and conditions: (i) KMnO4, acetone/water, 40%;


(ii) MeNHOMeÆHCl, CDI, DCM, 87%; (iii) thiophen-2-yl magnesium


bromide, THF, Et2O, 72%; (iv) BBr3, DCM, �78 �C, 88%; (v)


[(2-hydroxyethyl)-methylamino]acetic acid tert-butyl ester, ADDP,


PBu3, THF, reflux, 75%; (vi) ArB(OH)2, P(cy)3, Pd(OAc)2, KF,


THF, reflux, (5: Ar = Ph: 77%); (vii) TFA, DCM, or NaOH/EtOH,


reflux, (5: Ar = Ph: 85%).
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Scheme 2. Reagents and conditions: (i) Et3SiH, TFA, 87% (R = Ph);


(ii) N2H4, ethylene glycol, NaOH, 120–140 �C, 71%; (iii) [(2-hydroxy-


ethyl)-methylamino]acetic acid tert-butyl ester, ADDP, toluene,


P(Bu)3, 90 �C, 86%; (iv) PhB(OH)2, P(cy)3, Pd(OAc)2, KF, THF,


reflux, 98%; (v) TFA, DCM, 70%.
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Pd(OAc)2, KF, THF, reflux, 96%; (ii) Br2, CHCl3, 57%; (iii) BBr3,


DCM, 69%; (iv) [(2-hydroxyethyl)-methylamino]acetic acid tert-butyl


ester, ADDP, toluene, P(Bu)3, 90 �C, 94%; (v) NaOH, EtOH, 70%


(Ar = 5-benzo[1,3]dioxol-5-yl); (vi) ArB(OH)2, P(cy)3, Pd(OAc)2, KF,


THF, reflux, (30: Ar = Ph: 77%).


Table 2. Domain 1 SAR


N
CH3


O


Y
R


CO2H


Ph


Compound R Y GlyT1 IC50 (nM)


5 2-Thiophene C@O 45 ± 10


27 2-Thiophene CH2 40 ± 1


30 2-Thiophene Bond 70 ± 8


23 Phenyl C@O 65 ± 6


25 Phenyl CH2 85 ± 9


31 Phenyl Bond 229 ± 54


24 Cyclohexyl C@O 70 ± 6
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conditions led to decomposition of the starting material.
Instead, Wolff–Kishner reduction of phenol 8 followed
by ADDP-mediated coupling and Suzuki–Miyaura cou-
pling gave 27.

Table 1. Domain 2 SAR


R


O
N CO2H


O


S


CH3


Compound R GlyT1 IC50 (nM)


5 Ph 45 ± 10


10 2-Cl–Ph 175 ± 18


11 3-Cl–Ph 26 ± 3


12 4-Cl–Ph 68 ± 10


13 2-Me–Ph 632 ± 76


14 3-Me–Ph 45 ± 11


15 4-Me–Ph 59 ± 14


16 3-OMe–Ph 104 ± 10


17 4-OMe–Ph 27 ± 8


18 3-Me,4-OMe–Ph 18 ± 0


19 3,4-Di-Me–Ph 76 ± 1


20 3,4-Di-OMe–Ph 834 ± 182


21 3,4-Methylene dioxy-Ph 19 ± 0


22 CF16
3 702 ± 43

In Domain 1, a biaryl system ortho to the ethanolamine
linker was introduced by Pd-mediated cross-coupling
methodology employing advanced aryliodide intermedi-
ate 29 and a variety of aryl and heteroaryl boronic acids
(Scheme 3).


In Domain 2, analogues containing the preferred 2-chloro-
phenyl motif were obtained according to Scheme 4. Suzu-
ki–Miyaura coupling of commercially available 2-iodo
anisole 41 gave 42 followed by regioselective bromina-
tion, demethylation and ADDP-mediated coupling gave
advanced intermediate 43 for the preparation of final
targets by RPS methods. In the 2-thiophene series
Domain 2 analogues were prepared in a similar fashion
from advanced intermediate 48.


Glycine reuptake inhibition was determined in whole
cell assays for both GlyT1 and GlyT2.21 All members
of this series had no significant activity at the GlyT2
(IC50 > 30lM). The effects of changes in Domain 2 while
maintaining the thiophenacyl moiety in Domain 1 are
summarized in Table 1. Both 2-chlorophenyl (10) and

26 Cyclohexyl CH2 289 ± 139


53 Cyclohexyl16 Bond 251 ± 51


Table 3. Further Domain 1 SAR


N
CH3


O


Ar


CO2H


Ph


Compound Ar GlyT1 IC50 (nM)


31 Ph 229 ± 54


32 2-Cl–Ph 53 ± 16


33 3-Cl–Ph 674 ± 0


34 4-Cl–Ph 965 ± 0


35 2-F–Ph 108 ± 0


36 2-Me–Ph 56 ± 0


37 2-OMe–Ph 351 ± 0


38 3-Thiophene 139 ± 13


39 2-Thiazole 957 ± 92


40 1-Naphthyl 496 ± 0







Table 4. Mix-and-match SAR


Ar


N
CH3


O
CO2H


Ar


1


2


Compound Ar1 Ar2 GlyT1 IC50 (nM)


44 Me


OMe


2-Thiophene 161 ± 8


48 2-Cl–Ph 28 ± 6


45


O


O 2-Thiophene 34 ± 10


49 2-Cl–Ph 12 ± 3


46


O


O 2-Thiophene 25 ± 10


50 2-Cl–Ph 14 ± 1


47


O


2-Thiophene 17 ± 2


51 2-Cl–Ph 13 ± 3
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2-methylphenyl (13) caused a significant decrease in
activity, suggesting an important role of the biphenyl
system orientation for maintaining potency. In general,
electron-releasing groups appeared to be preferred as
Domain 2 substituents. Combination of a 3-methyl
and 4-methoxy group as in 18 resulted in increased
potency. This motif was found to be preferred over

Table 5. Glycine level increases in rat cerebrospinal fluid


Compound Structure Ki (nM


1 O


N


CH3


CO2H


F


7 ± 2.5


5


N
CH3


O
CO2H


Ph


O


S 45 ± 10


30


N
CH3


O
CO2H


Ph


S


70 ± 8


32


N
CH3


O
CO2H


Ph


Cl


53 ± 16


Compounds were dosed subcutaneously at 30 mg/kg (values are derived from

3,4-dialkyl substitution as in 19. Interestingly, 3,4-dime-
thoxy analogue 20 was significantly less active, whereas
the methylenedioxy analogue 21 was more potent than
the original hit 5. Replacement of Domain 2 by bulky
non-aromatic groups as in 22 led to a significant drop
in activity.


Our exploration of Domain 1 focused on the role of the
carbonyl linker in 5 (Table 2). We found that replace-
ment of this group by a methylene unit as in 27 or direct
attachment of the thiophene ring to the central aromatic
core as in 30 did not significantly impact potency. The
thiophene ring in 5 could be replaced by phenyl (23)
and cyclohexyl (24). In the case of phenyl analogues
only a methylene linker was found to be equivalent in
activity to the carbonyl group. A biphenyl system as in
31 led to a decrease in activity. Cyclohexyl analogues
26 and 53 without a carbonyl group linker were also sig-
nificantly less active.


The effect of substituents in directly attached phenyl
groups is detailed in Table 3.


ortho-Substitution as in 32 and 36 was found to improve
potency. Introduction of a fluorine atom led to some
loss of activity (35), a methoxy group (37) reduced activ-
ity even further. A limited exploration of heteroaromatic
and fused systems as in 38–40 did not yield any com-
pounds with greater activity.


Table 4 details the effect of combining preferred substit-
uents from Domains 1 and 2. This approach led to the
discovery of several compounds with significantly
improved in vitro activity over the initial hit 5. Incorpo-

) CSF levels (ng/ml) % Increase of glycine


47 ± 1.35 204 ± 5.7


15 ± 3.76 114 ± 12.8


113 ± 5.91 196 ± 21.2


25 ± 1.08 155 ± 4.2


at least five separate measurements).
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ration of alkoxy and alkyl substituents into five or six-
membered aliphatic rings as in 45–47 and 49–51 was
found to be particularly beneficial for in vitro activity.


In order to assess the ability of our compounds to selec-
tively increase cortical glycine levels in an animal model,
we measured their effect on glycine levels in rat cerebro-
spinal fluid (CSF) after subcutaneous administration
(Table 5) at a dose of 30 mg/kg.22 Animals were eutha-
nized and 50–100 ml of CSF was sampled immediately
after death from the cisterna magna.23–25 The concentra-
tion of glycine and test compounds in the CSF was
determined using an LC/MS method in positive electro-
spray mode (Table 5).26


Our initial hit molecule 5 showed no significant effect on
CSF glycine levels. 2-Chloro-phenyl substituted ana-
logue 32 had a weak effect on CSF glycine levels, but
2-thiophene substituted 30 proved to have a similar
effect on glycine levels as ALX-5407 1. Corresponding
to the increase in glycine levels compound levels of 30
measured in CSF were also significantly higher than
those measured for 5, 32, and 1.


Major SAR trends in a new class of GlyT1 inhibitors
have been established. Optimization of in vitro potency
led to the discovery of highly potent and selective GlyT1
inhibitors. The in vivo activity of selected members of
this series was demonstrated by measurements of glycine
levels in CSF. Further optimization of our lead mole-
cules and activity after oral dosing will be disclosed in
due course.
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MSR of 2.5.
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syringe. Samples with any sign of blood contamination
were discarded. CSF samples were immediately placed
on ice. Analysis of CSF levels of test compounds was
accomplished using an LC/MS in positive electrospray
mode and ChemStation data analysis software (1100
Series, Agilent Technologies, Palo Alto, CA, USA).
Three microliter injections of CSF samples were made
onto a 5 micron Zorbax C-18 column (4.6 mm ·
150 mm, Agilent Technologies) that was maintained at
30 �C. The mobile phase used was a mixture of
acetonitrile:water: 0.1% formic acid at a flow rate of
0.5 ml/min. The mixture of acetonitrile:water was varied
in order to have the analyte retention time stay within a
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range of 3–4 min. Compounds eluting from the column
were identified by their characteristic retention time and
mass to charge (m/z) ratio, and quantified by
comparison to a standard curve prepared in artificial
CSF.
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Abstract—A novel series of heterocycle-based analogs were prepared and evaluated for their in vitro and in vivo biological activity
as human b3-adrenergic receptor (AR) agonists. Several analogs demonstrated potent agonist activity at the b3-AR, functional selec-
tivity against b1- and b2-ARs, and favorable pharmacokinetic profiles in vivo. Compound 17 increased oxygen consumption in rats,
a measure of energy expenditure, with an ED20% of 2 mg/kg.
� 2007 Elsevier Ltd. All rights reserved.

The use of human b3-adrenoreceptor (b3-AR) agonists
to increase metabolic rate has been widely studied as a
potential approach for the treatment of obesity.1 Since
the identification of the b3-AR some 25 years ago,2 there
have been numerous reports of arylethanolamine-based
b3-AR agonists, structurally related to the endogenous
catecholamines adrenaline and noradrenaline (Fig. 1).
Early work in the investigation of b3-AR agonists
revealed that the incorporation of acidic functionality
can confer selectivity for the b3 receptor over the
b1- and b2-adrenoreceptors,3 as in BRL-37344
(Fig. 1, 1)4 and CP-331679 (2).5 This selectivity is essen-
tial to avoid unwanted effects on heart rate (b1-medi-
ated) and blood pressure (b2-mediated), and as a result
many of the b3 agonists reported to date contain a car-
boxylic acid or an acid isostere.6 Unfortunately, because
these compounds are zwitterionic and often very polar,
they are frequently reported to suffer from poor absorp-
tion and low oral bioavailability.7
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Investigators at Merck have reported compounds in
which the carboxylic acid moiety is replaced by a less
acidic sulfonamide. Though many of these sulfonamides
possess excellent in vitro potency and selectivity profiles,
the potency is typically achieved at the expense of corre-
sponding increases in molecular weight and lipophilic-
ity.8 Subsequently, sulfonamides, such as clinical
candidate L-796568 (3, Fig. 2),9 suffer from low oral bio-
availability in preclinical species.10 As part of our efforts
to discover novel and selective b3-AR agonists which
also exhibit excellent pharmacokinetic properties, we
explored compounds which replace the acidic moiety
with neutral heterocycles, targeting compounds with
lower molecular weights and moderate c logP values.
We began our efforts by screening a number of heterocy-
cles as potential replacements for the carboxylic acid,
including imidazoles, triazoles, oxadiazoles, pyrazines,
thiazoles, and oxazoles, among others. While most of
the heterocycle replacements, as well as replacement
with a phenyl ring, led to greatly diminished potencies
at the b3-AR, we found that thiazoles and oxazoles were
well tolerated as carboxylic acid replacements.


The synthesis of the thiazole-containing analogs is
described in Schemes 1 and 2. Starting from commer-
cially available 4, the phenyl ring was acetylated using
a standard Friedel–Crafts procedure.11 Bromination12
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of the resulting ketone, followed by treatment with a
thioamide at elevated temperature, afforded the thiazole
7. Utilizing known pharmacophore replacements for the
potentially metabolically labile catechol moiety of the
endogenous hormones, we prepared analogs with 3-pyridyl
and chlorosulfonamidephenyl-containing ‘head groups.’
Analogs 11 were constructed using the previously
reported N-{2-chloro-5-[(2R)-oxiran-2-yl]phenyl}methane-
sulfonamide,13 and the 3-pyridyl analogs were prepared
from 7 in a two-step procedure using epoxide 8.14


Table 1 describes thiazole-containing analogs of the
structures 9 and 11, many of which possess full agonist
activity at the b3-AR (relative to the full agonist isopro-
teronol). Though several of the analogs have good selec-
tivity over b1- and b2-ARs, even the most potent of these
analogs lack the low-nanomolar b3-AR potency of com-
pound 3. Replacement of the 3-pyridyl head group with
a 3-chlorophenyl moiety, which has been widely used in
the b3-AR agonist literature, gave compounds with only
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Scheme 1. Reagents and conditions: (a) CH3COCl, AlCl3, CH2Cl2, 0 �C to r


15 h, 83%; (c) RCSNH2 (1 equiv), EtOH, 80 �C, 3 h, 90–100%; (d) concd H


formate, 10% Pd/C, MeOH, 16 h, rt, 77–90%.

micromolar activity at the b3-AR (data not shown). We
therefore investigated other structural modifications to
improve the b3-AR potency of these analogs.


A survey of linkers between the amine and phenyl
group (attached to the heterocycle) revealed that
greatly improved potencies could be achieved by
replacing the two carbon linker of 9 with an ethoxy
linker, as in compound 16 (Scheme 2). The synthesis
of these analogs began with a Mitsunobu16 reaction
on phenol 12 to introduce the ethanolamine linker.
Bromination of the ketone, followed by cyclization
to the thiazole and Cbz-deprotection under acidic con-
ditions, gave amine 15. Treatment of 15 with epoxide
8 and reduction of the pyridyl chloride gave analogs
of structure 16.


It was found that thiazoles bearing a range of small alkyl
or heterocyclic groups gave improved in vitro efficacy
and potency while retaining functional selectivity
against b1-AR and b2-AR (Table 2). In this series, the
pyridyl head group was found to be optimal, and 16a,
in which R = H, gave the best b3-AR potency
(EC50 = 27 nM, see Table 2). Methyl analog 16b, while
less potent (EC50 = 170 nm), had higher intrinsic agonist
activity (106%) than 16a. These analogs also possess
optimal physiochemical properties, as they are charac-
terized by excellent solubility,17 low molecular weights,
and moderate lipophilicity (for 16a: solubility >10 mg/
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Table 1. b-Adrenergic activities for thiazoles 9 and 1115


H
N


OH


S


N
R


Ar


Ar R b3-AR EC50 lM (IA,%) b1-AR IA% @ 30 lM b2-AR IA% @ 30 lM


3 0.003 (92) 1 1


9a 3-Pyridyl Me 1.36 (55) 6 7


9b 3-Pyridyl Et 2.25 (80) 7 9


9c 3-Pyridyl Ph 2.74 (108) 7 14


9d 3-Pyridyl 3-Pyridyl 1.19 (106) 21 17


9e 3-Pyridyl CF3 4.49 (94) 7 7


11a


H
N


Cl


S
O


O
Me 0.23 (121) 8 32


11b


H
N


Cl


S
O


O
Et 0.13 (95) 6 35


11c
H
N


S
O


O
Ph 0.49 (70) 6 19


Agonist activities were assessed by measuring cAMP levels in Chinese hamster ovary cells expressing cloned human b-ARs. Intrinsic activities (IA)


are expressed as a percentage of the maximal response of the full agonist isoproterenol. ND, not determined.
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mL, MW = 341, and c logP = 1.71). Despite their selec-
tivity in the functional assay, all of the compounds had
b1-AR binding affinities in the submicromolar range,
which could potentially lead to heart rate lowering ef-
fects in vivo, though this outcome was not measured
for these compounds.


In vivo pharmacokinetic studies carried out on 16a
showed the compound to have a good profile in rat, with
a bioavailability of 53%, a moderate clearance (26 mL/
min�1 kg�1), and volume of distribution (1.1 L/kg).
Compound 16b was characterized by a similar clearance
(21 mL/min�1 kg�1) and volume (0.9 L/kg) in rat, but a
lower oral bioavailability (25%). In dog, 16b had an im-
proved bioavailability (53%), a higher volume of distri-
bution (5.0 L/kg), and moderate clearance (23 mL/
min�1 kg�1).

Increases in resting oxygen consumption in rats have
been widely used as a surrogate measure of energy
expenditure produced by b3-AR agonists.18 Both 16a
and 16b, when dosed orally, showed significant increases
in resting oxygen consumption over a 2 h period (Table
3).19 Compound 16b gave a greater change in oxygen
consumption than 16a, perhaps because 16b is more po-
tent at the rat b3-AR than 16a.


As we continued our investigations of heterocyclic
replacements for the acid moiety, we found that oxaz-
oles could be employed to confer potent and selective
b3-AR agonism. In particular, we have found that oxaz-
oles attached to the phenyl ring at the 4-position of the
oxazole were potent b3 agonists, as shown in Table 4,
while the two isomeric oxazole analogs were at least
10-fold less potent.







Table 3. Increase in rat oxygen consumption


D VO2 (0–120 min) Rat b3-AR EC50 lM (IA, %)


3 mg/kg po 10 mg/kg po


16a 11% ND 0.026 (104)


16b 20% 32% 0.013 (113)


Table 4. Oxazole isomers


H
N


OH


O


N


R


R b3-AR EC50 lM (IA, %)a


17
N


O 0.020 (94)


18
O


N 0.20 (98)


19
O


N
0.52 (24)


a Agonist activities were assessed by measuring cAMP levels in Chinese


hamster ovary cells expressing cloned human b-ARs. IA, intrinsic


agonist efficacy, expressed as a percentage of isoproterenol


maximum.


Table 2. b-Adrenergic activities for series 16b


H
N


O


S
N


R


OH


N
16


R Functional activitya Binding Ki
b (lM)


b3-AR EC50 lM (IA, %) b1-AR IA,% at 30 lM b2-AR IA,% at 30 lM b2 (KiH)c b1 b1/b3


16a H 0.027 (85) 2 4 0.01 0.14 14.2


16b Methyl 0.17 (106) <5 <5 0.12 0.10 0.80


16c CF3 0.20 (150) <6 9 NDd 0.10 —


16d Ethyl 0.17 (106) 7 19 ND 0.037 —


16e c-Pentyl 0.29 (159) 11 47 ND 0.13 —


16f Phenyl 0.58 (53) 14 18 0.50 0.15 0.15


16g 3-Pyridyl 0.12 (121) 10 21 ND 0.12 —


16h 4-Pyridyl 0.065 (106) 17 22 ND 0.097 —


a Agonist activities were assessed by measuring cAMP levels in Chinese hamster ovary cells expressing cloned human b-ARs. IA, intrinsic agonist


efficacy, expressed as a percentage of isoproterenol maximum.
b Receptor binding assays were carried out with membranes from CHO cells expressing the cloned human receptor in the presence of 125I-


iodocyanopindolol.
c KiH, the inhibition constant for a drug representing the high affinity, agonist preferring binding site. Analysis of competition binding was best fit


using a two-site binding analysis.
d ND, not determined.
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A survey of alkyl substitution on the oxazole ring
(Table 5) showed that, as with the thiazoles, smaller
substituents conferring minimal steric bulk afforded
the best potencies. As shown in entries 26 and 27,
substitution on the 5-position of the oxazole led to a
dramatic drop in b3-AR activity. Similarly, alkyl
substitution on the adjacent phenyl ring was not well

tolerated, and modifications to the linker and pyridyl
head group typically resulted in diminished activity
or selectivity (data not shown). As in the thiazole ser-
ies, the –CH2CH2O– linker gave improved potencies
over the ethano linker.


Of these analogs, the most potent and selective com-
pound identified was compound 17. In the functional
cAMP assay, this compound is a full agonist at the b3-
AR (EC50 = 20 nM), and in the binding assay, com-
pound 17 has a KiH at b2 of 10 nM. It exhibits weak
binding affinity and exhibits antagonist properties at
the b1- and b2-ARs with no intrinsic agonist activity
(functional Kb’s: b1 > 500 nM, b2 > 1500 nM).20


The synthesis of compound 17 is shown in Scheme 3.
Starting from bromoketone 28,21 treatment with a neat
solution of formamide at elevated temperatures afforded
oxazole 29 in moderate yield. Demethylation with
methanesulfonic acid and methionine,22 followed by
alkylation with mesylate 3123, gave compound 32. In
this series it was found that the Mitsunobu reaction used
to alkylate the phenol in the thiazole series was not high
yielding, perhaps because compound 30 bears a less
acidic phenol than Mitsunobu substrate 12. Hydrogena-
tion led to the liberated primary amine 33, which was
treated with epoxide 814 to install the chiral ethanol-
amine of compound 34. Finally, hydrogenation to re-
move the chlorine on the pyridyl ring provided the
target compound 17 in good yield.


Studies on compound 17 have shown this analog to have
an excellent PK profile in both rat and dog (see Table 6).
Based on this promising profile, 17 was progressed into
rat oxygen consumption studies, and was shown to in-
crease oxygen consumption at all doses tested (0.3, 1,
3, and 10 mg/kg of crystalline HCl salt), ranging from







Table 5. A survey of oxazole substitution


H
N


OH


O


N


O


R


N


R'


R R 0 Functional activitya Binding Ki
b (lM)


b3-AR EC50 lM (IA, %) b1-AR IA, % at 30 lM b2-AR IA, % at 30 lM b2 (KiH)c b1 b1/b3


17 H H 0.020 (94) 0 2 0.010 0.20 20


20 Me H 0.037 (111) 4 7 0.021 0.40 19


21 Et H 0.057 (133) 6 14 0.037 0.40 11


22 i-Pr H 0.057 (135) <10 26 0.049 0.36 7.4


23 CH2OCH3 H 0.047 (110) 8 13 NDd 0.21 ND


24 CH2OBn H 0.22 (137) 12 32 ND 0.05 ND


25 CH2OH H 0.042 (94) 5 4 0.03 0.27 8.6


26 H Me 0.309 (80) 2 0 ND 0.17 ND


27 Me Me 0.606 (75) 2 0 ND 1.55 ND


a Agonist activities were assessed by measuring cAMP levels in Chinese hamster ovary cells expressing cloned human b-ARs. IA, intrinsic agonist


efficacy, expressed as a percentage of isoproterenol maximum.
b Receptor binding assays were carried out with membranes from CHO cells expressing the cloned human receptor in the presence of


125I-iodocyanopindolol.
c KiH, the inhibition constant for a drug representing the high affinity, agonist preferring binding site. Analysis of competition binding was best fit


using a two-site binding analysis.
d ND, not determined.
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Table 6. Compound 17 pharmacokinetic profile


Rat Dog


F (%) 66 59


t1/2 (h) (IV) 1.4 5.1


Cl (mL/min kg) 13 6


Vss (L/kg) 0.89 2.8


Table 7. Increase in rat oxygen consumption for compound 17


(0–2 h)19


Dose (mg/kg) Increase in oxygen consumption (%)


0.3 8 ± 2


1 11 ± 1


3 29 ± 4


10 42 ± 6
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an 8% increase at the low dose to a 42% increase at
10 mg/kg (Table 7). The ED20% was determined to be
�2 mg/kg (1.6 mg/kg of active), which compares favor-
ably to data previously reported for b3-AR agonists in
rat oxygen consumption studies.24 Despite the signifi-

cant increases in oxygen consumption observed, only
relatively small increases in heart rate were observed in
rats (ca. 10% increase at the high dose of 10 mg/kg), a
finding which corroborates the in vitro selectivity data
for the compound.
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In conclusion, we have identified a novel series of potent
b3-AR agonists which lack the acidic moiety present in
most selective b3 agonists, demonstrating that thiazoles
and oxazoles are in this case viable pharmacophore
replacements for carboxylic acids. The reported com-
pounds were designed with moderate molecular weights
and lipophilicities to have drug-like physiochemical
properties, and several compounds show good pharma-
cokinetic profiles and in vivo efficacy in rats. Impor-
tantly, compound 17 has been shown to have minimal
heart rate effects in preclinical animal studies. Based
on their pharmacological and pharmacokinetic profiles,
these b3-AR agonists show promise as novel therapeu-
tics for the treatment of obesity.
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Abstract—A series of pyrrolidine derivatives were synthesized and characterized as potent agonists of the human melanocortin-4
receptor. For example, 28c had a Ki of 13 nM in binding affinity and EC50 of 6.9 nM in agonist potency with an intrinsic activity
of 100% of the endogenous ligand a-MSH.
� 2007 Elsevier Ltd. All rights reserved.

The melanocortin-4 receptor (MC4R) is a member of
the G-protein-coupled receptor superfamily, and plays
an important role in regulating feeding behavior and
other biological functions.1 Therefore, MC4R agonists
have been extensively studied in an effort to discover
small molecules for the treatment of obesity.2 Several
MC4R agonists from different chemical classes have
been reported.3 For example, compound 1 (Fig. 1),4


characterized as a potent and selective MC4R agonist,
has demonstrated efficacy in obesity models in rodents.5


A series of phenylpiperazines 2–5 have been reported by
several research groups. Richardson and coworkers
have reported that compound 2 (EC50 = 71 nM) is mod-
erately active, while its imidazole derivative 4
(EC50 = 14 nM) possesses potent agonist activity at
hMC4R.6 The methanesulfonamide 3 as an MC4R ago-
nist has been reported by Dyck,7 Richardson,6 and
Fotsch and coworkers.8 In addition, a N,N-dimethylam-
inomethyl analog 5 (Ki = 60 nM, EC50 = 7 nM) exhibits
good binding affinity and agonist potency.6 We have
also found that an additional amino group at this site
improves the interaction of this series of compounds
with the receptor.9 For example, compound 6
(Ki = 6.4 nM, EC50 = 3.8 nM) is a 100-fold more potent
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agonist than the sulfonamide 3 (EC50 = 380 nM) in our
assay.7 Recently, we have discovered that benzylamine
with a small alkyl group at the benzylic position in-
creases the binding affinity of a series of antagonists
such as 8.10


Ujjainwalla has recently reported that a series of pyrroli-
dines are potent and selective MC4R agonists.11 For
example, compound 9 has an EC50 of 2 nM in a MC4R
functional assay and an IC50 of 14 nM in a binding assay.
One advantage of this compound is that it is less peptide-
like than 1. Here we report our exploratory work on the
combination of the pyrrolidine moiety in 9 with the
piperazinbenzylamine functionality in our MC4R antag-
onist template 8 to synthesize potent MC4R agonists.


The trans-N-isopropylpyrrolidine carboxylic amides
14–19 were synthesized by the reaction of trans-1-tert-
butoxycarbonyl-4-(4-chlorophenyl)pyrrolidine-3-car-
boxylic acid 11 with a variety of phenylpiperazines
12a– f under coupling conditions, followed by deprotec-
tion of the Boc-group of 13 and reductive alkylation with
acetone as shown in Scheme 1. For compounds 17–19,12


an HCl/MeOH treatment was required to remove the
tert-butylsulfinyl group before purification (Scheme 1).


Reduction of benzonitrile 15 with sodium borohydride
catalyzed with nickel chloride afforded the benzylamine
20a, which was converted to the corresponding
methanesulfonamide 20b. Reductive alkylation of 20a
with isobutyraldehyde provided the secondary amine
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Figure 1. Small molecules as hMC4R ligands.
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24a, which was coupled with b-alanine to give the amide
25 (Scheme 2).


The benzaldehyde 13c was derivatized as described in
Scheme 3. Reductive alkylation of 13c, after a TFA

15


N


O
N


Cl


N


HN


20a: R' = H
20b: R = MeSO2


a


R'


b


Scheme 2. Reagents and conditions: (a) NiCl2/NaBH4/EtOH/60 �C, 24 h;


CH2Cl2/rt, 8 h; (d) i—N-Boc-b-Ala-OH/EDC/HOBt/Et3N/CH2Cl2/rt, 2 h; ii—

treatment to remove the Boc-group, with acetone affor-
ded the benzylalcohol 21, which was converted to the
corresponding mesylate, followed by nucleophilic
replacement with various imidazoles, triazoles, and pyr-
azoles to give compounds 22. Oxidation of 13c with

c
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PCC gave the benzaldehyde 16, which was subjected to
reductive amination with secondary or primary amines
to afford the tertiary or secondary amines 23 and 24,
respectively (Scheme 3).


Reductive alkylation of 17 with excess of formaldehyde
afforded the N,N-dimethylamine 26. Acetylation of 17
with acetic anhydride in the presence of DMAP gave
the acetamide 27a. Coupling reactions of 17–19 with a
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variety of Boc-protected amino acids under peptide
coupling conditions provided the corresponding amides
27, 28, and 29, respectively, after Boc-deprotection
(Scheme 4). A sulfonamide 30 was also obtained by
the reaction of 19 with methanesulfonyl chloride. All
final compounds were tested in a binding assay using
membranes from HEK293 cells transfected with the
hMC4R and [125I]-NDP-MSH as the radioligand, and
the results are listed in Tables 1 and 2. The functional
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Table 2. Binding affinity and agonist potency of phenylpiperazines at hMC4
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Table 1. Binding affinity of phenylpiperazines at hMC4R


N


O
N


Cl


N


14-16, 20-25


W


Compound W Ki (nM)


14 MeO 520


15 CN 4800


16 CHO 1150


20a NH2CH2 1100


20b MeSO2NHCH2 1700


22a Imidazol-1-yl-CH2 220a


22b 2-Methylimidazol-1-yl-CH2 280


22c 5-Methylimidazol-1-yl-CH2 250


22d 1,2,4-Triazol-4-yl-CH2 580


22e 1,2,4-Triazol-1-yl-CH2 320


22f 1,2,3-Triazol-1-yl-CH2 420


22g Pyrazol-1-yl-CH2 490


23a Me2NCH2 1200


23b Et2NCH2 1200


23c (Me2CHCH2)2NCH2 1100


23d MeOCH2CH2N(Me)CH2 320


23e Pyrrolidin-yl-CH2 550


23f Piperidin-1-yl-CH2 950


23g Piperazin-1-yl-CH2 360


23h 4-Methylpiperazin-1-yl-CH2 840


23i 4-Aminopiperidin-1-yl-CH2 92b


24a Me2CHCH2NHCH2 510


24b NH2CH2CH2NHCH2 230


24c MeNHCH2CH2NHCH2 270


24d Azetidin-3-yl-NHCH2 520


24e Azetidin-3-yl-N(Me)CH2 240


24f Piperidin-4-yl-CH2 190


24g Pyridin-3-yl-NHCH2 1600


24h 2-NH2C6H4NHCH2 1400


25 Me2CHCH2N(COCH2CH2NH2)CH2 450


a This compound exhibited partial agonist activity in a functional assay


(EC50 = 320, IA = 52%).
b Partial agonist (EC50 = 390, IA = 40%).
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activity of selected compounds was tested using a cAMP
assay as previously described,13 and the results are listed
in Table 2.


The 2-methoxy compound 14 displayed a moderate
binding affinity (Ki = 520 nM), while the 2-cyano analog
15 and 2-carboxaldehyde 16 possessed lower affinity. In
comparison, the 2-methoxyphenylpiperazine with Tic-
(4-Cl)Phe dipeptide 2 (Fig. 1) has been reported by
Richardson to have a Ki of 1100 nM.6 The 2-amino-
methyl compound 20a displayed similar binding affinity
to its methanesulfonamide analog 20b (Ki = 1700 nM),
which was less potent than its dipeptide counterpart
(3, Ki = 210 nM reported, 250 nM in our assay).6


However, the imidazole 22a (Ki = 220 nM) possessed a
Ki value similar to its dipeptide analog 4 (Ki = 110 nM,
reported). The variation of this functional group (tria-
zole and pyrazole) resulted in compounds with similar
affinity (22b–g, Ki = 280–580 nM). In our functional
assay, 22a only exhibited partial agonism with moderate
potency (EC50 = 320 nM, IA = 52%). In comparison,
the dipeptide 4 (EC50 = 14 nM) is a full agonist with
high potency as reported.6 Similarly, the N,N-dimethy-
laminomethyl 23a (Ki = 1200 nM) was also much less
potent than its dipeptide analog 5 (Ki = 60 nM, re-
ported),6 and this trend was further confirmed by 23b
and cyclic amines, such as pyrrolidine 23e and piperidine
23f (Ki’s 34, 24, and 27 nM, and EC50’s 14, 39, and
37 nM, respectively, have been reported for the dipep-
tide analogs of 23b, 23e, and 23f).6 The current series
of compounds possessed low binding affinity and no
clear structure–activity relationship at this site of the
molecule (Table 1), which is somewhat different from
the Tic-(4-Cl)Phe compounds 2 and analogs.


Previously we have found from the SAR study of the
Tic-(4-Cl)Phe dipeptide series that an additional amine
on the benzylamine side chain increases potency. For
example, compound 6 possesses a Ki of 6.4 nM and an
EC50 of 3.8 nM. We tried a set of diamines on the cur-
rent series (23h–i and 24b–h), and the most potent binder
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Table 2 (continued)


Compound R3 Ki (nM) EC50 (nM) Emax (%)


27a Me 47 b 35


27b CH2NMe2 7.1 170 100


27c CH2CH2NMe2 4.7 16 102


28a CH2NHMe 11 16 114


28b R-CH(Me)NH2 4.4 9.0 70


28c CH2CH2NH2 13 6.9 100


29a CH2NH2 8.9 44 115


29b CH2NHMe 7.7 67 63


29c CH2NMe2 17.3 52 99


29d R-CH(Me)NH2 4.9 31 103


29e S-CH(Me)NH2 47 210 104


29f CH2CH2NH2 8.7 4.6 95


29g CH2CH2NMe2 10 91 76


29h Azetidin-3-yl 18 6.6 80


30 87 450 96


a Data are average of two or more independent measurements. The affinity measurements for each compound differed by less than 3-fold, resulting in


an average coefficient of variance of 25% for the binding assay Ki values and 32% for the functional assay EC50 values.
b Not determined.
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in this series was the 4-aminopiperidine 23g
(Ki = 94 nM), which possessed only moderate potency
and partial agonism (EC50 = 390 nM, IA = 40%).


We then focused our efforts on the benzylamines with a
small aliphatic group such as isopropyl or isobutyl
moiety which has been demonstrated to improve binding
affinity for a series of MC4R antagonists. For example,
compound 7 has a Ki of 490 nM in the binding assay,
while its isobutyl analog as an S-configure isomer 8 pos-
sesses a Ki of 74 nM, about 7-fold improvement. Thus,
compound 17 had a Ki of 12 nM in binding affinity, which
was almost 100-fold better than the simple benzylamine
20a (Ki = 1100 nM, Table 1).14 More importantly, 17
possessed good agonist activity (EC50 = 105 nM, IA =
99%). The 6-fluoro-analog 18 was somewhat less potent
compared to 17. Though the a-isobutyl compound 19
was less potent in the functional assay (Ki = 26 nM,
EC50 = 1100 nM), its binding affinity was much better
than the N-isobutylamine 24a (Ki = 510 nM).15


We have also demonstrated that adding an amino acid
to the benzylic amine increases binding affinity for a
series of MC4R antagonists. For example, compound
10 possesses a Ki of 7.5 nM.16 Thus, while the N,N-
dimethylglycine 27b had a minimal effect on both bind-
ing affinity and agonist potency over its parent 17, the
N,N-dimethyl-b-alanine 27c (EC50 = 16 nM) greatly
improved its potency. In comparison, the acetyl deriva-
tive of 17 reduced its binding affinity (27a, Ki = 47 nM).
Like 27a (IA = 35%), N,N-dimethylation of 17 also re-
duced agonist efficacy (26. IA = 44%). The b-alanine
derivative of 18 increased its potency about 40-fold
(28c, EC50 = 6.9 nM), and sarcosine and DD-alanine
derivatives (28a–b) were also potent MC4R agonists.
Another b-alanine analog 29f (Ki = 8.7 nM,
EC50 = 4.6 nM) derived from 19 displayed high
potency, which was over 200-fold better than its parent
19 in agonist potency and 50-fold better in binding
affinity than the tertiary amide 25 (Ki = 450 nM).15


For a pair of alanine stereoisomers, the R-configured

29d (EC50 = 31 nM) was about 7-fold more potent than
its S-isomer 29e, demonstrating a stereo-effect and sug-
gesting specific interaction of this amino group with the
receptor. Finally, the methanesulfonamide 30 was less
potent in binding affinity than its parent 19, and this
result was similar to that from the pair of 20a and
20b, further demonstrating the importance of an amine
group in receptor binding.


In conclusion, a series of pyrrolidines derived from piper-
azinebenzylamines were synthesized, and potent agonists
of the human melanocortin-4 receptor were identified.
While derivatives from the simple benzylamine 20a did
not yield a potent MC4R agonist, compounds with an
additional benzylic isopropyl or isobutyl group exhibited
improved agonist activity (17–19). Further increases in
potency were achieved by introducing an amino acid such
as b-alanine. Thus, 28c, 29f, and 29h possessed EC50 val-
ues of less than 10 nM.
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Abstract—4 OSW-1 analogues featuring modified carbohydrate moieties were prepared. The purpose of these modifications was to
assess the importance of certain chemical functions with respect to biological activity. The synthesis and biological activity of the
target molecules are shown.
� 2007 Elsevier Ltd. All rights reserved.

OSW-1 (1) (Fig. 1) belongs to a family of saponins
endowed with considerable antitumor properties.
Considering the complex structure of this molecule,
however, discovery of improved, simpler, and more
‘drug-like’ analogues is a prerequisite to potential clini-
cal uses. To this effect, research efforts aimed at identify-
ing the structural elements required for biological
activity have been initiated by several research groups.
These studies mainly include modification of the substi-
tution pattern at OH-2 and OH-2 0,1,2 (see Fig. 1 for
atom numbering) and replacement of the natural steroi-
dal moiety by other types of aglycones including simple
alcohols.3 In particular, we recently showed that
replacement of the natural cholestane aglycone in
OSW-1 by an estrane moiety was possible albeit at the
cost of some activity loss.3c


Regarding the carbohydrate part of the molecule, it has
been established that the 2-O-acetyl and 2 0-O-4-meth-
oxybenzoyl (or -cinnamyl) groups (see Fig. 1) are impor-
tant for biological activity.4 However, the role (if any) of
the remaining OHs on the carbohydrate backbone is not
known. To contribute to answering this question we
have now synthesized and evaluated a short series of

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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simplified OSW-1 analogues, modified on the disaccha-
ride moiety.5


In order to facilitate the comparison of biological activ-
ities, the OSW-1 estrane analogue (2) that we recently
prepared and for which we have accurate biological data
was chosen as lead molecule. We then selected the target
molecules shown in Figure 2 which were specifically
designed to answer specific questions.


In compound 3, the role of the 4-methoxybenzoyl
groups (pMBz) is examined.


In compounds 4 and 5 the role of the substituent on C-4
is examined.


In compound 6, the key acetate and pMBz groups are
present but the xylose moiety is replaced by a simple,
semi-rigid spacer.


The preparation of analogue 3 is depicted in Scheme 1:
a-benzyl-DD-xylopyranoside 76 was first converted to the
protected disaccharide 17. Although the sequence is
classical, its efficacy was severely hampered by the facile
C2! C1 silyl migration during the preparation of inter-
mediates 10 and 11. Compound 11 (containing 40% of
isomer 10) was allowed to react with the partially pro-
tected LL-arabinoside 126 to afford a mixture of 1! 3
and 1! 4 disaccharides (14 and 13, respectively).
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Scheme 1. Reagents and conditions: (a) TESCl, imidazole, DMAP, DMF, 20 �C, 2 h, 70%; (b) Pd(OH)2/C, Na2CO3, H2, AcOEt, 20 �C, 24 h, 8 35%,


9 5%, 10 56%; (c) Cl3CCN, DBU, CH2Cl2, 20 �C, 3 h; (d) BF3-OEt2, CH2Cl2, 4 mol sieves, �60 �C, 10 min then warm up to 20 �C in the course of


30 min, mixture of 13 + 14 38% (from 12); (e) TESOTf, CH2Cl2, 2,6-lutidine, �20 �C, 1 h, total yield 15 + 16 87% ; (f) Na2CO3, Pd(OH)2/C, H2,


AcOEt, 20 �C, 22 h, 67%; (g) Cl3CCN, DBU, CH2Cl2, 20 �C, 2 h; (h) TMSOTf, CH2Cl2, 4 mol sieves, �20 �C, 1 h; (i) PdCl2(CH3CN)2, acetone/H2O


20/1, air, 20 �C, 15 h; (j) TBAF, THF, 22% (from 19).
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Silylation of the 4-hydroxyl group in 14 furnished 16
and hydrogenolysis of the anomeric benzyl group led
to 17 which was converted to trichloroacetimidate 18.
Condensation of the latter with the protected aglycone
193c afforded the 2 0-debenzoylated OSW-1 analogue
20. Sequential removal of the TES and ethyleneketal
protecting groups (PdCl2(CH3CN)2) and cleavage of
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19).

the phenolic TBDMS ether with tetra-n-butyl ammo-
nium fluoride (TBAF) followed by chromatography (sil-
ica gel, eluent: MeOH/CH2Cl2 1:15)7 provided crude 3.


Our next target was the 4-deoxy analogue 4 (Scheme 2).
Formation of the 3,4-stannylene 22 followed by expo-
sure to chloro-triethylsilane afforded a ca. 4:1 mixture
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Table 1. Effects of OSW-1 analogues on tumor cell growth (primary


assay) 8


Compounds IC50 (lM)


NCI-H460 MDA-MB-231


Assay 1


2 0.26 0.68


Cisplatin 0.28 4.44


Assay 2


3 9.98 6.94


Cisplatin 0.42 5.78


Assay 3


4 13.7 10.9


5 2.59 1.71


Cisplatin 0.41 4.23


Assay 4


6 5.75 18.2


Cisplatin 0.58 7.44
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of monosilyl ethers 23 and 24 which was treated with
1,1-thiocarbonyldiimidazole. From the resulting mixture

Table 2. Effects of OSW-1 analogues on tumor cell growth (secondary assay


Compounds


NCI-H460 T-47D MDA-MB-231


Assay 5


2 0.44 0.71 1.01


Cisplatin 0.66 11.5 7.85


Adriamycin 0.0071 0.057 0.17


Assay 6


5 5.34 2.81 0.85


Cisplatin 0.48 7.62 3.04


Adriamycin 0.0037 0.027 0.10


NT, not tested.

of thiocarbonyl derivatives, the desired 3-OTES isomer
25 could be isolated by chromatography and, upon
treatment with Bu3SnH, afforded the corresponding
deoxy derivative 26. Compound 26 was converted to
the desired protected disaccharide 30 via a short se-
quence: removal of the silyl protecting group, coupling
with the trichloroacetimidate 28,6 and debenzylation of
the resulting benzyl glycoside 29 afforded the (LL)-4-
deoxy-3-[b-(DD)-xylopyranosyl]-arabinose 30. The latter
was readily converted to the corresponding 1-trichloro-
acetimidate 31 which was coupled with aglycone 19.
Standard deprotection procedures as for 21 successively
gave 32, 33, then the 4-deoxyanalogue of OSW-1 4.


The fluorinated analogue 5 was prepared as depicted in
Scheme 3. The benzyl xyloside 7 was treated with DAST
to afford 4-deoxy-4-fluoro-a-LL-arabinopyranoside 34.
Acetylation yielded 2-O-acetyl-4-deoxy-4-fluoro-a-LL-
arabinopyranoside 35 as the major product along with
3-O-acetyl-4-deoxy-4-fluoro-a-LL-arabinopyranoside 36
and 2,3-di-O-acetyl-4-deoxy-4-fluoro-a-LL-arabinopyr-
anoside 37. Coupling of 35 with trichloroacetimidate
28 gave the protected, fluorinated disaccharide 38 which

)


IC50 (lM)


A498 PC-3 DLD-1 HCT116 UO31


0.43 1.40 1.18 NT NT


2.11 3.62 2.21 NT NT


0.048 0.36 0.10 NT NT


0.30 0.68 1.72 2.90 0.056


1.99 2.54 1.93 1.71 1.04


0.035 0.20 0.13 0.037 0.10
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led to the OSW-1 analogue 5 via a sequence similar to
that used for the preparation of 4.


To complete this series of structure/activity relation-
ships, we needed to prepare an analogue with a sim-
plified disaccharide moiety in which only the
structural elements believed to be required for bio-
logical activity are present. The target molecule 6
whose preparation is depicted in Scheme 4 and in
which OH-3 0 and OH-4 0 have been removed fulfils
these requirements. Compound 6 features a 3-
deoxy-DD-erythrofuranose moiety which in our view
is the minimal structure allowing the presentation
of the key PMBz group while maintaining a high
degree of rigidity.


The antitumor activity of the four new OSW-1
analogues was first evaluated using non small-cell lung
cancer cells NCI-H460 and breast cancer cells MDA-
MB-231 (Table 1). The OSW-1 estrane analogue 2
and cisplatin were used as positive controls. The best
compound according to this first series of experiments
was then evaluated in additional cellular assays (Table
2). Adryamycin (Doxorubicin) was added as positive
control. In the primary assay, the analogue 3 lacking
the pMBz group showed only weak activity, in line
with results from the literature obtained with related
compounds. Surprisingly, an even lower level of
activity was observed for 4, despite the presence of
the key Ac and pMBz groups. This strongly suggests
that the 4-OH group plays a crucial role for the bio-
logical activity (perhaps as a H-bond donor or accep-
tor). Introduction of the polar fluorine atom at C-4
partially restores activity. Indeed 5 is the only ana-
logue with activity approaching that of the parent
molecule 2 in the MDA-MB-231 assay (see Table 1).
Finally, compound 6, which features the key Ac and
pMBz groups as well as the arabinose moiety found
in OSW-1, showed only weak activity in the NCI-
H460 assay and was almost inactive on MDA-MB-
231 cells.


The fluorocompound 5 was then submitted to a series of
tests using a broad variety of cell lines. Overall, 5 ap-
pears to be somewhat less active than the parent mole-
cule 2. Noteworthy, however, is the good activity of 5
in several assays (columns 5, 6, and 9 in Table 2).


In conclusion, modification of the disaccharide part of
an analogue of OSW-1 led to dramatic changes in bio-
logical activity. It appears that, besides the two acyl
groups (Ac and pMBz), whose role is already docu-
mented, additional factors are important for activity.
From the present work, OH-4 clearly appears to be cru-
cial and the lack of activity of 6 suggests that the integ-
rity of the acylated xylopyranoside moiety is equally
important.
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(1H, d, J = 7.5 Hz), 4.66 (1H, d, J = 7.0 Hz), 4.46 (1H, bs),
4.34 (1H, dd, J = 11.2, 4.9 Hz), 4.31–4.15 (3H, m), 4.14
(1H, dd, J = 9.4, 4.9 Hz), 4.09 (1H, t, J = 8.6 Hz), 3.85 (1H,
t, J = 8.1 Hz), 3.77 (1H, dd, J = 11.8, 1.5 Hz), 3.70 (1H, dd,
J = 11.1, 10.0 Hz), 3.35 (1H, q, J = 7.4 Hz), 2.95–2.74 (4H,
m), 2.46 (1H, dt, J = 13.1, 7.6 Hz), 2.39 (3H, s), 2.36–2.10
(4H, m), 1.79–1.40 (8H, m), 1.34 (3H, d, J = 7.2 Hz), 1.32–
1.22 (2H, m), 0.99 (3H, s), 0.96 (3H, d, J = 5.9 Hz), 0.93
(3H, d, J = 5.9 Hz). 13C NMR (100.62 MHz, C5D5N)
d = 218.9, 169.9, 156.7, 138.2, 131.5, 126.9, 116.3, 113.8,
106.8, 101.6, 88.1, 85.7, 80.2, 78.3, 74.2, 72.2, 70.9, 68.9,
67.2, 66.8, 47.3, 47.0, 46.4, 44.0, 39.4, 39.2, 34.8, 33.1, 32.8,
30.1, 28.2, 27.9, 26.8, 22.8, 22.5, 21.5, 13.6, 11.8. MS
(FAB) m/z:721 (M++H), 744 (M++H+Na); HRMS (FAB)
Calcd for C38H57O13:721.3799 (M++H), found:721.3829,
Calcd for C38H57NaO13:744.3697 (M++H+Na),
found:744.3668.
Compound 4. 1H NMR (400 MHz, C5D5N) d = 8.34 (2H, d,
J = 9.0 Hz), 7.30 (1H, d, J = 8.6 Hz), 7.10 (2H, d,
J = 8.8 Hz), 7.07 (1H, dd, J = 7.3, 2.5 Hz), 6.99 (1H, d,
J = 2.5 Hz), 5.73 (1H, dd, J = 9.0, 7.8 Hz), 5.04 (1H, d,
J = 7.8 Hz), 4.98 (1H, dd, J = 6.8, 5.3 Hz), 4.85 (1H, s), 4.51
(1H,d, J = 5.3 Hz), 4.36 (1H, broad d, J = 11.3 Hz), 4.28–
4.26 (3H, m), 4.13 (1H, dd, J = 7.6, 5.0 Hz), 4.09–4.01 (2H,
m), 3.74 (3H, s), 3.68 (1H, d, J = 7.8 Hz), 3.47 (1H, ddd,
J = 11.7, 8.8, 2.9 Hz), 3.22 (1H, q, J = 7.5 Hz), 2.91–2.81
(1H, m), 2.76 (1H, broad dd, J = 16.8, 5.0 Hz), 2.69–2.61
(1H, m), 2.57–2.49 (1H, m), 2.41 (1H, dt, J = 13.4, 7.4 Hz),
2.36–2.10 (6H?, m), 2.02 (3H, s), 2.02–1.93 (1H, m), 1.81–
1.70 (2H, m), 1.65–1.44 (4H, m), 1.32 (3H, d,
J = 7.6 Hz),1.35–1.25 (1H, m), 1.04 (3H, s), 0.90 (3H, d,
J = 6.1 Hz), 0.88 (3H, d,J = 6.1 Hz).3C NMR (100.6 MHz,
C5D5N) d = 218.9, 169.1, 165.5, 163.8, 156.6, 138.1, 132.3
(2C atom), 131.5, 126.8, 116.2, 114.1 (2C atom), 113.8,
103.7, 100.8, 88.4, 85.9, 76.8, 76.5, 75.3, 73.1, 71.0, 67.1,
59.6, 55.4, 47.2, 46.9, 46.3, 43.9, 39.2 (2C atom), 34.6, 33.0,
32.6, 31.7, 30.0, 28.2, 27.7, 26.8, 22.5, 22.4, 20.9, 13.7, 11.9.
MS (FAB) m/z: 839 (M++H), 862 (M++H+Na); HRMS
(FAB) Calcd for C46H63O14: 839.4218 (M++H), found:
839.4182, Calcd for C46H63NaO14: 862.4116 (M++H+Na),
found: 862.4127.
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Compound 5. 1H NMR (400 MHz, C6D6) : d = 8.07 (2H, d,
J = 8.6 Hz), 7.10 (1H, d, J = 8.6 Hz), 6.59 (2H, d,
J = 8.6 Hz), 6.48 (1H, d, J = 8.3 Hz), 6.34 (1H, broad s,),
5.23 (1H, t, J = 6.5 Hz), 5.16 (1H, t, J = 3.7 Hz), 5.03 (1H,
broad s), 4.71 (1H, s), 4.43 (1H, d, J = 49.4 Hz), 4.34 (1H,
d, J = 6.0 Hz), 4.27 (near CH2Cl2, 1H, d, J = �11 Hz), 4.16
(1H, t, 6.6 Hz), 3.89 (1H, s), 3.86 (1H, broad s), 3.78 (1H,
m), 3.62 (2H, m), 3.46, (1H, dd, J = 12.5, 4.0 Hz), 3.21 (1H,
q, J = 7.2 Hz), 3.14 (3H, s), 3.00 (1H, d, J = 4.0 Hz), 2.91
(2H, m), 2.77–2.29 (�7H, m), 2.27–2.14 (3H, m), 1.90 (3H,
s), 1.83–1.39 (9H, m), 1.30 (2H, m), 1.25 (3H, d,
J = 7.6 Hz), 0.98 (3H, s), 0.92 (3H, d, J = 6.3 Hz), 0.88
(3H, d, J = 6.3 Hz). 13C NMR (100.6 MHz, C6D6):
d = 132.2, 115.5, 114.2, 113.0, 100.2, 99.5, 90.1, 71.6, 70.1,
70.7, 69.1, 62.3, 61.7, 54.9, 47.1, 43.7, 39.2, 32.9, 30.0, 27.2,
26.8, 22.8, 22.4, 20.7, 13.9, 11.8. MS (FAB) m/z: 857
(M++H), 880 (M++H+Na); HRMS (FAB) Calcd for
C46H62FO14: 857.4124 (M++H), found: 857.4155, Calcd
for C46H62FNaO14: 880.4021 (M++H+Na), found:
880.4010.
Compound 6. 1H NMR (400 MHz, pyridine-d5)d = 11.16
(1H, br s), 8.18 (2H, d, J = 8.8 Hz), 7.32 (1H, d, J = 8.6 Hz),
7.10–7.01 (4H, m), 5.74 (1H, s), 5.64–5.53 (2H, m), 4.99 (s
very b), 4.92 (1H, s), 4.72 (1H, d, J = 4.8 Hz), 4.38 (1H, m),
4.16–4.29 (5H, m), 3.78 (1H, dd, J = 11.4, 2.3 Hz), 3.72
(3H, s), 3.47 (1H, q, J = 7.3 Hz), 2.93–2.73 (4H, m), 2.52–
2.45 (1H, m), 2.29 (3H, m), 2.40–2.14 (5H, m), 2.05–1.98
(1H, m), 1.79 (2H, m), 1.71–1.48 (6H, m), 1.39 (3H, d,
J = 7.6 Hz), 1.36–1.24 (2H, m), 1.10 (3H, s), 0.92 (3H, d,
J = 6.3 Hz), 0.88 (3H, d, J = 6.3 Hz).
13C NMR (100.6 MHz, pyridine-d5): d = 218.9, 171.8,
167.8, 166.2, 158.7, 140.2, 134.1, 133.5, 129.0, 118.3,
116.3, 115.9, 108.5, 103.0, 91.2, 87.9, 80.5, 78.5, 73.1,
69.0, 66.8, 57.5, 49.3, 49.1, 48.6, 46.0, 41.6, 41.4, 36.5, 35.1,
34.8, 32.1, 31.9, 30.2, 29.9, 28.9, 24.7, 24.4, 23.1, 15.8, 14.0.
MS (FAB) m/z: 809 (M++H), 832 (M++H+Na); HRMS

(FAB) Calcd for C45H61NaO13: 832.4010 (M++H+Na),
found: 832.4003.


8. Materials. Human cancer cell lines were obtained from
followings, i.e. breast cancer cell T-47D, MDA-MB-231,
renal cancer cell A498, lung cancer cell NCI-H460, colon
cancer cell HCT116, and prostate cancer cell PC-3 from the
American Type Culture Collection (Manassas, VA 20108,
USA), colon cancer cell DLD-1 (JCRB9094) from the
Japanese Collection of Research Bioresources (Osaka,
Japan), and renal cancer cell UO31 from the National
Cancer Institute (Bethesda, MD 20892, USA), respectively.
All cells were cultured in RPMI1640 medium (Asahi
Techno Glass Corporation, Chiba, Japan) containing 10%
fetal bovine serum (Lot No. 49300604, Moregate Bio Tech,
Australia). Some supplements were added to the medium as
appropriate. Cisplatin (Nippon Kayaku Co., Ltd., Tokyo,
Japan) and Adriamycin (Kyowa Hakko Kogyo Co., Ltd.,
Tokyo, Japan) were used as control in cytotoxic assays.
In vitro cytotoxicity assay. The cytotoxicity against human
tumor cell lines was assessed by the methylene blue staining
method. Briefly, appropriate numbers of cells were inocu-
lated into 96-well microplates. Following overnight culture
at 37 �C under 5% CO2 condition, serially diluted samples
were added into the wells. After a 3-day culture, cells were
stained with methylene blue (0.05%) dissolved in Tris buffer
(pH 8.5, 10 mM) for 30 min, and then thoroughly washed
with distilled water. The stained dye was extracted with
HCl (3%), and OD660 was measured with a Benchmark
Plus microplate reader (Bio-Rad, USA) to determine cell
growth inhibition. All assays were made independently in
triplicate. Means of assay data and their standard devia-
tions were calculated (data not shown), and then IC50


values were determined. All assays included cisplatin as a
positive control, and cispratin IC50 values were utilized as a
benchmark for the comparison of cytotoxic activity among
the independent assays.
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Abstract—Enzyme-linked lectin assay (ELLA) was performed for oligomannosylpeptoids, which were immobilized on microtiter
plates through a streptavidin–biotin interaction. The other immobilization methods, a hydrophobic adsorption and a covalent
attachment, were found inapplicable to the oligomannosylpeptoids. Penta- and hexamannosylpeptoids with a shorter or longer
spacer were found to be significantly recognized by concanavalinA (ConA), while the smaller peptoids showed no bindings. A pro-
portional relationship between the amount of bound ConA and the peptoid density on the microtiter plate was observed, indicating
the absence of both cluster and overdense effects that would assist or inhibit the binding increasingly with the ligand density.
� 2006 Elsevier Ltd. All rights reserved.

Oligopeptoids are N-substituted glycine oligomers used
as the mimics of oligopeptides or the scaffold of func-
tional groups for combinatorial libraries.1 When sugars
are arrayed on the peptoid backbones, these molecules
can be regarded as the mimics of glycopeptides2 or oli-
gosaccharides.3 Thus, the library of the oligoglycosyl-
peptoids is a potential substitute for a glycopeptide
or oligosaccharide library. The use of mimics in the
drug discovery based on combinatorial approach is
especially important for oligosaccharides since oligo-
saccharide synthesis is generally too tedious to cover
the extensive structural variation in a library and to
be profitable in a mass drug production.4 In our previ-
ous study, we synthesized oligomannosylpeptoids 1n la-
beled with a dansyl group at the N-terminals (Fig. 1)
and investigated the binding abilities of these peptoids
to concanavalin A (ConA) by a fluorescence anisotropy
assay in solution.3 The combination of oligomannosyl-
peptoids and ConA was selected as a starting point of
the library development because the synthesis of the
mannosylpeptoid unit is easy, ConA is commercially

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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available, and its properties are well known. As a re-
sult, the binding abilities of di- and trimannosylpep-
toids (12, 13) were comparable to those of the natural
counterparts, di- and trimannosides, respectively. The
relatively strong binding abilities were partially attrib-
uted to the specific binding of the mannose residues
as suggested from the increment of binding free energy
(ca 0.5 kcal/mol) with the increasing number of man-
nose residue from monomer to trimer. However, a
non-specific hydrophobic contact between the dansyl
group and ConA5 was suggested to be the main attrac-
tive interaction from the fact that the monomannosyl-
peptoid 11 showed a better binding ability to ConA
than methyl mannoside. Such an assistance by non-spe-
cific binding should be avoided in library assays, since
a general purpose of the assay is the selection of lead
ligands that specifically and strongly bind to a protein.
As our aim was to realize the library assay for oligogly-
cosylpeptoids, we decided to take a step closer to this
goal by examining enzyme-linked lectin assay (ELLA)
on the microtiter plate carrying the oligomannosylpep-
toids devoid of using dansyl group.


As discussed in a review article,6 there are mainly three
methods to immobilize carbohydrates on a microtiter
plate: (1) physical adsorption, (2) covalent immobiliza-
tion, and (3) streptavidin–biotin immobilization. At first,
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Figure 1. Structures of oligomannosylpeptoids 1n, 2n, 3n, and DTSSP.
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we attempted adsorption of the oligomannosylpeptoids
attached with a C14 chain (2n) onto a polystyrene 96-well
microtiter plate (Fig. 1). The chain length of C14 was se-
lected because it was reported that oligosaccharyl lipids
with C14 aglycon were almost completely retained on a
polystyrene microtiter plate after washing steps.7 How-
ever, compounds 2n (n = 1–3) were completely desorbed
from the well surface after three washings with water, as
quantified by sulfuric acid–phenol assay (SPA). The
hydrophilic property of the peptoid chain seems incom-
patible with the physical adsorption method. We thus
turned to the use of a covalent bond to immobilize the
oligomannosylpeptoids.


The use of 3,3 0-dithiobis(propionate) (DTS) as a cova-
lent linker has an advantage of being cleavable at the
disulfide bond by reduction after the immobilization of
carbohydrates, thereby permitting SPA quantification
of the loaded carbohydrates.8,9 In a test run of immobi-
lization, a water soluble active ester, 3,3 0-dithiobis(sulfo-
succinimidylpropionate) (DTSSP) (Fig. 1), was reacted
with the amino groups of a commercially available ami-
no-coated microtiter plate (Scheme 1).10 Then oligom-
annosylpeptoids 3n (n = 1–6), which were synthesized
on solid supports,3 were added to the wells
(2.0 · 10�7 mol/well) to react with the unreacted succin-
imide moieties of DTSSP.11 The amounts of the loaded
oligomannosylpeptoids per well were determined by
SPA after reduction with dithiothreitol: 31, 2.4 · 10�8;
32, 9.8 · 10�9; 33, 5.1 · 10�9; 34, 3.8 · 10�9; 35,
3.0 · 10�9; 36, 3.7 · 10�9 mol/well. The loading efficien-
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Scheme 1.

cies tended to decrease with the increasing number of
the mannose moieties. For ELLA trials, the loading
amounts were adjusted to 2.0 · 10�9, 2.0 · 10�10,
2.0 · 10�11, or 2.0 · 10�12 mol/well by adequately dilut-
ing the DTTSP and 3n solutions. In quadruplicate
ELLA experiments,12 however, there were no indica-
tions of significant bindings between HRP-ConA and
immobilized 3n regardless of the number of mannose
residues and the density of the ligands. We were uncer-
tain at this point whether the binding abilities of oligom-
annosylpeptoids were too weak to be detected by ELLA.
The length of DTS might be too short to surmount the
BSA block, expose the mannose residues to the top sur-
faces, and deliver them to ConA pockets. We thus
decided to use the third immobilization method, the
streptavidin-biotin protocol, rather than going into de-
tail to find a good covalent linker, since a number of
precedent studies suggested that this method seemed
most promising for the weak ligands.6


Biotinylated oligomannosylpeptoids with shorter (9n)
and longer spacers (10n) were synthesized in solid phase
as shown in Scheme 2. Bromoacetylation and coupling
with 1-mannosyl-2-aminoethanol on Rink amide resin
were repeated for n times to give on-polystyrene oligom-
annosylpeptoids 4n, which were the same products as
those previously reported.3 The secondary amino groups
of 4n were reacted with Fmoc-glycine for 3 hrs in the
presence of N,N 0-diisopropylcarbodiimide (DIC) to give
5n, which were subjected to removal of Fmoc group to
give 6n. Though the yields of 6n decreased with the
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increasing number of mannose residues as determined
by quantification of liberated Fmoc by UV absorption,
they were improved by raising temperature from room
temperature (RT) to 50 �C at the Fmoc–Glycine cou-
pling step: 61, 83% (RT); 62, 76% (RT); 63, 43% (RT);
64, 7% (RT), 61% (50 �C); 65, 5% (RT), 39% (50 �C);
66, 5% (RT), 10% (50 �C). The primary amino groups
of 6n were reactive enough toward NHS-activated carb-
oxylates 7 and 8 to afford the biotinylated products with
a shorter or longer spacer (9n, 10n) after liberation from
the solid support.13,14 The biotinylated oligomannosyl-
peptoids 9n and 10n were used in ELLA without further
purification, because the strong streptavidin–biotin
binding would permit a thorough washing of non-bio-
tinylated impurities.


The ELLAs for streptavidin-biotin immobilized ligands
were carried out basically with the reported method.15


The results are shown in Figures 2a and b, as presented
by the absorbance at 490 nm indicating the relative
amounts of the bound HRP-ConA. As shown in Figure
2a, the amounts of the bound ConA for 91, 92, 93, 94,
and 11 were less than or comparable to that of the blank
experiment. On the other hand, 95 and 96 indicated sig-
nificantly higher binding abilities to ConA. The same
trend was observed for 10n and only 105 and 106 showed

the binding to ConA. Since the replacement of spacer of
tetramannosylpeptoid from the shorter (94) to longer
ones (104) did not improve the binding ability to ConA,
the low binding abilities of the tetramer are unlikely due
to the shortage of spacer length. We, therefore, can sug-
gest that pentamannosylpeptoid, which has five manno-
syl residues, is the minimum structure for
oligomannosylpeptoids that is specifically recognized
by ConA. This binding profile is different from that ob-
tained by the fluorescent anisotropy assay in solution for
the dansyl oligomannosylpeptoids 1n (n = 1–6),3 in
which the trimer 13 showed the maximum binding abil-
ity to ConA. The solution assay is generally more sensi-
tive to a weak interaction than ELLA and the
hydrophobic effect of the dansyl group would mainly
act on the relatively strong binding of 13 to ConA. Thus,
the binding profile for oligomannosylpeptoids 9n and
10n obtained by ELLA is more likely to serve the infor-
mation about useful ligands and this study showed that
the pentamannosylpeptoid and hexamannosylpeptoid
are good ligands of ConA.


The opposite responses of ConA against the pentamer
and hexamer for shorter (95 < 96) and longer
(105 > 106) spacers could be explained as follows. The
peptoid backbone has a considerable freedom of mo-
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Figure 2. The ELLA results for oligomannosylpeptoids 9n with a shorter spacer (a) and 10n with a longer spacer (b). Streptavidin (4 lg/well) in


100 lL TBS buffer (10 mM, pH 7.4) was added to each well and kept for 24 h at 4 �C and the wells were washed carefully to afford a streptavidin-


coated microtiter plate. Excess oligomannosylpeptoids 9n, 10n (50–100 eq.) in 50 lL PBS buffer were added to each well of the above microtiter plate


and they were kept for 2 h at 37 �C. After removal of the peptoid solutions, the wells were washed three times with 250 lL TBS buffer. Blocking of the


wells with BSA and quantification with HRP-ConA were performed as those described above for covalently linked ligands.12 The experiment with


the same conditions was repeated four times. The same assay was performed for biotin as a blank and for a non-peptoid mannose derivative,


N-biotinyl-O-a-mannosylethanolamine 11, for comparison. Error bars stand for standard error.
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tions and the longer oligomers would be entropically
unfavorable in the binding to ConA, while the binding
enthalpy would be enhanced as the number of the man-
nose residue increases as far as there are unoccupied rec-
ognition sites in the lectin pocket. The
oligomannosylpeptoids with the shorter spacer are more
restricted in motions, so that the enthalpic contribution
could surpass the entropic effects in the binding where
ConA favors the hexamer 96 over the pentamer 95. On
the other hand, the longer spacer would somewhat liber-
alize the restriction, emphasizing the entropic effects.
Thus we suggest that while the longer spacer would al-
low for the easier access of the peptoid ligands into
ConA pocket, the smaller affinity of the hexamer 106 rel-
ative to the pentamer 105 would be due to the enhanced
entropical disadvantage.
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We observed a proportional increase of ConA bind-
ing to 96 with the increasing amount of immobilized
streptavidine from 0.2 to 4 lg/well (Fig. 3a). This
proportional relationship indicates that in the tested
density range there was neither a cluster effect, which
would give an exponential increase of the binding
ability with the increasing density, nor an overdense
effect, which would hinder the binding of ConA to
give a saturation curve. Therefore, each output ob-
served in this ELLA study reflects the binding ability
of a single peptoid ligand to ConA, not that of the
multivalent ligand array on the well surface. The
number of washing step after the addition of ConA
to the 96-immobilized wells significantly influenced
ConA retainment on a well as shown in Figure 3b,
indicating that the binding ability of 96 is not
extraordinarily strong.


In conclusion, we demonstrated by ELLA that penta-
mer was the minimum structural requirement for oli-
gomannosylpeptoids to be efficiently recognized by
ConA without any additional assistance. The largest
separation of two mannose residues in the pentamer 95


was calculated to be ca 25 Å from a molecular model,
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being much smaller than 65 Å,16 the separation between
two binding sites of ConA tetramer. Therefore, the li-
gand cannot bridge two binding sites of ConA. Thus,
the results that the penta- and hexamannosyl peptoids
were active ligands in ELLA are likely to mean that
these lignads fit in a single binding site of ConA. While
even a monomannosylpeptoid was considered sufficient
for the recognition by ConA in our previous study, this
study demonstrated that pentamer is the minimum
structure for the practical use of oligomannosylpeptoids
as the ligands of ConA.
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Abstract—Novel macrolide antibiotics which contain a methylene unit between two nitrogen atoms of carbamate groups or between
two nitrogen atoms of one carbamate and one urea group were synthesized using the Curtius rearrangement. Such linkers were
shown to be stable under physiological conditions, and the resulting ketolides show potent in vitro and in vivo activity against mac-
rolide-resistant respiratory pathogens. The SAR of various heterocycles and linkers was established.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of telithromycin and target molecules.

Ketolides are the latest series of macrolide antibiotics
developed to counter macrolide-resistant pathogens of
respiratory diseases.1 Ketolides in general have excellent
activities against many pathogens of respiratory diseases
but especially against macrolide-resistant Streptococcus
pneumoniae. Telithromycin (1) is only ketolide thus far
commercialized.2 Ketolide molecules contain a ketone
group at C3, a cyclic carbamate group at C11 and
C12, and a heterocycle attached with a tether to the
macrolide ring either at C11 nitrogen or C6 oxygen as
in the case of cethromycin.3 It was established earlier
that the length of the tether is critical for the antibacte-
rial activity, and a four-carbon alkyl chain appeared to
be optimal when the tether is attached at the C11 nitro-
gen.2,4 In addition to straight alkyl chains, amine-,
hydrazine-, amide-, olefin-, and ether-containing linkers
have been reported.4,5 In pursuing ketolides of improved
properties, we envisioned linkers such as those in 2 and 3
(Fig. 1). There was no disclosure of these types of keto-
lides in the literature at the outset of this project, but
some methylene dicarbamate units are known in chemi-
cal literature.6 Although such units in drugs are rare, we
rationalized that such a moiety might possess reasonable
stability since it is not easily protonated toward hydro-
lysis. In these linkers there would be five atoms between
the heterocycle and the C11 nitrogen, but we speculated
that the rigidity of the carbamoyl or urea group might
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impart beneficial effect on their antibacterial activity.
It was further hypothesized that such linkers could be
prepared by using the Curtius rearrangement as shown
in Scheme 1. Other approaches of constructing methy-
lene dicarbamate units would have been difficult involv-
ing complex and somewhat sensitive macrolide
antibiotics.6


Scheme 2 indicates the actual synthesis that starts with a
well-established intermediate (8) in ketolide chemistry.4


Compound 8 was allowed to react with the tert-butyl es-
ter of glycine which added to the imidazole carbonyl
group and subsequently cyclized at the C11 position.
Then the cladinose was hydrolyzed to give alcohol 9 in
a 78% yield for the two steps. The C3 alcohol was oxi-
dized using the Corey–Kim reagent7 to give compound
10 in a 95% yield. The tert-butyl ester was hydrolyzed
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using 85% phosphoric acid8 and the resulting free acid
(11) was allowed to react with the Shioiri reagent9 to af-
fect the Curtius rearrangement. The crude isocyanate
intermediate was allowed to react with either a heterocy-
cle-containing alcohol or amine to give a carbamate or a
urea product, respectively. The C2 0 acetate was subse-
quently cleaved using methanol to give the final product
(13). Fluorination at the C2 position was accomplished
by first treating 12 with excess potassium hexamethyl
disilazane (KHMDS) and then Selectfluor,10 and the
C2 0 acetate was removed by methanol as before to give
compound 15.


Since there was little information on the stability of the
methylene dicarbamate linkers, the stability of these
molecules was also tested. Thus compounds 13e and
15a were dissolved in a simulated gastric fluid at pH
1.2 or phosphate buffer solutions at pH 3.6, 6.6, or
7.5. Their stability was followed by HPLC and there
was less than 3% variation in the peak area after 24 h
at room temperature, indicating reasonable stability.

The analogues prepared here had activity against macro-
lide-sensitive Staphylococcus aureus, S. pneumoniae, and
Streptococcus pyogenes. For clarity, only data against
macrolide-resistant organisms are shown in the tables.
All minimum inhibitory concentration (MIC) determina-
tions were carried out using NCCLS guidelines.11 In
Tables 1 and 2, average MIC’s are given in lg/mL. There
are two major mechanisms of resistance, one involving
modification of the macrolide-target, the ribosome (erm
(B)-encoded), and another involving increased efflux of
the macrolide (mef-encoded). Among the test organisms,
S. pyogenes 1079 (erm), S. pneumoniae 1095 (erm) and
1175 (mef) are erythromycin-resistant strains by the
mechanisms indicated in the parentheses.


One methylene-unit linkers greatly enhance the in vitro
antibacterial activity compared with two methylene-unit
linkers as shown in Table 1. For example, compounds
1612 and 13a share the same heterocycle and the same car-
bamate functionality, but compound 13a has much im-
proved potency against four organisms in the table. The







Table 1. Comparison of chain length (MIC, lg/mL)
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Table 2. Comparison of carbamates versus ureas (MIC, lg/mL)
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Table 2 (continued)
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same conclusion can apply to the urea series (compounds
17 and 13b). If the heterocycle is directly attached to the
urea nitrogen, it reduces the activity against erm-contain-
ing S. pneumoniae and S. pyogenes, but retains the activity
against mef-containing S. pneumoniae (see compound
13c). Table 2 lists in vitro activities of quinoline and qui-
noxaline carbamates and ureas. Within each pair of a car-
bamate and urea analogues, the carbamate analogue
appears to be more potent against mef-containing S. pneu-
moniae (13a vs 13b, 13d vs 13e). On the other hand, urea
derivatives are slightly more potent against erm-contain-
ing S. pyogenes (13a vs 13b, 13j vs 13k).


Fluorine substitution at C2 improves the activity against
erm-containing S. pyogenes especially in the case of car-
bamate analogues (13j vs 15a). In the case of urea ana-
logues, the effect is not as profound but it improves
activity against mef-containing S. pneumoniae (13k vs
15b). In terms of the site of attachment within the het-
erocycle, positions 3 and 7 appear to be optimal among
the quinoline carbamates for the S. pneumoniae activity,

whereas for S. pyogenes and Haemophillus influenzae
activity, position 6 appears to be preferred (see 13a,
13d, 13f, 13m, and 13n). Similar trends can be seen for
quinoline urea derivatives. For quinoxaline analogues,
attachment at position 6 appears to be optimal. Com-
parison of compound 15a13 with telithromycin indicates
that the former is more potent against erm-containing S.
pyogenes and H. influenzae.


In the murine acute systemic infection model, mice are
challenged with a lethal intraperitoneal inoculum of
the macrolide-resistant S. pneumoniae strain 1095, and
treated with compound at 30 min and 4 h post-infection.
Animals are monitored for survival for 4 days and the
PD50


14 is determined. Compound 15a was active in this
model with a PD50 of 71.2 mg/kg (telithromycin’s PD50


was also 71.5 mg/kg in this experiment). This compound
was also evaluated in the gerbil model of otitis media
against H. influenzae 1100. In this model, gerbils were
challenged via an intrabulla inoculation and treated
three times a day for two days beginning 18 hours
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post-challenge; on day four after challenge, gerbils were
euthanized and middle ear fluids collected and bacteria
contained therein were enumerated. In this model, com-
pound 15a had an ED50


15 of 39.5 mg/kg, compared with
telithromycin’s ED50 of 27.5 mg/kg. In a murine soft tis-
sue infection model, wherein bacteria (macrolide-resis-
tant S. pyogenes 1068) were inoculated into the thigh
tissue and compound was given at 30 min and four
hours post-challenge, and bacterial burden determined
24 h after challenge, compound 15a reduced bacterial
burden by 2.3 log10 at 100 mg/kg; telithromycin showed
no bacterial reduction in this experiment. The com-
pounds were dosed orally in all three experiments.


In conclusion, potent novel ketolides were discovered
that contain methylene dicarbamate or methylene carba-
mate-urea linkers. An efficient synthesis of these keto-
lides was established utilizing the Curtius
rearrangement. Such tethers appear to be stable under
physiological conditions, and may be useful in other
drug molecules. It is of interest that the Curtius rear-
rangement can be carried out in a complex and some-
what sensitive molecule such as ketolides. In contrast
to the generally held notion that four-atom linkers are
optimal regardless of the heterocycles, these five-atom
linkers gave ketolides that are equally potent or slightly
more potent than telithromycin.
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Abstract—A series of 2,4,5-tri-substituted imidazoles has proven to be highly potent in inhibiting mammalian 15-lipoxygenase (15-
LO) with excellent selectivity over human isozymes 5- and P-12-LO. Non-symmetrical sulfamides (e.g., 21a–n) were found to be
suitable replacements for the earlier arylsulfonamide-containing members of this series (e.g., 2, 14a–p). Several members of these
series also demonstrated potent inhibition of human 15-LO in a cell-based assay.
� 2007 Elsevier Ltd. All rights reserved.

The lipoxygenase family of enzymes has received consid-
erable attention for its role in the etiology of human
disease. For example, as a mediator of leukotriene
biosynthesis, 5-lipoxygenase (5-LO) has been an active
therapeutic target for the control of asthma.1 Human
15-lipoxygenase (h15-LO) has also emerged as an inter-
esting target for drug discovery, with reports implicating
its role in the progression of numerous diseases includ-
ing cancer,2 Alzheimer’s disease,3 and, most notably,
cardiovascular disease.4 However, convincing pre-clini-
cal or clinical evidence for therapeutic effects as a result
of 15-LO inhibition has yet to be reported. Also, recent
reports suggesting anti-inflammatory and anti-neoplas-
tic roles for 15-LO cast some uncertainty on the poten-
tial for this target in treating human disease.5,6 Herein
we describe our continued efforts to discover potent,
selective, and orally bioavailable inhibitors of h15-LO,
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the identification of which is expected to assist in eluci-
dating the role of this enzyme in disease progression.


We previously reported the discovery of a series of trypt-
amine and homotryptamine-based sulfonamides as
inhibitors of mammalian (rabbit) 15-LO.7 This series
of compounds potently inhibited the enzyme with high
selectivity over the closely related isozymes 5- and plate-
let-derived 12-LO (P-12-LO). The p-methoxyphenyl-
substituted tryptamine derivative 1 (Fig. 1) was
previously reported to inhibit rabbit reticulocyte-derived
15-LO with IC50’s of 37 nM and 164 nM, employing
linoleic acid (LA) or arachidonic acid (AA) as enzyme
substrates, respectively.8 Despite the favorable inhibi-
tion potency and selectivity profiles of this lead series,
the generally unfavorable physical chemical properties
(solubility, logP) of its members generally precluded
their evaluation in vivo. A campaign was thus initiated
to improve these properties while retaining the activity
profile of the lead series. To this end, it was found that
the diaryl histamine-based sulfonamide 2, conceptually
derived from 1 by fragmentation of its indole core and
introduction of one nitrogen atom, showed improved
inhibitory potency against 15-LO while maintaining
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selectivity over 5- and P-12 LO’s. In addition, 2 demon-
strated potent inhibition of 15-LO in Chinese hamster
ovary (CHO) cells overexpressing human recombinant
enzyme (vide infra).
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An initial survey of substituted phenyl groups at C-5 of
the imidazole was carried out. Compounds were
prepared as described in Scheme 1. Treatment of the
commercially available c-chloro butyrophenones 3a–e
with sodium azide, followed by a-bromination of the
resulting ketones, gave bromo azides 4a–e. Imidazole
formation was accomplished by condensation with ben-
zamidine hydrochloride to provide the imidazole azides
5a–e, which were subsequently hydrogenated to the pri-
mary amines and converted to the 4-n-pentyl benzene
sulfonamides 2 and 6a–d. The 15-LO inhibitory activi-
ties of the differentially substituted C-5 phenyl imidaz-
oles are depicted in Table 1. The diphenyl imidazole
6a proved to be two- to threefold less potent than 2.
Electron-withdrawing groups at the para position of
the C-5 phenyl ring decreased potency relative to meth-
oxy, as evidenced by the trifluoromethyl and fluoro-con-
taining compounds 6b and 6c, respectively. Placement of
the methoxy group in the meta position of the C-5 phe-
nyl appendage (6d) also led to a significant loss in
potency.
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Table 1. 15-LO inhibitory activities of sulfonamides 2, 6a–d


Compound R r15-LO IC50 (lM)


LAa AAb


2 4-OMe 0.014 0.05


6a H 0.033 0.162


6b 4-CF3 0.072 0.372


6c 4-F 0.059 0.261


6d 3-OMe 0.082 0.531


a Enzyme inhibition measured in the presence of linoleic acid as


substrate.
b Enzyme inhibition measured in the presence of arachidonic acid as


substrate.


Table 2. 15-LO Inhibitory activities of sulfonamides 2, 14a–p, 15


Compound n R1 r15-LO IC50


(lM)


LAa AAb


2 1 Ph 0.014 0.05


14a 1 4-OMe-Ph >10 —


14b 1 4-Me-Ph >3 —


14c 1 4-Cl-Ph 0.21 1.1


14d 1 3-NO2-Ph 0.099 1.1


14e 1 H >10 —


14f 1 Me >10 —


14g 1 Cyclopropyl >10 >10


14h 1 tert-Butyl 1.92 >10


14i 1 4-Pyridyl 0.087 3211


14j 1 2-Pyridyl 0.97 5322


14k 1 3-Pyridyl 0.56 —


14l 1 2-Pyrazinyl 2.81 —


14m 1 4-(2-Me)-thiazoyl 0.72 —


14n 1 2-Thienyl 0.006 0.013


14o 2 Ph 0.140 0.914


14p 2 2-Thienyl 0.053 0.396


15 1 Ph (R2 = Me) 0.364 2.80


a Enzyme inhibition measured in the presence of linoleic acid as


substrate.
b Enzyme inhibition measured in the presence of arachidonic acid as


substrate.
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then prepared according to the chemistry described in
Scheme 1. Treatment of c-chloro p-methoxy butyrophe-
none 3a with sodium azide provided azide 7. The
one-carbon homolog, phthalimide analog of 7 (9), was
prepared by treatment of chloride 8 with potassium
phthalimide. Treatment of the ketones with bromine
provided bromides 4a and 10. The azide 4a was con-
verted to imidazo [1,2-a]pyridine 11 by condensation
with 2-aminopyridine followed by reduction of the azide
and subsequent sulfonylation with 4-pentylbenzene sul-
fonyl chloride. Bromides 4a and 10 were condensed with
the appropriate amidines to provide the imidazole azides
12a–n and phthalimides 13a,b. Hydrogenation of the
azide or hydrazinolysis of the phthalimide afforded the
primary amines which were then converted to the sul-
fonamides 14a–p and 15. The regioisomeric N-methyl
imidazoles 16 and 17 were prepared by methylation of
the intermediate imidazole 5e with methyl iodide,
followed by subsequent separation of the regioisomers,
hydrogenation of the azides, and sulfonylation of the
resultant amines.


The requirement for the imidazole N-1 hydrogen
was addressed by comparison of imidazo[1,2-a]pyri-
dine 11 and N-methylated regioisomers 16 and 17
with the related indole 1 and imidazole 2 . Removal
of the N–H pharmacophore resulted in a dramatic
loss in potency (IC50 > 10 lM) versus 15-LO. A sim-
ilar loss of activity was observed upon methylation
of the previously reported tryptamine-based series
of 15-LO inhibitors7 and is consistent with the
requirement for a hydrogen-bond donor at this posi-
tion of the molecule.


A variety of groups were explored at the imidazole
C-2 position (Table 2). Little tolerance was observed
for substitution at the para position of the C-2 phenyl
group. Introduction of methoxy or methyl groups (14a
and 14b, respectively) led to a significant loss of inhib-
itory activity. Some tolerance was noted for para-
chlorophenyl and meta-nitrophenyl groups (14c and
14d, respectively). The C-2 unsubstituted compound
14e proved to be inactive as did the C-2 methyl and
cyclopropyl analogs (14f and 14g). Incorporation of
the tert-butyl group (14h) resulted in only micromolar
potency. Several heterocyclic replacements for the C-2
phenyl group were also explored. While the 4-pyridyl
analog 14i maintained some of the inhibitory potency

of 2 (approximate 7 fold loss in activity with LA as
substrate, 60 fold loss with AA), the corresponding
2- and 3- pyridyl isomers (14j and 14k), however, were
less tolerated. The 2-pyrazinyl analog 14l and 4-(2-
methyl)thiazolyl analog 14m also showed reduced po-
tency versus 2. Isosteric replacement of the C-2 phenyl
group with 2-thienyl gave 14n, which proved to be
most potent within this series, providing single
digit nanomolar inhibition of 15-LO (LA as sub-
strate). In addition, 14n maintained selectivity over
5-LO (IC50 > 10 lM) and P-12-LO (IC50 = 9.7 lM).
The effect of one-carbon homologation of the imida-
zole-sulfonamide linker was also studied. In contrast
to previous observations in the tryptamine-based ser-
ies,7 homologation of the ethylene chain adjacent to
the sulfonamide nitrogen proved deleterious. Thus,
the one-carbon homologs of 2 and 14n (14o and
14p, respectively) were both an order of magnitude
less potent than their ethylene-linked counterparts.


Despite its promising potency and isozyme selectivity,
14n did little to enhance the physicochemical limitations
of the tryptamine-based series, having both suboptimal
aqueous solubility and hydrophilicity (<1 lg/mL at
pH 6.5, logD > 6). Not surprisingly, a single, 7 mg/kg
oral dose of 14n to male Sprague Dawley rats resulted
in limited systemic plasma exposure (Cmax = 0.6 lM,
AUC = 1.60 lM h).


It is also noteworthy that in contrast to the previously
reported indole-based series,7 the presence of the
p-methoxyphenyl group at C-5 of the imidazole core
of 2 (analogous to the C-2 indole substituent of 1) did
not allow for a significant reduction in the size of the
aryl sulfonamide moiety. Thus, the p-tolyl sulfonamide
15 proved to be significantly less potent than the corre-
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sponding n-pentyl benzene sulfonamide 2. On the basis
of these findings, significant additional modifications
would need to be incorporated into the imidazole-based
series to further improve its physicochemical properties.


A significant improvement in the physicochemical prop-
erties of the lead series was realized by incorporation of
tertiary amine-containing sulfamides as replacements
for the sulfonamide functionality in 2. Non-symmetrical
sulfamides were prepared by condensation of carbamoyl
chlorosulfamate 18 with either amine 19a or 19b in the
presence of triethylamine to give the sulfamoyl oxazolid-
inones 20a,b (Scheme 2). Displacement of the oxazolid-
inone leaving group with either primary or secondary
amines then provided the sulfamides 21a–l.9 The
3-aminopyrrolidines employed for the preparation
of examples 21j–l were prepared as described in
Scheme 3. Thus, N-acetyl-DD-aspartic acid anhydride
22 was condensed with either cumylamine (for 21k) or
1-(4-fluorophenyl)ethanamine (for 21l) to provide the
imides 23 and 24.10 Reduction of the imides provided
the 3-ethylaminopyrrolidines 25 and 26. For the prepa-
ration of 21j, alkylation of (3R)-(+)-3-(Boc-amino)pyr-
rolidine 27 with 3,4-dichlorobenzyl bromide in the
presence of potassium carbonate, followed by removal
of the Boc group and reductive methylation, provided
the homochiral 3-methylaminopyrrolidine 28.


N-Alkyl-substituted piperazine sulfamides were first
explored as replacement for the phenyl sulfonamides
(Table 3). The 4-n-butyl piperazine 21a provided potent
inhibition of the enzyme, with a significant loss in
potency observed upon chain elongation to the 4-n-pen-
tyl piperazine 21b. As compared to phenyl sulfonamide
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Scheme 3. Reagents and conditions: (a) NHR, acetone; (b) Ac2O,


reflux (85% for two steps); (c) LAH, THF (74%); (d) 3,4-dichlorob-


enzyl bromide, K2CO3, DMF (98%); (e) TFA, CH2Cl2 (95%); (f)


methyl chloroformate, K2CO3, CH2Cl2, H2O (65%).

14n, an improvement in systemic plasma exposure after
a single 7 mg/kg oral dose of 21a to rats was observed
(Cmax = 1.7 lM, AUC = 4.4 lM h) in part attributed
to an increased aqueous solubility of 21a by the presence
of the sulfamide group. The chlorinated phenyl pipera-
zines 21c,d proved to be of similar potency to alkyl pip-
erazines 21a,b and more potent than the 2-phenyl
substituted imidazoles 21e and 21f. Given the promising
activity of the piperazine sulfamides, a solution-phase li-
brary of sulfamides utilizing amine 19b and diamines
(primary or secondary amines bearing pendant tertiary
amines) was prepared. From this work, it was deter-
mined that sulfamides derived from 1-benzyl-3-amino-
pyrrolidines (21g–i) were found to be suitable
replacements for the piperazine sulfamides, with some
preference for the R isomer observed. The sulfamide
21g derived from R-1-benzyl-3-aminopyrrolidine proved
to be threefold (with both substrates) more potent than
the corresponding S isomer 21h. An additional threefold
boost in potency was observed upon methylation of the
exocyclic amine with maintained preference for the R
enantiomer (21i) over the S isomer (21j). Replacement
of the phenyl substituent at the imidazole C-2 of 21i with
thiophene (21k) maintained activity, consistent with
observations in the sulfonamide series (cf., 14n and 2).
Incorporation of chlorine atoms at the 3- and 4-posi-
tions of the benzylic phenyl group (21l) continued to im-
prove potency by another 3-fold over the simple benzyl
pyrrolidine 21k. Bearing in mind the propensity of ben-
zylic amines to undergo metabolic oxidative de-alkyl-
ation, the gem-dimethyl benzyl pyrrolidine 21m and
the p-fluoro phenethyl pyrrolidine 21n were prepared.
21n proved to be the most potent 15-LO inhibitor in
the series, with an IC50 of 3 nM (LA).


Representative sulfonamide and sulfamide-bearing com-
pounds were assayed for inhibitory activity over human
5- and P-12-LOs (Table 4). Only modest inhibition of
these isozymes with select compounds at relatively high
concentrations (10 or 3 lM) was observed, consistent
with the selectivity noted for the tryptamine series of
15-LO inhibitors.7


Given the promising potencies of these histamine-based
sulfonamides and sulfamides in inhibiting isolated rab-
bit-derived 15-LO enzyme, select compounds were also
assayed for their abilities to inhibit the activity of the
human enzyme in a cellular assay (Table 5). Chinese
hamster ovary (CHO) cells overexpressing recombinant
h15-LO were employed in this study, with enzymatic
inhibition measured by reverse-phase HPLC







Table 3. 15-LO inhibitory activities of sulfamides 21a–l


Compound Ara NR1R2 r-15-LO IC50


(lM)


LAb AAc


21a A N N n-Bu 0.014 0.05


21b A N N (n-Pentyl) 0.091 0.646


21c A N N (2-Cl)Ph 0.045 0.132


21d A N N (3,4-diCl)Ph 0.036 0.133


21e B N N (3,4-diCl)Ph 0.055 0.378


21f B N N Ph 0.212 3.45


21g B
N


HN


Bn


H


0.083 0.719


21h B N
HN


Bn
H 0.272 2.41


21i B
N


N


Bn


HMe


0.031 0.186


21j B
N


N


Bn
H


Me


0.080 0.822


21k A
N


N


Bn


HMe


0.038 0.375


21l A
N


N
HMe


(3,4-DiCl)Ph


0.011 0.083


21m A N
N


HEt


Ph
Me Me


0.010 0.132


21n A N
N


HEt


(4-F)Ph


Me


0.003 0.075


a A, 2-thienyl; B, phenyl.
b Enzyme inhibition measured in the presence of linoleic acid as


substrate.
c Enzyme inhibition measured in the presence of arachidonic acid as


substrate.


Table 4. Selectivity data for selected compounds


Compound % Inhibitiona


5-LO P-12-LO


2b 15 45


6a 39 32


6c 45 47


14n 41 50


21l 67 42


a Measured at 10 lM inhibitor concentration, unless specified


otherwise.
b Measured at 3 lM inhibitor concentration.


Table 5. CHO cell 15-hLO inhibitory activities of selected compounds


Compound 15-LO inhibition


IC50 (lM) % Inhibition (10 lM)


2 0.402 83


14n 0.147 98


21i 3.13 70


21d 0.433 84


21n 0.051 96
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quantitation of the extent of generation of 15-HETE
from exogenous AA.11 The sulfonamides 2 and 14n both
provided potent (submicromolar) inhibition of human
15-LO in this cellular context. The sulfamides 21i, 21d,
and 21n also provided potent inhibition in the CHO as-
say, with 21n proving the most potent, consistent with
its high inhibitory activity against the isolated rabbit
enzyme.

In conclusion, a series of 2,4,5-tri-substituted imidazoles
evolved from previously described tryptamine-based
compounds7 has provided potent inhibitors of mamma-
lian 15-LO. Replacement of the aryl sulfonamide moiety
with sulfamides was well tolerated, retaining potency of
the former while showing promise in improving physico-
chemical and pharmacokinetic properties. As observed
in our previous work,7 inhibitor potency depends on
the choice of substrate employed in the assay (LA vs
AA). The Km values reported for both substrates against
15-LO isolated from human cultured keratinocytes are
very similar (10.6 lM and 9.5 lM for AA and LA,
respectively),12 making it difficult to reconcile the differ-
ence in inhibitor potency based on these values alone.
Additional studies, beyond the scope of this investiga-
tion, will be required to adequately explain these find-
ings. Selectivity over isozymes 5- and P-12-LO was
also demonstrated. Importantly, representative exam-
ples proved to be potent in inhibiting h15-LO in a cellu-
lar assay. The ability of these compounds to inhibit both
the human and rabbit enzymes is consistent with their
overall sequence homology (80%).13 While an X-ray
crystal structure of h15-LO has yet to be reported, the
structural similarity of the rabbit and human enzymes
is also supported by a recent report which demonstrates
the utility of a homology model based on the crystal
structure of rabbit-derived 15-LO in identifying inhibi-
tors of the human enzyme.14 The identification of potent
and selective inhibitors of 15-LO may enable better val-
idation of this target and ultimately new therapeutic
treatments for human disease.
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Abstract—A novel series of pyridothieno-1,2,3-triazines with potent antifungal activity against Erysiphe graminis f. sp. tritici has
been discovered. Two complementary synthetic routes to compounds of this type have been developed and used to efficiently explore
the structure–activity relationships around the lead compound. The incorporation of oxygen atoms into the side chains of the mol-
ecules has allowed the solubility of the compounds to be increased 10-fold whilst retaining biological activity.
� 2007 Elsevier Ltd. All rights reserved.

As part of our ongoing search for novel compounds pos-
sessing antifungal properties, we purchased the unusual
polycyclic 1,2,3-triazine 1. Initial tests showed this
compound to have promising activity. Further, more
detailed, biological testing confirmed that 1 possessed
potent protectant activity against wheat powdery mil-
dew (Erysiphe graminis f. sp. tritici).

Although the chemistry of 1,2,3-triazines is less well ex-
plored than that of other triazine isomers there are re-
ports of pyridothieno-1,2,3-triazines possessing
pharmacological effects, notably anti-allergic activity.1–4


There are isolated reports of compounds of this type
showing antiprotozoal5 or antimicrobial activity,6


although in the latter case the presence of a reactive
chlorine on the triazine ring is required for activity. A
recent report, published following the completion of
our work, discloses compounds similar to those
described here as possessing moderate antitumour
activity.7 However, there are only two references in the
literature to compounds having the tetracyclic ring
system of 1 and no reports of compounds of this struc-
tural type possessing potent antifungal effects of the type
that we observed.7,8
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The promising antifungal activity of 1 prompted us to
further explore the potential of this area. A number of
analogues of the lead structure were purchased and
tested. Results confirmed the biological signal and
provided some initial indication of the structure–activity
relationships in this chemical class.


In order to explore the scope for activity in more detail we
needed to devise synthetic routes that would facilitate the
efficient variation of key parts of the lead molecule. In par-
ticular we focussed on keeping the pyridothienotriazine
core of the molecule constant and exploring variation of
the peripheral methoxy and morpholine groups.


Cyclohexanone was converted into thiopyranthione 29


and the morpholine installed by rearrangement of 2.10


The thiophene was constructed by S-alkylation and cyc-
lisation.11 Diazotisation of the amine and acid-mediated
cyclisation onto the nitrile generated chlorotriazine
3.3,12,13 Finally, the methoxy group was inserted by dis-
placement of chlorine3,4 to provide 1 in 16% overall
yield (Scheme 1). This route allowed an efficient varia-
tion of the methoxy group by the use of different nucle-
ophiles in the final step; we employed a range of
alcohols, thiols and amines successfully. By altering
the starting ketone we were also able to prepare ana-
logues with variation in the fused cyclohexyl ring.


In order to explore variation of the morpholine group
efficiently we devised a second synthetic route which pro-
ceeded via hydroxythiopyridone 4.14 The thiophene and
triazine rings were constructed and the methoxy group
added as before. Conversion of pyridone 5 to the corre-
sponding O-triflate allowed the morpholine to be in-
stalled to provide 1 in 15% overall yield (Scheme 2).15
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Scheme 2. Reagents and conditions: (a) KOH, MeOH, reflux, 70%; (b)


ClCH2CN, KOH, DMF, 79%; (c) NaNO2, concd HCl, H2O, 77%; (d)


NaOMe, MeOH, reflux, 99%; (e) i—NaH, DMF; ii—PhNTf2; iii—


morpholine, 37%.


Figure 1. Variations of the core ring system.


Scheme 1. Reagents and conditions: (a) CH2(CN)2, CS2, Et3N,


MeOH, 83%; (b) morpholine, EtOH, reflux, 47%; (c) i—ICH2CN,


KOH, DMF; ii—KOH, DMF, 92%; (d) NaNO2, concd HCl, H2O,


94%; (e) NaOMe, MeOH, reflux, 48%.
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We used this route to replace the morpholine group with
a range of amines and alkoxy groups.


Both of these routes proved amenable to robotic and
multiple parallel synthesis methods and a wide range
of analogues of the original lead were prepared in a ra-
pid and efficient manner.


Using the route outlined in Scheme 1 we conducted a
limited exploration of the tetracyclic core of the lead
(Fig. 1).


The cyclopentyl analogue 6 maintained activity, but
compounds containing either an oxygen (7) or sulfur

(8) atom in this ring were inactive. Replacement of the
1,2,3-triazine ring with a pyrimidine (9) resulted in the
complete loss of antifungal activity.


Given the apparent lack of scope to vary the core ring
system the majority of our efforts were directed towards
compounds of general structure 10 in which the ring sys-
tem was kept constant and the peripheral groups were
altered (Table 1).

There was limited scope for variation of the group (R2)
on the 1,2,3-triazine. A small increase in size of the alk-
oxy group was tolerated (11 and 12). However, the
introduction of branching (13 and 14), or of significantly
larger groups (15 and 16), was not permitted. Com-
pounds containing thioethers in this position were ac-
tive. These followed the trends for the alkoxy series,
with small groups giving good activity (17 and 18) and
larger ones resulting in inactive compounds (19). The
unsubstituted thiol (triazinethione) 20 was also inactive,
as was the chlorotriazine 3. All compounds examined
with nitrogen-containing groups in this position, includ-
ing secondary (21 and 22) and tertiary (23 and 24)
amines and hydrazines (25 and 26), were completely
inactive.16 A noteworthy feature of the SAR at this po-
sition of the molecule was an apparently very steep cut-
off in activity, with compounds showing either excellent
(>90% disease control) or no activity.


There was greater scope to vary the morpholine group in
1 and maintain activity. Compounds with tertiary
amines in this position possessed good antifungal activ-
ity (27 and 28). A single large substituent on nitrogen
was well tolerated (29), although the activity appeared
to decrease with groups much larger than morpholine it-
self (30). There is some indication that for large groups
the presence of a heteroatom is beneficial (compare 31
and 32). Secondary amines were less active (compare
33 with 32). It is notable that alkoxy groups were toler-
ated at this position (34) suggesting that it was the pres-
ence of the N–H group of the secondary amine that was
unfavourable. Consistent with this is the inactivity of the







Table 2. Physical properties of selected compounds


Compound ClogPa CHI logPb Melting


point (�C)


Solubilityc


(lg/mL)


1 2.33 4.06 209–211 0.08


12 3.39 — 163–165 —


15 4.32 — 139–141 —


27 3.73 5.32 — 0.08


30 3.37 4.72 227–229 <0.14


32 2.56 4.31 112–114 0.32


33 2.32 3.90 225–227 0.14


34 3.80 — 200–202 —


36 2.08 3.82 153–155 0.21


37 2.44 4.09 123–125 0.79


38 2.31 4.12 90–92 0.48


a Predicted logP (Ref. 22).
b Chromatographic hydrophobicity index derived logP (Ref. 21).
c Aqueous solubility measured at pH 7.


Table 1. Structure and antifungal activity of key compounds


Compound Structure (10) Antifungal activitya


R1 R2


1 Morpholino MeO 100


3 Morpholino Cl 0


5 HO MeO 0


11 Morpholino EtO 100


12 Morpholino nPrO 94


13 Morpholino iPrO 0


14 Morpholino CyclopentylO 0


15 Morpholino Me2CHCH2CH2O 0


16 Morpholino 2-FurylCH2O 0


17 Morpholino MeS 100


18 Morpholino EtS 100


19 Morpholino PhCH2S 0


20 Morpholino HS 0


21 Morpholino nBuNH 0


22 Morpholino MeOCH2CH2NH 0


23 Morpholino Et2N 0


24 Morpholino Morpholino 0


25 Morpholino H2NNH 0


26 Morpholino PhHNNH 0


27 Et2N MeO 100


28 Pyrrolidino MeO 92


29 PhCH2(Me)N MeO 100


30 2,6-di(Me)Morpholino MeO 72


31 nBu(Me)N MeO 83


32 MeOCH2CH2(Me)N MeO 100


33 MeOCH2CH2NH MeO 33


34 nPrO MeO 100


35 CF3SO2O MeO 40


36 Morpholino MeOCH2CH2O 100


37 (MeOCH2CH2)2N MeO 67


38 MeOCH2CH2(Me)N MeOCH2CH2O 100


Fenpropimorphb 97


a Percent control of Erysiphe graminis f. sp. tritici following application of the compound at 100 lg/mL in acetone/water (1:9) in a one day protectant


test (for a detailed procedure see the Supplementary data).
b Commercial standard powdery mildewicide for comparison.
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pyridone 5, compared with weak activity seen for the de-
rived triflate 35.


These initial studies clearly established that significant
scope existed to vary the lead structure and maintain a
high level of antifungal activity. They also indicated
some structural limits beyond which the antifungal
activity declined or was lost completely.


Although it showed excellent antifungal activity in glass-
house tests,17 compound 1 may not possess the physical
properties required to fully express this activity in a
more demanding field situation. The measured logP oct-
anol18 value of 4.25 is in the preferred range of 1.5–5, de-
fined from an analysis of commercial fungicides.19


However, 1 had a high melting point and very low aque-
ous solubility (Table 2). This level of solubility is such
that it could severely compromise the antifungal activity
of the compound in a field situation; a minimum aque-
ous solubility of about 2 lg/mL is reported for highly
active commercial fungicides.19 We therefore turned
our attention to the design and synthesis of analogues
that, whilst fulfilling the structural requirements for
antifungal activity established by our initial studies,
would also be more water soluble.

High crystallinity is a common feature of these com-
pounds due to the planar tetracyclic core of the struc-
ture. Rather than modifying this core, which our
preliminary studies had shown to be important for
maintaining activity, we sought to decrease melting
point and increase solubility in water by a suitable
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choice of peripheral groups that were also compatible
with achieving high levels of antifungal activity.


Simply increasing the bulk of the group (R1) on the pyr-
idine ring, with the aim of reducing the ability of the
molecules to stack, and hence their crystallinity, proved
unsuccessful due to increased lipophilicity. Thus dim-
ethylmorpholine 30 had a high melting point and low
aqueous solubility and showed reduced antifungal activ-
ity compared to the lead 1. Replacement of the mor-
pholine group with diethylamine (27) also failed to
increase solubility. Changing the amine to an ether
(34) made little difference to the melting point.


Increasing the size of the alkoxy group on the triazine ring
initially seemed more promising, with a significant (46 �C)
reduction in melting point observed on moving from
methoxy (1) to n-propoxy (12). This trend continued, with
the isopentyloxy analogue 15 having a melting point a fur-
ther 24 �C lower. However, as discussed above, this com-
pound was inactive, and both compounds were much
more lipophilic than the lead 1, more than offsetting any
benefit from reduced melting point with respect to solubil-
ity in water.


We therefore decided to explore the insertion of hetero-
atoms, especially oxygen, into the alkyl side chains of
the molecule. This is an approach that we successfully
developed in previous projects,20 which resulted in a
significant increase in solubility of the molecules
without exerting a detrimental effect on lipophilicity
or biological activity. We began by exploring the alk-
oxy group on the triazine, and found that replacing
the n-propoxy group in 12 with methoxyethoxy gave
a compound (36) with a slightly reduced melting point,
but significantly greater solubility than 1. Encourag-
ingly 36 also maintained good biological activity.
Applying the same approach to the substituent on
the pyridine ring also resulted in increased solubility,
without altering lipophilicity or melting point (compare
methoxyethylamine 33 with the morpholine 1). Replac-
ing the N–H in 33 with N–Me to give 32 dramatically
reduced the melting point and significantly increased
the water solubility. Extending this approach to the
bis(methoxyethyl)amine 37 resulted in an additional
increase in solubility. However, as expected from the
SAR discussed above, this compound was less active
due to the large size of the amine substituent on the
pyridine ring. Combining oxygen-containing side
chains of the preferred size at each end of the molecule
resulted in compound 38 which had very similar log P
octanol to the original lead 1, but a melting
point 120 �C lower and sixfold higher aqueous
solubility. Compound 38 also showed good antifungal
activity.


A common feature of the compounds made in this series
was that established prediction methods failed to cor-
rectly estimate their physical properties. Thus, for the
lead compound 1 the direct measurement of logP octa-
nol18 gave a value of 4.25 which was in good agreement
with the value of 4.06 determined indirectly from mea-
surements of chromatographic hydrophobicity index

(CHI).21 However, a structure-based prediction of logP
octanol using ClogP22 was 1.7 log units too low com-
pared to the CHI derived value. This discrepancy
proved to be reasonably consistent across a range of
analogues (Table 2). Similarly the aqueous solubility
of 1 was about an order of magnitude lower than the va-
lue of 0.9 lg/mL estimated from measured logP and
melting point using Yalkowsky’s general solubility
equation.23 This unexpectedly low solubility appears to
be a feature of this class of chemistry. Of the 600 com-
pounds in this series examined approximately 50% had
estimated logP octanol values (obtained by applying a
+1.7 log unit correction factor to the value calculated
using ClogP) in the preferred 1.5–5 range. However,
only about 5% were predicted to have aqueous solubility
greater than 1 lg/mL and those that did failed to satisfy
the SAR requirements for antifungal activity.


In conclusion, a novel area of chemistry with promis-
ing antifungal activity, particularly against wheat pow-
dery mildew, has been discovered. The development of
two complementary synthetic routes allowed an effi-
cient exploration of structure–activity relationships
around the pyridothieno-1,2,3-triazine 1. By careful
selection of substituents on the core ring system we
were able to design and prepare compounds with sig-
nificantly reduced melting point and increased water
solubility. However, we were unable to design com-
pounds which both satisfied the structural requirements
for good activity and possessed physical properties that
could allow the expression of this activity in a field
environment.
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Abstract—A series of novel indene N-oxide derivatives were prepared by various synthetic methods and evaluated for their ability to
activate PPARc. The best PPARc agonist in this series was 9 h, which showed an EC50 value of 15 nM.
� 2007 Elsevier Ltd. All rights reserved.

Peroxisome proliferator activated receptors (PPARs),
which are one of the attractive diabetes target pro-
teins, are members of the nuclear hormone receptor
superfamily, including three receptor isoforms,
PPARa, PPARc, and PPARd. Among them, PPARc
has been the subject of extensive research,1 and as a
result, its activation has played a prominent role in
the treatment for type 2 diabetes. The receptor is
widely distributed in the spleen, colon, adipose tissue,
and macrophages and found to a lesser extent in the
liver, pancreas, and skeletal muscle.2 Activation of
PPARc in the cell nucleus initiates heterodimeriza-
tion with another nuclear receptor, the retinoid X
receptor (RXR), with subsequent recruitment of
coactivators and induction of genes that are involved
in adipogenesis and insulin sensitivity. Target genes
that are upregulated or downregulated have been
identified from white and brown adipose tissues, skel-
etal muscle, and the liver.3 However, the details cor-
roborating the process through which the activation
leads to glucose homeostasis are not fully under-
stood. Convincingly, studies suggest that adipogene-
sis provides increased lipid metabolism and free

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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fatty acid uptake in adipose tissue, thereby leading
to increased insulin sensitivity and glucose metabo-
lism in the muscle and liver.1a,4,5


PPARc agonists containing thiazolidinedione (TZD)
structure for the treatment of type 2 diabetes have
proven successful for glucose control and reduction
of HbA1c, including the marketed compounds, Rosig-
litazone6 and Pioglitazone.7,6b However, side effects
such as edema, weight gain, and hepatotoxicity have
been reported in patients after treatment with PPARc
agonists.6b Recently, much attention has been focused
on PPARa/c dual agonists8 (mainly, carboxylic acid
derivatives), however, PPARa/c dual agonists so far
have side-effect issues.8c More recently, new classes
of selective PPARc modulators (SPPARc M, partial
agonist) have been reported.9 Indole derived PPARc
Ms exhibited glucose lowering with partial agonistic
activity compared to rosiglitazone. Although diverse
researches toward PPAR modulators are developing,
the discovery of a new class of PPARc agonists is nec-
essary to this area.


These situations prompted us to develop a new
PPARc agonist with a new skeleton, and we have re-
cently identified novel indenone skeleton,10 which pos-
sesses a new binding mode to PPARc in X-ray crystal
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structure. But, an improvement seemed to be needed
due to cytotoxic effects observed from some of the
indenone compounds.


N+
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R3


O-


R6
1


2
34
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O


O
CO2Et


Indene N-oxideIndenone

Therefore, from the indenone skeleton, we have newly
identified indene N-oxide derivatives, which are not
cytotoxic. So we now report the synthesis and a full
SAR of indene N-oxide derivatives as PPARc agonists.
While the representative compound 9h,11 was recently
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Scheme 1. Reagents and conditions: (a) MeNHOH, 2,6-lutidine, EtOH, 70 �
bromoethane, or benzyl bromide, K2CO3, DMF, rt, 2 h, 81–88% for 5, 7–10
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Scheme 2. Reagents and conditions: (a) R–X, NaH, KI, DMF, rt, 12 h, 8


2 h, 56–93%; (c) MeNHOH, 2,6-lutidine, EtOH, 70 �C, 40 h, 17–36%.

published with full biological data, herein we report
the synthesis and a full SAR of indene N-oxide
derivatives.


Diverse indene N-oxide derivatives were synthesized by
Schemes 1–3. Synthesis of the initial hit compound 3 is
described in Scheme 1. Direct condensation from the
compound 2, which was prepared by our previous pa-
per,10 with N-methyl hydroxylamine afforded 3
(R = H). Also compound 3 and other indene N-oxides
could be prepared through the oxime intermediate 4.
Using hydroxylamine, the indenone 2 was converted to
the oxime 4, which was reacted with alkyl or benzyl ha-
lides to afford 3 as a minor product (5: major product).


Synthesis of R6 substituted indene N-oxides is described
in Scheme 2. The compound 7 was converted to 8
through Mitsunobu reaction or alkylation, followed by
N-oxide formation with N-methyl hydroxylamine to af-
ford the compound 9.
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Table 1. The substituent effect at the 1-position of indene derivatives


Compound Structure EC50
a (lM)
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>10


Rosiglitazone 0.32


a EC50 values were determined from direct regression curve analysis.
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Scheme 3. Reagents and conditions: (a) diethyl carbonate, NaH, 80 �C, 2 h, 85%; (b) cyclopropyl amine or isopropyl amine, xylene, 140 �C, 44–70%;


(c) ACHO, piperidine, acetic acid, benzene, reflux, 6 h, 42–79%; (d) methane sulfonic acid, CH2Cl2, 0 �C, 2 h, 44–70%; (e) phenyl selenyl chloride,


pyridine, H2O2, CH2Cl2, 0 �C, 3 h, 25–72%; (f) R–X, NaH, KI, DMF, rt, 12 h, or ROH, triphenylphosphine, DIAD, THF/benzene 3:1, rt, 2 h, 56–


91%; (g) MeNHOH, 2,6-lutidine, EtOH, 70 �C, 40 h, 22–40%.
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Diverse R2- and R3-substituted indene N-oxides were
obtained according to the Scheme 3. Benzyloxy ace-
tophenone 10 reacted with diethyl carbonate to give
b-ketoester, followed by amidation to afford 11.
The compound 11 was treated with several aldehydes
to produce the coupled compound 12, followed by
cyclization using methanesulfonic acid to give 13.
Oxidation of 13 with phenylselenyl chloride and
H2O2 furnished 14, and which was converted to the
final 15 according to the same adoption at R6 posi-
tion and N-oxide formation in a similar manner to
Scheme 2.


All the synthesized compounds were evaluated for
their activity of PPARc activation. The vector fused
with the ligand binding domain of a human PPARc
gene and the DNA binding site of a yeast GAL-4
gene, and luciferase reporter vector was simulta-
neously transfected in NIH/3T3 cells. Then, each
of the test compounds or the vehicle alone was
added thereto. After incubating for 24 h, the cells
were subjected to lysis. The luciferase activity of
the resultant was then measured, and the potency
of the test compound (EC50, the concentration at
which 50% of the maximum activation was ob-
served) was compared with the reference compound,
rosiglitazone.


First, the substitutent effect of the C1 position was
evaluated as shown in Table 1. The oxime analogue
(4) was not active (>10 lM). Whereas, methyl oxime
(5) showed moderate potency with an EC50 value of
1.5 lM. N-methyloxide (3a) exhibited a good activity
(EC50 = 0.3 lM), so we further modified this N-oxide
by adoption of diverse substituents at R2, R3, R6 posi-
tion. N-ethyloxide (3b) and N-benzyloxide (3c) resulted
in a loss of the activity (>10 lM).


Next, the substituent effect of the R6 position was ex-
plored (Table 2). While methoxy (3c) and phenylethyl-
oxy (9a) analogues showed sub-micromolar activities,
adamantyl substituent (9b) was detrimental to the activ-
ity. Phenyl propyloxy (9c) seemed to be optimum length

with an EC50 value of 50 nM. Other phenylpropylene-
oxy (9d) or phenylbutyloxy (9e) showed diminished
activities.


In Table 3, the effects of the R3 position were inves-
tigated. The phenyl derivatives at the R3 (9c) had a







Table 3. The substituent effect at the 3-position of indene N-oxide


derivatives


Compound Structure EC50
a (lM)
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potent activity (50 nM). Ethyl and other alkyl sub-
stituents (15a and 15b) resulted in the decrease of
the activities compared to phenyl. Also, heteroaryl
derivatives (15c and 15e), except furyl (15d), showed
diminished activities. The introduction of substituents
on phenyl ring did not provide improved activity
(15f–15i).


To improve aqueous solubility and bioavailability by
reducing the overall lipophilicity of indene N-oxide,
the basic nitrogen was introduced at the R6 position
(Table 4). Among the derivatives (9f–9j), morpholino-
ethyloxy analogue (9h) exhibited the most potent
activity with an EC50 value of 15 nM. So we further
modified with morpholinoethyloxy group at the R6


position.


The compounds substituted with H, ester and amide
functional groups at R2 position were prepared.
(Table 5) While ethyl ester (9h) at the R2 position
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a EC50 values were determined from direct regression curve analysis.


Table 2. The substituent effect at the 6-position of indene N-oxide


derivatives


Compound Structure EC50
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Table 6. The isomeric effect of indene N-oxide derivatives


Compound Structure EC50
a (lM)
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Table 5. The substituent effect at the 2-position of indene N-oxide


derivatives


Compound Structure EC50
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Table 4. The substituent effect at the 6-position of indene N-oxide


derivatives


Compound Structure EC50
a (lM)


9f


N+


OO


OEt


O-


N
0.07


9g


N+


OO


OEt


O-


N
N 0.03


9h


N+


OO


OEt


O-


N
O 0.015


9i


N+


OO


OEt


O-


N
0.09


9j


N+


OO


OEt


O-


N


0.03


a EC50 values were determined from direct regression curve analysis.


J. H. Ahn et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5239–5244 5243

showed a good activity (15 nM), methyl ester (15j)
exhibited a decrease of activity. Cyclopropyl amide
analogue (15m) is another potent compound with an
EC50 value of 20 nM. The decarboxylated compound
(15n) was detrimental to the potency.


Finally, the isomeric effect of compound 9h, which is the
most potent in this series, was explored (Table 6). The
compound 16, which is a stereoisomer of 9h, resulted
in 3-fold less potent than 9h.


Attempting to optimize the ring substitution of indene
N-oxide with adoptions of various substituents led to
successful improvement in potency. From these SAR
data, we had selected the compound 9h as a representa-
tive compound for evaluating pharmacological profiles,
and we described the results including selectivity toward
other PPARs, glucose uptake, PK, and in vivo study in a
separate paper.11


In summary, a series of the novel indene N-oxide deriv-
atives have been synthesized12 and evaluated for their
ability to activate PPARc. The indene N-oxide skeleton
was derivatized at the R1, R2, R3, and R6 positions. The
full SAR study was investigated. The compound 9h
emerged as the most active compound, which showed
an EC50 value of 15 nM.
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Abstract—We designed and synthesized new peptidic self-cleavable spacers that released a parent drug via succinimide formation
and the oligoarginine-based cargo-transporter (OACT) system. The self-cleavable efficacy of these compounds was studied and
the conversion time was controlled by an amino acid side-chain structure next to the succinyl moiety on the spacer. These novel
self-cleavable spacers are promising for developments of the OACT system as means to potentially enhance intestinal absorption
of parent drugs.
� 2007 Elsevier Ltd. All rights reserved.

Various cell penetrating peptides (CPPs),1–9 including
human immunodeficiency virus type-1 (HIV-1) transac-
tivator of transcription (Tat) protein derived peptide
Tat(48–60),2,6 penetratin,4,7 and arginine-rich pep-
tides,8,9 are currently considered as attractive tools for
intracellular delivery of substances with low membrane
permeability, such as proteins,2 oligonucleotides,10 lipo-
somes,11–14 certain drug classes,15,16 and non-covalent
supra-molecular complexes.2,17,18 High cell membrane
permeability of these CPPs is mostly attributed to clus-
ters of constitutive basic amino acids, especially the olig-
oarginine residues with their cationic guanidino
clusters.5,9 These highly cationic clusters can interact
with negative charges on the surface of cells, thereby
promoting cell permeation.19,20 However, although a
mechanism by macropinocytosis has been proposed,21,22


the precise internalization mechanism of CPPs has not
yet been clarified.


Drugs conjugated with oligoarginine have recently also
been expected to increase penetration of low permeable

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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drugs through the intestinal epithelial cell layer into
blood.23,24 Liang et al. reported stable covalent conjuga-
tion between a Tat-derived arginine-rich peptide and
insulin, that effectively reduced blood glucose level when
compared with insulin alone in oral administration.24 In
our preliminary human intestinal cell line (Caco-2) mod-
el experiment with a series of covalently stable fluores-
cein isothiocyanate (FITC)-arginine conjugates, only a
slight increase in permeability was observed (data not
shown). This result raised the possibility that, once the
conjugates are internalized, most are retained in the
intracellular compartment presumably due to the posi-
tive charges of oligoarginines. Herein, we proposed a
novel self-cleavable spacer strategy.


In our previous study on water-soluble prodrugs of an
HIV protease inhibitor (PI) with very low water-solubil-
ity, we developed a series of water-soluble auxiliaries
possessing (1) chemical-triggered self-cleavable spacers
and (2) solubilizing moieties containing an ionized
amine function.25,26 In these prodrugs, conversion to
the parent drug via an intramolecular imide formation
could be well controlled by the neighboring-group par-
ticipation effect near the ionized basic functional group
on the solubilizing moieties. We obtained water-soluble
prodrugs of an HIV-PI exhibiting a wide range of
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conversion times, which is crucial for increasing intesti-
nal absorption of the parent drug.


From this background knowledge, in the present study,
FITC-ethanolamine (FE, 1) was chosen as a drug-model
with low intestinal permeability, and FE–heptaarginines
conjugated through new peptidic spacers were synthe-
sized on Fmoc-based solid phase peptide synthesis
(SPPS). These peptide spacers can self-catalyze under
physiological conditions via an intramolecular cycliza-
tion reaction through imide formation that is triggered
by the basic side chains of adjacent amino acids
(Fig. 1). A CPP [DD-heptaarginine] was adopted to avoid
enzymatic peptide bond degradation during cell
penetration. Additionally, c-aminobutyric acid (GABA)
was inserted between the self-cleavable spacer and
DD-heptaarginine moiety to reduce undesired effects
associated with highly basic guanidine moieties.


As shown in Scheme 1, three kinds of FE–heptaargi-
nines 4a–c were designed and synthesized. Parent 1, pre-
pared by coupling FITC with ethanolamine in DMF,
was reacted with succinic anhydride in the presence of

b, c


N
H


OH
S


COOH


H
N(D-Arg(Pmc))7


O


NH2(D-Arg)7


H
N


Xaa


OO


: Ala, b: Dap(Boc), c: Dab(Boc)]


c [a: Ala, b: Dap, c: Dab]


 f-h


ydride, DMAP, DMF, 50 �C; (c) preparative TLC; (d) 20% piperidine/


IPCD, HOBt, DMF; (f) 2, DIPCD, HOBt, DMF; (g) TFA, thioanisole,







5


10


15


20


25


0 min 5 min 10 min


15 min 30 min 45 min


5


10


15


20


25


4b
1


4b
1


4b 4b
1


4b
1


1


a


b


0.0


20.0


40.0


60.0


80.0


100.0


0 30 60 90 120 150 180 210 240


time (min)


re
la


ti
ve


 c
o


n
c.


 (
%


 o
f 


ti
m


e 
ze


ro
)


Figure 2. (a) Typical conversion profile of 4b under physiological
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4-dimethylaminopyridine (DMAP) in DMF to afford FE-
monosuccinate 2. Protected peptide resins 3a–c were syn-
thesized by Fmoc-based SPPS. After loading Fmoc-DD-
Arg(Pmc)-OH (Pmc: 2,2,5,7,8-pentamethylchroman-6-
sulfonyl) to a Rink amide AM resin by DIPCD (1,3-diiso-
propylcarbodiimide)–HOBt (1-hydroxy-benzotriazole)
method, peptide chains were elongated by the same cou-
pling method and the respective Fmoc groups were depro-
tected with 20% piperidine/DMF to obtain resins 3a–c.
Compound 2 was then reacted to peptide resins 3a–c using
the same coupling method. Finally, the peptide resins
were deprotected with a TFA–thioanisole–m-cresol sys-
tem and the resultant crude 4a–c were purified by HPLC
as TFA salts.27 A control peptide 5, FITC-GABA-(DD-
Arg)7-NH2, was also synthesized by similar SPPS.


Conversion times (t1/2) for FE–heptaarginines 4a–c to
parent 1 were evaluated by HPLC under physiological
conditions (Krebs–Ringer bicarbonate buffer, KRBB,
pH 7.4, 37 �C).28 As shown in Table 1 and Figure 2, pep-
tide 4a having DD-Ala with no basic side chain function-
ality next to the succinyl moiety (Xaa site) exhibited the
longest t1/2 of ca. 100 min, while the basic side chains in
the spacer of FE-heptaarginines 4b and 4c significantly
shortened conversion time. Especially, Dap (LL-diamino-
propanoic acid) derivative 4b, which is expected to un-
dergo a nucleophilic neighboring-group participation
through a five-membered ring intermediate, exhibited
quick conversion with a conversion t1/2 value of
9.4 min and almost no side reaction was observed from
this conversion as exemplified in Figure 2a. Dab
(LL-diaminobutanoic acid) derivative 4c, going through
a six-membered ring intermediate, showed a slightly
longer conversion time (t1/2 = 18 min) than that of
Dap derivative 4b. These results clearly indicated that
conversion time could be controlled by the chemical
structure of Xaa, suggesting that FE–heptaarginine con-
jugates with more variable conversion time could be de-
signed in controlled release FE.


As a preliminary step to investigate the efficacy of FE-
heptaarginine conjugates on parent drug intestinal
absorption after cellular uptake, in vitro permeation as-
says using Caco-2 cell monolayers were performed.29


Conjugate 4b having a t1/2 value of 9 min seemed to in-
crease transport rate of FE 1 by at least two times higher
than FE 1 alone. Conjugates 4a and 4c with longer t1/2


values of 106 and 18 min, respectively, exhibited only

Table 1. Conversion times of FE–heptaarginines


Compound Xaa Ring size of


intermediate


t1/2
a


(min)


PappAB
b


(cm s�1 · 10�6)


4a D-D-Ala NAc 106 ± 2.6 0.41 ± 0.08


4b Dap 5 9.4 ± 0.1 0.75 ± 0.10


4c Dab 6 18 ± 0.4 0.48 ± 0.09


1 NAc NAc NAc 0.26 ± 0.11


5 NAc NAc NAc 0.38 ± 0.01


a Values were calculated from each degradation profile (Fig. 2).
b Values were calculated from the results of in vitro model permeation


assays (Fig. 3), with SEM obtained from 6 (1 and 5) or 8 (4a–c)


experiments.
c NA, not applicable.

slightly higher permeation profile over FE 1 alone, while
non-cleavable compound 5 had a similar permeation
profile as FE 1 alone (Table 1 and Fig. 3). These results
suggested that although an ideal time-dependent self-
cleavage of the drug–heptaarginine conjugates seems
to be an important factor in Caco-2 cell permeability,
other factors may also be involved.


Considering that (1) the conjugates are time-depen-
dently and chemically hydrolyzed with a constant con-
version time under physiological conditions, (2)
compound 4b with a self-cleavable linker exhibited im-
proved-transport rate of parent 1 higher than non-cleav-
able compound 5, and (3) FE 1 itself did not enhance
cellular transport as shown in Table 1, we believe that
the conjugate was delivered into the cells and the parent
1 was released intracellularly, then transferred to the
basolateral side. Further biological studies are currently
underway to elucidate the transfer mechanism, in order
to reach our ultimate goal of enhancing intestinal
absorption of parent drugs with low intestinal epithelial
permeability as well as intracellular delivery of sub-
stances with low membrane permeability.
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Abstract—Allosteric inhibition of the hepatitis C virus (HCV) NS5B RNA-dependent RNA polymerase enzyme has recently
emerged as a viable strategy toward blocking replication of viral RNA in cell-based systems. We report here 2 series of indole-
N-acetamides, bearing physicochemically diverse carboxylic acid replacements, which show potent affinity for the NS5B enzyme
with reduced potential for formation of glucuronide conjugates. Preliminary optimization of these series furnished compounds that
are potent in the blockade of subgenomic HCV RNA replication in HUH-7 cells.
� 2007 Elsevier Ltd. All rights reserved.

HCV is a major human pathogen associated with
chronic hepatitis and liver disease, cirrhosis, hepato-cel-
lular carcinoma, and liver failure.1 Worldwide, there are
an estimated 170 million chronic carriers,2 whilst in the
US alone, 4 million have antibodies to HCV, indicating
an on-going or previous infection with the virus. For
over 10 years, frontline therapies have been based
around interferon-a, commonly dosing in conjunction
with ribavirin. Despite progress with such therapies
(e.g., introduction of pegylated interferon),3 sustained
viral response (SVR) rates are still typically poor, partic-
ularly for genotype-1 infections that predominate in
Europe, Japan, and the U.S.4 In addition, therapy is of-
ten accompanied by significant adverse side effects5—
consequently, there is a pressing need for new and
broadly effective therapeutics to combat HCV.3,6


HCV is a small, enveloped, single stranded positive
RNA virus in the Flaviviridae family. The genome is
approximately 10,000 nucleotides and encodes a single
polyprotein of about 3000 amino acids. This polyprotein
comprises the structural (C, E1, and E2) and non-struc-
tural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) pro-
teins that are required for replication and packaging of
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viral genomic RNA. NS5B is the viral RNA-dependent
RNA polymerase (RdRp). The RdRp activity of NS5B
is essential for viral replication7 and has no functional
equivalent in uninfected mammalian cells—thus making
the NS5B protein an attractive target for drug
discovery.8


The NS5B RdRp comprises the palm, fingers, and
thumb subdomains common to nucleotide polymerizing
enzymes.9 Inhibition of NS5B can be achieved through
interaction at the active site, for which both nucleoside
ligands10,11 and non-nucleoside inhibitors have been de-
scribed.11–15 Alternatively, several allosteric inhibitor
binding sites on NS5B have been identified distal to
the catalytic center.11,16 Recent reports from our labora-
tories documented the development of N-acetamido-in-
dole-6-carboxylates, such as 1, as potent inhibitors
interacting at one such allosteric site that lies close to
a conserved amino acid, proline 495, on the surface of
the thumb domain.17–19 An issue with compounds from
this class, however, was that glucuronide conjugates of
the carboxylic acid were frequently observed as major
circulating metabolites (Fig. 1).


To moderate the formation of glucuronide conjugates in
the systemic circulation, viable alternatives to the
C6-carboxylate were sought. There are a number of
moieties documented in the literature as mimetics for
carboxylic acids, with diverse physical attributes and
spanning a multi-log unit range of pKa values. In this
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Figure 1. Potent N-acetamido-indole-6-carboxylic acid inhibitor of


HCV NS5B.
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paper, we describe the discovery and initial optimization
of 2 such structural classes (oxadiazolones and acyl sul-
fonamides/sulfonyl ureas) chosen for their disparate
pKa’s and physical characteristics—leading to indole
N-acetamides with reduced potential regarding forma-
tion of glucuronide conjugates, that retain intrinsic affin-
ity for the NS5B enzyme and potency as inhibitors of
HCV replication in a surrogate cell-based assay.


The compounds described herein were assessed for
activity (IC50) against the purified DC55 NS5B enzyme
in the presence of heterogeneous template RNA. Inhibi-
tion of replication of subgenomic HCV RNA was mea-
sured in HUH-7 cells using a modification of the
procedure of Bartenschlager.20 Unless otherwise stated,
cell-based data (EC50) were measured in the presence
of 10% fetal calf serum. Pharmacokinetic studies in rats
were performed with n = 3, and the following dosing
parameters were used: iv 3 mg/kg (60% DMSO + 20%
PEG400 + 20% H2O), po 3 mg/kg (PEG400).


The indoles reported in Tables 1–4 were prepared from
the methyl 2-bromo-3-cyclohexylindole-6-carboxylate
precursor17 2, as outlined in Scheme 1. Thus, either

Table 1. HCV NS5B polymerase enzyme inhibition (IC50), cell-based efficacy


moieties


N


NMe


O


Ch


R


Compound R IC50/EC50
a (lM)


9
HO


O
0.086/1.5


10
NO


N
H


O 0.068/4.4


11
N
H


O
S


OO
0.046/2.1


a IC50/EC50 values are means from at least 2 experiments.
b Compounds were dosed as trifluoroacetate salts. po/iv 3 mg/kg body weigh
c Oral bioavailability.
d Terminal phase plasma halflife following iv administration.
e Plasma clearance.
f After oral dosing.

BBr3 or hydrolytic cleavage of the methyl ester, forma-
tion of the primary amide and dehydration to the nitrile,
followed by alkylation with NaH/tert-butyl bromoace-
tate afforded intermediate 3. Preparation of the amide
oxime and a one-pot acylation/cyclization protocol
using carbonyldiimidazole generated the oxadiazolone.
Pd-mediated cross-coupling with the appropriate aryl-
boronic acid then installed the aromatic functionality
at C2 in 4. Unmasking of the tert-butyl ester and
TBTU-promoted amide bond formation yielded the fi-
nal compounds 5. Clearly, this strategy is well suited
to modifications to the acetamide dimension in the final
step, however, the synthesis could be readily tailored to
fit final diversification steps at alternative positions
around the indole. Hence, for example, manipulation
at C6 could be performed equally well after diversifica-
tion at C2 and in the N1-acetamide moieties, simply
by moving steps in the synthetic sequence. Initial Suzuki
coupling on 2 followed by the 3-step alkylation, depro-
tection, amide bond formation sequence, and final ester
cleavage afforded C6 carboxylic acid 6. The carboxylate
moiety could then either be manipulated as before to set
up the oxadiazolone ring, or subjected to EDAC medi-
ated coupling with sulfonamides or sulfamides to yield
the corresponding acylsulfonamides or sulfonylureas 7.


As illustrated in Scheme 2, taking bromo derivative 8
through the analogous synthetic sequence allows func-
tionalization at C2 as the final step.


In the field of angiotensin II receptor antagonists, het-
erocycles such as oxadiazolones have been reported as
replacements for carboxylic acid moieties.21 Although
2 tautomeric forms can be envisaged, studies suggest
that generally the non-aromatic oxadiazolone form is

(EC50), and in vivo rat pharmacokinetic properties for diverse C6 acid


2


x


Frat (%)b,c/ t1/2 (h)d Cl (ml/min/kg)e/ AUC (lM h)f


45/5 32/2


20/13 12/2


24/2 51/1


t; n = 3. Vehicle iv 60% DMSO/20% PEG400/20% H2O, po PEG400.







Table 2. C6 hydroxyoxadiazole SAR: intrinsic potency and cell-based activity


N
Ar


NR1R2


O


Chx


NO


N
H


O


Compound Ar NR1R2 IC50
a (lM) EC50


a (lM) hPPB (% free)


10 NMe2 0.068 4.4 0.1


12
N


NMe2 0.78 20 —


13 N N 0.059 1.3 —


14


F


N N 0.053 2.4 —


15 N N 0.3 17 —


16


OMe


N N 0.067 3.7 —


17 Cl N N 0.017 1.9 —


18
N
N N N 0.17 >50 9.4


19
N


N
0.075 1.60 —


20
N N


0.047 1.1 2.1


21
O


N O


N
0.026 1.1 —


a IC50/EC50 values are means from at least 2 experiments.
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predominant over the hydroxyoxadiazole.22 As a conse-
quence, the pKa is significantly elevated (and so the % of
the neutral form at physiological pH) with respect to
carboxylic acids. In contrast, simple acyl sulfonamides/
sulfonyl ureas have pKa values that approach more clo-
sely that of the parent carboxylic acid, but offer a handle
from which to explore structural space on the enzyme
surface. (Measured values: 9 pKa = 4.8; 10 pKa = 6.1;
23 pKa = 5.2.)23


Pleasingly, despite diverse physical properties, both oxa-
diazolone 10 and acylsulfonamide 11 display excellent
intrinsic potency on the isolated enzyme, being if any-
thing marginally more potent than the parent carboxylic
acid 9, with comparable activity in the cell based assay
(Table 1). Furthermore, as prototypical molecules for

each class, they both show acceptable oral bioavailabil-
ity and systemic exposure in rat.


Most significantly, in vitro studies with 10 and 11 in rat
liver microsomes demonstrated that both these series
potentially offer a means by which to radically reduce
the extent of glucuronidative metabolism in the indole
N-acetamide class (Fig. 2). In vivo, elevated clearance
for 11 was not associated with the formation of conju-
gates, but rather a greater first pass effect due to oxida-
tive metabolism and biliary excretion.


Having shown that it was possible to address glucuron-
idation without compromising significantly intrinsic
potency, attention then focused on SAR to optimize
cell-based activity (Table 2). In the oxadiazolone class,







Table 3. C6 acylsulfonamide SAR: intrinsic potency and cell-based activity


N
Ar


NMe2


O


Chx


R


O


Compound R Ar IC50
a (lM) EC50


a Standard/(no serum) (lM) hPPB (% free)


11 N
H


S
OO


Ph 0.046 2.1/(0.52) 0.8


22 N
H


S
OO


Ph 0.011 3.9/(0.13) 0.3


23
N
H


S
OO


Ph 0.031 5.0/(0.15) <0.1


24
N


S
OO


Ph 0.64 NAb —


25 N
H


S
OO


N Ph 0.031 5.4/(2.0) 1.9


26 N
H


S
N


OO
Ph 0.009 0.71 0.8


27 N
H


S
OO


HO2C Ph 0.029 1.6 —


28 N
H


S
OO OMe


0.011 1.5 —


29 N
H


S
OO O


0.022 1.5 0.8


30 N
H


S
OO


HO2C
O


0.019 0.56 1.0


31 N
H


S
N


OO O
0.014 0.38 1.1


a IC50/EC50 values are means from at least 2 experiments.
b NA, not active.
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a consequence of the tautomeric preference and charge
delocalization upon ionization is a greater lipophilicity
for this moiety over a carboxylic acid. In light of this,
the possibility to introduce polarity in other regions of
the structure would be highly desirable as a means of
reducing the overall lipophilicity and improving param-
eters such as plasma protein binding (PPB).


Regrettably, polar heterocycles at C2 (e.g., 12) proved
largely incompatible with the primarily lipophilic
interactions of this element and the enzyme surface. In
contrast, introducing a basic centre in the acetamide
sidechain (e.g., 13) to afford formally zwitterionic
species gave a moderate enhancement in cell-based
potency.

Using zwitterionic indole oxadiazolone 13 as a starting
point, SAR around the C2 phenyl was explored. Substi-
tution in this series showed that although small moieties
in the ortho position such as F (14) were tolerated, bulk-
ier substituents (15) proved deleterious—presumably a
steric clash between the C2 and N1 elements perturbing
their orientations and compromising interactions with
the enzyme. Electron donating functionality at the meta
position was acceptable (16), whilst the para-position
could accommodate substitution with a modest gain in
enzyme affinity (17). Once more, polar electron deficient
heteroaromatics at C2 proved incompatible with enzyme
affinity (18). C2/N1-acetamide moiety optimization,
using amines from commercial sources and in-house
synthesis, afforded potent enzyme inhibitors spanning
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Table 4. Optimized C6 acylsulfonamide and acylsulfonylurea: intrinsic potency and cell-based activity


Compound Structure IC50
a (lM) EC50


a (lM)


32
N
H


S
OO O


N


N


O


O


OMe


NEt2


0.009 0.34


33


N
H


S
N


OO O


N


N


O


NEt2


O


0.004 0.12


a IC50/EC50 values are means from at least 2 experiments.
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a 20–80 nM activity range. Although it was possible to
improve physical properties (as judged by hPPB) with-
out compromising intrinsic potency (e.g., 20), it proved

difficult to break into sub-lM levels of cell based activ-
ity. This would suggest that plasma protein binding may
not be the key determinant restricting cell-based activity
for this series. Potentially log D (which for the oxadiazo-
lone series generally remains around a log unit higher
than for the analogous examples in the C6 carboxylic
acid class), coupled with the higher H-bond acceptor
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count, may contribute to limiting the free intracellular
levels of compound attainable. In accord with this
hypothesis, there was minimal impact on cell-based
activity when the assay was performed in the absence
of serum proteins. (e.g., compound 19 EC50 (no serum)
1.0 vs 1.6 lM in standard conditions).


Concomitant with the oxadiazolones, the acylsulfona-
mide series was explored. In this case, pKa and log
D can approach more closely that of the parent car-
boxylic acid class, and it proved easier to rationalize
variations in cell-based activity in terms of substitu-
ent impact on log D, PPB, and/or cell permeability
rather than an inherent limitation of the structural
class.


Studies initially probed the sulfonamide/sulfonyl urea
fragment (Table 3). It was found that methylation of
the acidic NH proved highly detrimental to potency,
reflecting the importance of this structural element
(e.g., 24). Although bulky functionality at C6 was tol-
erated, it was not necessary for optimal enzyme affinity
and cell-based potency, with simple acylsulfonylurea 26
affording a 10-fold boost in intrinsic enzyme affinity
over the carboxylic acid 9 along with sub-lM cell-
based activity. For overly lipophilic molecules (e.g.,
22, 23), plasma protein binding became limiting for
cell-based activity, as can be seen from the shifts be-
tween no serum and standard conditions. Polar/
charged moieties could reduce PPB, but not always
did this improve free intracellular compound concen-
tration (e.g., 25 shows reduced serum shift with respect
to 23, but raised EC50(no serum)/IC50 ratio). Intrigu-
ingly, a di-acid replacement for the C6 carboxylic acid
27 did not limit cell-based activity. SAR at C2 identi-
fied electron-rich heteroaromatics, such as furan, as
being optimal for enzyme affinity, and gratifyingly gave
further improvements in cell-based activity (e.g., 30,
31).


At this stage, introduction of a basic charged center to
the acetamide moiety to give formally zwitterionic acyl-
sulfonamides and sulfonyl ureas gave a significant boost
in both intrinsic and cell-based potency (Table 4). N1/C2
optimization afforded compounds (e.g., 32 and 33) pos-
sessing intrinsic potency and cell-based activity to now
rival the related C6 carboxylic acid series.18 Impor-
tantly, no cytotoxicity was observed for compounds of
this type, the CC50 values for compounds 32, 33 being
above 50 lM.


In summary, we have described here the development
of 2 series of indole-N-acetamides, bearing physico-
chemically diverse replacements for the C6 CO2H,
that are potent allosteric inhibitors of the HCV
NS5B enzyme with reduced potential regarding forma-
tion of glucuronide conjugates. Preliminary optimiza-
tion of these series furnished compounds that are
non-cytotoxic and equipotent with their carboxylic
acid counterparts—showing 100 nM potency in the
blockade of subgenomic HCV RNA replication in
HUH-7 cells.
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Abstract—Pyrrolopyrimidine nucleoside 1 was designed and synthesized as a potential mutagen for HCV. An in vitro HCV NS5B
enzymatic assay indicated that pyrrolopyrimidine triphosphate acts as a CTP analog rather than a UTP analog. The SATE-prodrug
of pyrrolopyrimidine monophosphate showed a weak inhibitory activity in an HCV replicon system (EC50 = 60 lM) and did not
exhibit cytotoxicity (CC50 > 100 lM). Investigation of phosphorylation events using nucleoside kinases and LC–MS analysis
revealed that the second phosphorylation step, from monophosphate ester to diphosphate ester, is unfavorable.
� 2007 Elsevier Ltd. All rights reserved.

N


N


O


NH


N


NH


O


N


Hepatitis C virus (HCV) infection is a leading cause of
chronic liver diseases, such as cirrhosis and hepatocellular
carcinoma. It is estimated that more than 170 million peo-
ple are infected by HCV worldwide. HCV is a positive-
stranded RNA virus in the family of Flaviviridae.1 The
only FDA-approved HCV therapies are interferon or
pegylated interferon monotherapies or in combination
with ribavirin.2 However, their efficacy is less than ideal
as only 52–54% of patients achieve a sustained virological
response.3 Clearly, there is urgent medical need to develop
more antiviral agents to fight the HCV infection.


One idea to develop new antiviral agents is to exploit the
lack of fidelity or proof-reading mechanism during
RNA virus replication which is responsible for the
extraordinary genetic variation among RNA viruses.4


Such diverse RNA viral quasispecies are important to
promote escape from immune selection and to adapt
rapidly to new environments but also may put the
RNA viruses on the threshold of error catastrophe at
which a small increase of mutation rate may induce a ge-
netic melt-down and eradicate a virus population.5,6


Therefore, an RNA virus mutagen would be an effective
antiviral drug. In fact, recent studies have indicated that
ribavirin may act as such a mutagen. In the poliovirus
model system, ribavirin increased the mutation rate of

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.03.091


Keywords: Mutagen; Antiviral design; Nucleoside analog; HCV; RNA


virus.
* Corresponding author. Tel.: +1 714 729 5533; fax: +1 714 729


5577; e-mail: ykoh@ardeabiosciences.com
� Current address: Ardea Biosciences, 3300 Hyland Ave., Costa Mesa,


CA 92626, USA.

the viral genome in a dose-dependent manner, and a
small increase of mutation rate (2- to 6-fold) reduced
viral infectivity to as little as 0.00001% in cell culture.
In a primer-extension assay of poliovirus polymerase,
ribavirin triphosphate acted as a substrate and base-
paired equally well with either uridine or cytidine. As
a result, ribavirin monophosphate could be mis-incorpo-
rated into the nascent RNA product. Ribavirin in an
RNA template also served as a base for incorporation
of cytidine or uridine with equal efficiency, confirming
that ribavirin mis-incorporation could be mutagenic.7,8


The mutagenic effect of ribavirin on HCV infection
has been subsequently investigated using in vitro stud-
ies.9,10 In this paper, we report the design of a modified
cytidine base as a potential mutagen during HCV repli-
cation and evaluation of its biological activities.


We designed pyrrolo[2,3-d]pyrimidin-2-one nucleoside 1
as a potential mutagen by fusing a five-membered ring
on the pyrimidine of cytidine (Fig. 1). If this bicyclic ring
system tautomerizes between 1 and 1a in biological solu-
tions, structure 1 could act as a cytidine and structure 1a
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Figure 1. Proposed mutagen, pyrrolopyrimidine nucleoside 1. The


pyrrolopyrimidine nucleoside could potentially mimic a cytidine and it


could also tautomerize to 1a to mimic a uridine.
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Scheme 2. Reagents: (a) POCl3, PO(OCH3)3; TBAPP, tributylamine,


20%; (b) 10, DMF, 1H-tetrazole; (CH3)3COOH, 60%.
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Figure 2. Incorporation of pyrrolopyrimidine triphosphate 8 by HCV


NS5B using AAAAAGGAGC and 33pGpC (lanes 1–5), and
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could act as a uridine. Synthesis of 1 was achieved fol-
lowing a route depicted in Scheme 1.11 Hydrogenation
of 2-amino-4-chloro-7H-pyrrolo[2,3-d]pyrimidine (2) in
the presence of palladium on activated charcoal gave
3. Protection of pyrrole nitrogen of 3 with benzyloxycar-
bonyl (Cbz) group was necessary for the next diazotiza-
tion. The diazotization of 4 with sodium nitrite in acetic
acid and water provided the pyrrolopyrimidine 5. Gly-
cosylation of 5 with ribofuranose 6 yielded nucleoside
7, and deprotection of benzoyl groups of 7 provided
the target nucleoside 1.


For biological evaluations, 1 was further converted to its
triphosphate form 8 and an S-acyl-2-thioethyl (SATE)
prodrug form 9 was synthesized following a well-estab-
lished literature procedure.12 The triphosphate 8 was
synthesized from the reaction of 1 with phosphorus oxy-
chloride in trimethylphosphate, followed by the reaction
with tributylammonium pyrophosphate. Synthesis of
prodrug 9 was accomplished by the treatment of 1 with
phosphoramidite 10 in the presence of 1H-tetrazole and
the subsequent oxidation with tert-butyl hydroperoxide
(Scheme 2).


To test if 1 could mimic both cytidine and uridine, we
used triphosphate 8 in the HCV NS5B enzymatic nucle-
otide incorporation assay on different templates. Base-
pairing of 8 with A into a product was examined by
using an RNA template, 5 0-AAAAAGGAGC-3 0, and
a 33P-labeled primer, pGpC. The reaction will give a tri-
nucleotide product or longer elongation products when
additional CTP is present. Similarly, incorporation
opposite to G was tested by using 5 0-AAAAAAA
GAU-3 0 and 33pApU.


The resulting products are shown in Figure 2 along with
products from control experiments using UTP or CTP.
It appears that 8 was not incorporated in significant
amount into a product through base-pairing with A
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Scheme 1. Reagents: (a) H2, Pd–C, CH3OH, 90%; (b) C6H5CH2O-


COCl, N(CH2CH3)3, DMAP, DMF, 52%; (c) NaNO2, H2O,


CH3COOH, 51%; (d) N,O-bis(trimethylsilyl)acetamide, CH3CN; 6,


SnCl4, 45%; (e) NH3, CH3OH, 98%.


AAAAAAAGAU and pApU (lanes 6–10). Each reaction mixture


contained 5 lM of NS5B, 20 lM of the primer, and 20 lM of the RNA


template, and 1 mM of a nucleotide as the following: lane 1, none; lane


2, UTP; lane 3, UTP and CTP; lane 4, compound 8; lane 5, compound


8 and CTP; lane 6, none; lane 7, CTP; lane 8, CTP and UTP; lane 9,


compound 8; lane 10, compound 8 and UTP. The reactions were


performed in 50 mM HEPES, pH 7.3, 10 mM MgCl2, and 10 mM


DTT at 30 �C for 1 h. The reaction products were resolved on a 25%


polyacrylamide-7 M urea-TBE gel and were scanned on a


PhosphorImager.

(lane 4), nor were there any significant elongation prod-
ucts (lane 5). However, the trinucleotide product was
clearly seen when it was incorporated through base-pair-
ing with G (lane 9). The intensity of the band is compa-
rable to that from CTP incorporation (lane 7).
Interestingly, elongation products from both CTP and
8 were not clearly visible (lanes 8 and 10). This result
indicates that the pyrrolopyrimidine base of 8 favors
the cytosine-like tautomer rather than the uracil-like
tautomer under our experimental conditions.


The SATE-prodrug 9 was tested by using a cell-based
HCV replication assay. It showed a weak inhibitory
activity in an HCV replicon system (EC50 = 60 lM)
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and did not exhibit any cytotoxicity (CC50 >100 lM).
The lack of both inhibitory and cytotoxic activity may
reflect poor phosphorylation events in the cells. Thus,
we decided to examine phosphorylation efficiency of 1
in vitro. The pyrrolopyrimidine nucleoside 1 was incu-
bated with uridine–cytidine kinase (UCK) and nucleo-
side monophosphate kinase (NMPK), and products
were analyzed on an LC–MS (Fig. 3). In parallel, a con-
trol reaction was performed with cytidine to confirm the
production of CMP and CDP (Fig. 4). The middle panel
in Figure 3 clearly shows that a reaction with UCK
alone produced the monophosphorylated product.
However, a reaction with both UCK and NMPK did
not produce any trace of a diphosphate product (top pa-
nel, Fig. 3). This is surprising because NMPK is known
to accommodate a wide range of analogs of nucleoside
monophosphates. Usually, the first phosphorylation of
nucleoside, producing NMP, is known to be the rate-
limiting step in cells, and to overcome this difficult step,
prodrug forms of NMP are frequently utilized.


In conclusion, an in vitro enzymatic assay indicated
that pyrrolopyrimidine triphosphate 8 preferentially

acts as a CTP analog rather than as a UTP analog
under our experimental conditions. Testing the pyrrol-
opyrimidine nucleoside 1 as a mutagen in vivo may
not be feasible because, unlike other nucleoside ana-
logs, the second step of phosphorylation in cells, from
monophosphate ester to diphosphate ester, appears to
be unfavorable.
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Abstract—Thirty-one Sansalvamide A peptide derivatives were synthesized. 3H thymidine inhibition assays were performed using
two pancreatic cancer cell lines (PL45 and BxPC-3). Six compounds possess 140-fold increased differential selectivity for cancer cell
lines over normal cell lines (WS1, skin fiberblasts) and are 140 times more active against pancreatic cancer cell lines than compounds
used clinically to treat these cancers (e.g., 5-FU). Structure–activity relationship studies show the inclusion of a single N-methyl and/
or DD-amino acid appears to be critical for presenting the active conformation of the six San A peptide derivatives to their biological
target(s).
� 2007 Elsevier Ltd. All rights reserved.

Pancreatic cancer is the fifth most deadly cancer in the
U.S. Only 10% of patients are eligible for surgery,1


and less than 20% of pancreatic cancers respond to the
drug of choice [2,2-difluorodeoxycytidine] or other
drugs on the market.2 The 5-year survival rate for
patients with pancreatic cancers is less than 5% (95%
mortality rate!).3 With such a low response rate to
current chemotherapeutic treatments, there is an
immediate need for new drugs that provide additional
chemotherapeutic options to patients.


Pioneering work by Silverman on the synthesis of San-
salvamide A peptide (San A) brought attention to this
class of natural product analogs.4,5 Silverman describes
the cytotoxicity of eleven Sansalvamide A (San A) deriv-
atives against drug-resistant cell line HCT-116.3,4 We re-
cently reported the synthesis and cytotoxicity data of 70
derivatives against HT-29,6,7 a drug-sensitive colon can-
cer cell line, and HCT-116.8 The natural product is a
depsipeptide, and as such is prone to deactivation by
ring opening enzymes. In order to avoid this, most of
the 81 analogs synthesized, including all 70 of those re-
ported by our laboratory, were synthesized as the San A
peptide derivatives. Although one San A derivative has
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been reported by Silverman as potent against pancreatic
cancers,9 this is the first report to describe the SAR of
our derivatives against pancreatic cancer cell lines.
Therefore in this communication we highlight the key
SARs for targeting these drug-resistant pancreatic can-
cers. We describe the first extensive SAR study of 31
San A derivatives in two distinguishable pancreatic can-
cer cell lines.10 Six structurally unique compounds
emerge as potent inhibitors.


3H thymidine inhibition assays using PL45 and BxPC-3
pancreatic cancer cell lines highlight the extraordinary
promise of these six San A derivatives and provide valu-
able data essential in designing new chemotherapeutic
agents against pancreatic cancers. Our small molecules
share no homology to known pancreatic cancer drugs,
demonstrate selectivity for cancer cell lines over non-
cancerous cell lines, have ClogP values within the range
of Lipinski’s rules (0.18–3.3), and show potency on par
with current drugs on the market treating other cancers.
These data establish that San A is a privileged structure
for treating multiple drug-resistant pancreatic cancers.
Our succinct convergent approach provided 31 ana-
logs.6,7 We describe how our derivatives provide valu-
able information on the impact of: stereochemistry,
amide bond geometry, hydrophobic moieties, and
hydrophilic elements on potency. In addition, choices
of amino acids were designed to alter the ClogP values
in the range of 0.13–3.5, thus exploring solubility prop-
erties while still meeting Lipinski’s rules. Compounds
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are described by modifications at each position. Data
shown below give the percent inhibition at 5 lM concen-
trations. We synthesized the all-peptide natural product
analog [compound (1)] for comparison to our macrocy-
clic peptides. Figure 1 shows that two alterations at po-
sition 1 have an impact on cytotoxicity. Compound (2),
which contains a DD-amino acid (DD-aa), and compound
(3), which contains an N-methyl, moiety are both rela-
tively potent. These two compounds with modifications
at 1 demonstrate an improvement in growth inhibition
over that of the natural product peptide (1).


Changes at position 2 have no effect on cytotoxicity with
all compounds being as ineffective as (1) (Fig. 2). Inter-
estingly, placement of an N-methyl [(6)], a DD-leucine
[(7)], N-methyl DD-leucine [(8)], a hydrophobic DD-phenyl-
alanine [(9)], or the polar residue serine [(10)] at position
2 had little impact on potency.


Of all five positions, position 3 seems to have the great-
est impact on cytotoxicity (Fig. 3). Placement of a single
DD-valine at position 3 [compound (12)] produces an
extraordinarily potent compound against both pancre-
atic cancer cell lines. Yet, an N-methyl or N-methyl-
DD-valine at this position [compounds (11) and (14),
respectively] decreases cytotoxicity relative to San.


A (1). Interestingly, placement of an N-methyl DD-valine
at 3, combined with a hydrophobic cyclohexyl (15)
provides a relatively potent compound. In contrast, an
N-methyl DD-valine at 3 combined with a DD-leucine at 5
generates a non-potent compound [(20)]. Yet, substitu-
tion of a relatively hydrophobic element such as DD-phen-
ylalanine [(17)], or a polar element such as DD-serine [(16)]
at position 3 both diminish the compounds’ activity rel-
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used as a control.

ative to San A. In addition, the substitution of a DD-ethyl
moiety at 3 (18), unlike compound (12), produces an
ineffective compound. The combination of a DD-valine
at position 3 and either a DD-leucine at 2 [(19)], or a DD-leu-
cine at position 5 [(21)], or an N-methyl at 5 [(22)] gen-
erates compounds that are less potent than compounds
containing only DD-valine at position 3 [(12)]. Finally,
two analogs containing a DD-valine at 3 and a lysine-pro-
tected moiety at 4 [(24)], or an unprotected lysine at 4
[(23)] both exhibit minimal cytotoxicity. In summary,
compounds (12) and (15) show the greatest potency
against pancreatic cancer cell lines. Overall one com-
pound with modifications at position 3, compound
(12), demonstrated a clear and significant improvement
in growth inhibition maintaining greater than 50%
against both cell lines.


Changes at position 4 appear to have some impact on
activity, where the inclusion of an N-methyl moiety
[(26)] improves cytotoxicity relative to San A (Fig. 4)
for PL45 but not BxPC-3. Yet, an N-methyl moiety at
4 combined with a DD-aa at 5 shows cytotoxicity against
BxPC-3 and not PL45 (27). A DD-aa at 4 improves cyto-
toxicity for BxPC-3 and not PL45 (25). Finally, a DD-ami-
no acid in positions 4 and 5 (28) greatly enhances
potency for both compounds relative to San A. As men-
tioned earlier, (15), which contains a DD-aa at 3 and a
cyclohexyl at 4, is relatively potent against both cell
lines. Thus, only one compound had growth inhibition
percentages greater than 50% in both cell lines: (28).
This compound showed a significant increase in cytotox-
icity over (1).


Position 5 also appears to have an impact on cytotox-
icity where placement of a single N-methyl at 5 [(29)]
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manifests greater cytotoxicity than San A (Fig. 5). A
DD-leucine at 5 shows potency against PL45 but not
BxPC-3 [(30)]. Interestingly a combination of an N-
methyl DD-aa at 5 [(31)] shows similar potency to that
of compound (29), which only has an N-methyl at
5. In addition, compound (21), which is a combination
of potent compounds (12) and (30), is not potent
against either cell line. Similarly a combination of po-
tent compounds (12) and (29) generates an ineffective
compound [(22)]. Overall, two compounds, (29) and
(31), showed significant potency against both cell lines.
They displayed growth inhibition percentages greater
than 50% in both cell lines.


The IC50 values for the six most potent compounds are
shown (Fig. 6). Importantly, all six compounds exhibit
very low micromolar IC50 values for both cell lines.
Two compounds, (12) and (28), are greater than 50-fold
more potent than the natural product peptide (1) and
possess �140-fold increased differential selectivity for
cancer cell lines versus normal cell lines (WS1, skin
fiberblasts).


The most important features to emerge from this SAR
study include the incorporation of a DD-phenylalanine
or N-methyl at position 1, a DD-valine at 3, and an
N-methyl or N-methyl DD-leucine at 5. Thus, a single fea-
ture or position is not responsible for potency, rather as
is typical in complex systems, there are several determin-
ing factors. The key connection between potency and
structure involves constraining the macrocycle into its
active conformation and thus binding to its biological
target in that position. Recent publications highlighted
that a single N-methyl DD-amino acid (DD-aa) was the
central structural component required to maintain a
dominant conformation in macrocycles with five amino

73% 52%


29% 51%


30 31


Compound 21


NH HN


HN


N
H


NH


O


O


O


O


O


pound 30


NH HN


HN


N
H


NH


O


O


O


O


N HN


HN


N
H


NH


O


O


O


O


O


Compound 31


age of three wells run in three assays. Margin of error = ±5%, DMSO







IC50 Values (µM) 


0.0
5.0


10.0
15.0
20.0
25.0
30.0


co
nc


en
tr


at
io


n 
(µ


M
)


PL-45 BxPC3 Normal


PL-45 70.0


1 2 3 12 28 29 31


5.0 5.0 1.4 5.0 3.0 3.5


BxPC3 25.0 2.0 2.0 5.0 1.4 2.0 3.8


Normal 200.0 200.0 200.0 20.0 200.0 200.0 200.0


1


Compound 2


NH HN


HN


N
H


NH


O


O


O


O


O


Compound 3


NH N


HN


N
H


NH


O


O


O


O


O


Compound 12


NH HN


HN


N
H


NH


O


O
O


O


O


Compound 29


N HN


HN


N
H


NH


O


O


O


O


O


N HN


HN


N
H


NH


O


O


O


O


O


Compound 31Compound 28


NH HN


HN


N
H


NH


O


O


O


O


O


Figure 6. IC50s of potent compounds. Each data point is an average of three wells run in three assays at four concentrations. Margin of error = ±5%,


DMSO was used as control. Normal cells are WS1 skin fiberblasts.


5076 P.-S. Pan et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5072–5077

acids.11–13 Thus, the inclusion of a single N-methyl DD-aa
in our active structures locks the ring into its low energy
conformation, allowing it to appropriately present its
side-chains to its biological target(s). Further, it is well
established that these cyclic pentapeptides serve as tem-
plates for appropriately positioning suitable binding
motifs for proteins by mimicking beta and gamma
turns.14,15 Thus, the inclusion of a single N-methyl
and/or DD-aa, which is seen in five of the six most potent
compounds, plays a significant role in presenting the
active conformation of San A to its biological target.
Molecular modeling studies utilizing NOE values for
the potent compounds are currently underway and will
be reported in the near future.


These data show that significant progress has been made
toward development of efficacious compounds against
pancreatic cancers. Specifically, we have identified six
compounds that show 140-fold differential selectivity
against pancreatic cancer cell lines and demonstrate
50-fold greater potency than the natural product peptide
(1). These results establish the San A scaffold as a prom-
ising structure for the development of new antitumor
agents and compounds incorporating important struc-
tural features are being synthesized. Their potency will
be reported in due course.
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Abstract—Nobiletin, a major component of polymethoxyflavones in citrus fruits, has a broad spectrum of health beneficial prop-
erties including anti-inflammatory and anti-carcinogenic activities. The metabolite identification of nobiletin in mouse urine has con-
cluded that it undergoes mono-demethylation (3 0- and 4 0-demethylnobiletin) and di-demethylation (3 0,4 0-didemethylnobiletin)
metabolic pathway. Biological screening of nobiletin and its metabolites has revealed that the metabolites possess more potent
anti-inflammatory activity than their parent compound. Therefore, this letter reports the identification of nobiletin metabolites
and their anti-inflammatory activity against LPS-induced NO production and iNOS, COX-2 protein expression in RAW264.7
macrophage.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of nobiletin and its metabolites.

The study of health promoting property of nobiletin
(I, 5,6,7,8,3 0,4 0-hexamethoxyflavone, Fig. 1), one of the
major components of polymethoxyflavone family in
citrus fruits, has made tremendous progress. Both
in vitro and in vivo data have shown that nobiletin
has anti-inflammatory1–3 and anti-carcinogenic activi-
ties.4–6 It has been found that the properties of nobiletin
are very similar to those of dexamethasone, an anti-
inflammatory drug. For instance, nobiletin can interfere
with the production of prostaglandin E2 (PGE2) in hu-
man synovial fibroblasts by selectively down regulating
cyclooxygenase-2 (COX-2) activity and also can down-
regulate the gene expression of some cytokines like
interleukins (IL-1a, IL-1b, IL-6) and TNF-a in mouse
macrophages.1 Molecular biological evidence showed
that nobiletin suppresses gene expression and produc-
tion of some matrix metalloproteinases (MMP-1,
MMP-3, and MMP-9) in rabbit articular chondrocytes
and synovial fibroblasts.2 Inhibitory effects on inducible
nitric oxide synthase (iNOS) protein production were
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observed in mouse macrophages.3 There were many
reports to have shown the anti-carcinogenic activity of
nobiletin. For example, it can inhibit the proliferation
of human prostate cancer cells; inhibit the skin, breast,
and colon carcinoma cell lines.4 Recently, nobiletin
was shown to have anti-proliferative and apoptotic
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effects on a gastric cancer cell line and have disruptive
effect on cell-cycle progression.5 In another study, nobi-
letin showed the strongest anti-proliferative activity in a
comparative evaluation of 42 flavonoids’ activity against
six human cancer cell lines including lung, prostate, co-
lon, melanoma, and estrogen receptor positive (ER+)
and estrogen receptor negative (ER�) breast cancer.6


Moreover, another investigation revealed nobiletin
being a dual inhibitor of both NO and O2


�� generation
in leukocytes, and inhibiting tumor promotion in two-
stage mouse skin tumorigenesis.6


The biotransformation study of nobiletin has shown
that it undergoes demethylation pathway with the for-
mation of mono-demethylated nobiletin as major
metabolites. In the in vivo metabolism study of nobiletin
from rat urine, 3 0-demethylnobiletin (II, 3 0-hydroxy-
5,6,7,8,4 0-pentamethoxyflavone, Fig. 1) has been identi-
fied by Murakami et al. as the major metabolite,7


whereas 4 0-demethylnobiletin (III, 4 0-hydroxy-
5,6,7,8,3 0-pentamethoxyflavone, Fig. 1) being identified
as the major metabolism product by Ohigashi’s research
group.8 Recently, we have identified two nobiletin
metabolites in mouse urine, 3 0-demethylnobiletin and
4 0-demethylnobiletin.9 In this communication, we report
our newly identified nobiletin metabolite, 3 0,4 0-didem-
ethylnobiletin (IV, 3 0,4 0-dihydroxy-5,6,7,8-tetrameth-
oxyflavone, Fig. 1), in mouse urine.


Metabolites of bioactive xenobiotics are often associ-
ated with certain biological activity. It is of significance
to comprehend the biological mode of action of the
metabolites which is closely associated with the biolog-
ical property, application, and usage limitation of the
parent compounds. The anti-inflammatory activity
screening of nobiletin and its three metabolites identi-
fied in our biotransformation study has been
performed with the inhibition of LPS-induced NO pro-
duction and iNOS, COX-2 protein expression in
RAW264.7 macrophage. We found that the nobiletin
metabolites have more potent activities than their
parent compound, nobiletin. Hence, in this letter, we
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Figure 2. HPLC–MS–MS of (a) standard compound and (b) mouse urine sa

illustrate our findings in the inhibition of aforemen-
tioned NO production and gene expression.


In the course of metabolite identification, we reported
two nobiletin metabolites, 3 0-demethylnobiletin and 4 0-
demethylnobiletin.9 By employing same techniques as
previously reported, that is, organic synthesis of standard
compounds and analysis with HPLC, HPLC–MS,
HPLC–MS–MS, and SFC (supercritical fluid chromato-
graphy), we report herein the identification of 3 0,4 0-dide-
methylnobiletin (IV) as the major di-demethylated
metabolite of nobiletin in mouse urine. This is the first
time that a di-demethylnobiletin metabolite is identified.


The synthesis of 3 0,4 0-didemethylnobiletin (IV) as a stan-
dard compound followed the same route as that of 3 0-
demethylnobiletin using 3,4-dibenzyloxybenzaldehyde
as the replacement of 3-benzyloxybenzaldehyde in the
original synthetic scheme.10 After multi-step synthesis,
the 3 0,4 0-didemethylnobiletin (IV) was obtained as an
off-white solid and characterized by UV, 1H NMR,
and MS.10


The HPLC–MS–MS profiles of the standard compound
(3 0,4 0-didemethylnobiletin, IV) and mouse urine were
obtained and are illustrated in Figure 2.11 From the
HPLC trace of mouse urine (Fig. 2a), the major peak
at retention time (RT) of 14.65 min matches the com-
pound IV (RT = 14.58 min, Fig. 2b). The MS/MS spec-
tra of compound IV (Fig. 2a) and the major peak in
HPLC with an RT at 14.58 min are identical. Hence,
we can deduce from LC–MS–MS that the major
di-demethylated metabolite is 3 0,4 0-didemethylnobiletin
(IV), since the standard compound (Fig. 2a) and the
major metabolite (Fig. 2b) in mouse urine possess iden-
tical MS fragments and have same HPLC retention time
under the same experimental conditions. There are at
least two other di-demethylnobiletin metabolites also
found in the urine metabolite mixture (Fig. 2b, MS/
MS not shown). The structures of these two minor di-
demethylnobiletin metabolites were not elucidated ow-
ing to lack of standard compounds for comparison in
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this study. Thus we can summarize that nobiletin under-
went mono-demethylation9 and di-demethylation as its
biotransformation pathway. So far, the identified nobi-
letin metabolites from mouse urine are: 3 0-demethylno-
biletin (II), 4 0-demethylnobiletin (III), and 3 0,4 0-
didemethylnobiletin (IV).


Inflammation is closely associated with carcinogenesis
and acts as a driving force in premalignant and malig-
nant transformation of cells.12,13 The most prominent
molecular mechanisms in the inflammatory processes
are (i) NO production by iNOS and (ii) formation of
prostaglandins by COX-2.14,15 NO is produced endoge-
nously by a family of nitric oxide synthases (NOSs) with
a wide range of physiological and pathophysiological
actions.16,17 Increased NOS expression and/or activity
have been reported in human gynecological and breast
tumors as well as tumors in central nervous system.18–20


Studies have suggested that increased cyclooxygenase
activity and levels of prostaglandins may play important
roles in multiple epithelial cancers such as colon carci-
noma.21,22 It has been known that COX-2-derived bio-
active lipids, such as prostaglandin E2, are potent
inflammatory mediators that promote tumor growth
and metastasis by stimulating cell proliferation, inva-
sion, and angiogenesis.23 High levels of prostaglandins
may promote the development of malignancy.24 There-
fore, the inhibition of inflammation and the down-regu-
lation of the activation of inflammatory mediators
during the inflammatory process may be useful in pre-
venting and treating inflammation associated diseases
like cancer, etc.


To evaluate the anti-inflammatory property of nobiletin
metabolites (Fig. 1), the nitrite (nitric oxide) production
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100 ng/mL LPS only or with compounds at 10 or 30 lM for 24 h. At the en


nitrite assay.25 *P < 0.05, **P < 0.01, and ***P < 0.001 indicate statistically s

induced by LPS in RAW264.7 macrophage was investi-
gated by Griess reaction. As shown in Figure 3, after
treatment with LPS (100 ng/mL) alone for 24 h, by com-
paring with the control group, the concentration of
nitrite in the medium increased remarkably. When
treated with nobiletin and its metabolites (10 and
30 lM) together with LPS for 24 h, a significant inhibi-
tion of nitrite production was detected in the presence of
compounds II, III, and IV, but not compound I (nobile-
tin).25 We also determined the cytotoxicity of com-
pounds I–IV in RAW264.7 macrophage using MTT
assay, and the result indicated these four compounds
did not affect cell viability even at the 30 lM (data not
shown).


To further determine the effects of nobiletin and its
three metabolites on LPS-induced iNOS and COX-2
expression, the levels of iNOS and COX-2 proteins
were assayed using Western blotting analysis.25 After
treated with different concentrations (5 and 20 lM) of
the four compounds and LPS (100 ng/mL) for 24 h,
compounds III and IV significantly inhibited iNOS
and COX-2 protein expression (Fig. 4). RT-PCR
analysis also demonstrated that when co-treated with
PMFs and LPS (100 ng/mL), compounds III and IV
also markedly decreased LPS-induced iNOS and
COX-2 gene expression. However, interestingly,
LPS-induced iNOS gene expression was not inhibited
by compound II even at 20 lM. As shown in Figure
3, compound II inhibited LPS-induced NO production
in a concentration-dependent manner, but neither the
iNOS mRNA nor protein levels. Hence, we inferred
that inhibitory effect of compound II on LPS-induced
NO production might be through the inhibition of
iNOS enzyme activity.

nd I


Control
LPS
10 μM
30 μM


LPS (100 ng/ml)


***


***


***


***


**


**


Compound II


Compound III


Compound IV


trite production in RAW264.7 macrophage. (The cells were treated with


d of incubation time, 100 lL of the culture medium was collected for


ignificant differences from the LPS-treated group.)







Figure 4. Inhibitory effects of nobiletin and metabolites on LPS-induced iNOS and COX-2 expression. (a) The cells were treated with LPS (100 ng/


mL) alone or with compounds (5 or 20 lM) for 24 h. Equal amounts of total proteins (50 lg) were subjected to 10% SDS–PAGE, and expression of


iNOS, COX-2 and b-actin protein was detected by Western blot using specific antibodies. (b) The cells were treated with LPS (100 ng/mL) alone or


with compounds (20 lM) for 24 h and the total RNA was isolated. Two micrograms of total RNA was transcribed into cDNA using SuperScrip II


RNAse H-reverse transcriptase. The mRNA expressions were performed using the RT-PCR.


5180 S. Li et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5177–5181

In this study, we found that compound IV (3 0,4 0-
didemethylnobiletin) strongly inhibited the induction
of iNOS in RAW264.7 cells activated with LPS,
whereas compound I (nobiletin) has less effect. Nitrate
can be microbiologically reduced to nitrite,26 which can
then interact with dietary substrates such as amine or
amides to produce N-nitroso compounds. The forma-
tion of carcinogenic N-nitrosoamines resulting from
elevated NO formation has been demonstrated in cell
cultures and in vivo.27 Our results demonstrated that
compound IV (3 0,4 0-didemethylnobiletin) was the po-
tent inhibitor of inducible NO synthase protein; there-
fore, it may block the formation of N-nitroso
compounds and peroxynitrite or hydroxyl radicals,
and could thus inhibit carcinogenesis. Taken together,
these results suggest that nobiletin metabolites,
especially 4 0-demethylnobiletin (III) and 3 0,4 0-di-
demethylnobiletin (IV), may exert its anti-inflammatory
and anti-carcinogenic properties by suppressing iNOS
and COX-2 gene expression.
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Abstract—An improved procedure for solid phase coupling of Boc-aminooxyacetic acid to peptides is described. By avoiding base-
containing activation mixtures which cause over-acylation, it practically suppresses this unwanted side reaction and leads to near
quantitative yields of Aoa-peptides, useful as glycoprobe precursors in glycomic studies.
� 2007 Elsevier Ltd. All rights reserved.

With the ever-increasing awareness of the importance of
protein glycosylation as a key player in inter- and intra-
cellular communication,1–4 the need for powerful chem-
ical tools to document sugar–protein cross-talk is rising.
One reason for such interest in carbohydrate–protein
interactions is their implication in the targeting of envel-
oped viruses such as HIV, influenza-, and coronavi-
rus,5,6 an understanding of which will facilitate the
design of carbohydrate-binding agents capable of
neutralizing viral fusion and transmission. Different
biophysical techniques have been used to monitor
sugar–protein interactions,7,8 including NMR, X-ray
crystallography, and more recently, surface plasmon
resonance (SPR). The latter is fast gaining recognition
because of its sensitivity, low sample consumption, and
capability for real-time monitoring. In this technique,
one of the two interacting entities (protein or sugar) is
immobilized onto the surface of a sensor chip, the other
one is flown across and the resulting read-out enables
both quantitation and kinetic analysis of the interaction

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Among the two immobilization approaches possible, the
sugar-on-chip option has demonstrable advantages9,10


but requires a sugar in highly purified form and attached
to the chip surface in a chemically well-defined manner.
While the synthesis of complex carbohydrate structures
is a fast expanding field,11–15 the structural diversity
encountered in nature cannot yet be fully met in the lab-
oratory. Thus, some glycans (e.g., bacterial polysaccha-
ride repeating units, elongated mucin-type glycans or
complex N-glycans) cannot be efficiently produced for
lack of suitable synthetic chemistries or glycosyltransfe-
rases/glycosidases,16 and must be purified from natural
sources. As the amount of material available is scarce,
the immobilization chemistry to the sensor chip surface
must be optimal to avoid losses of precious material.
Although a direct aldehyde coupling has been
described,17 its efficiency is questionable.


Recently, we reported a practically universal approach to
carbohydrate immobilization on carboxymethyl dextran
chips via standard peptide-bond chemistry, subsequent
to chemical ligation of the sugar to a tailor-made peptide
module.18 A chemospecific oxime linkage between the
reducing end of the first monosaccharide and the peptide
is achieved (Scheme 1) through the introduction of an N-
terminal aminooxyacetic acid (Aoa) residue in the latter.


Over the last decade, oxime chemistry has been proven
as one of the most successful approaches to peptide
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Scheme 1. Illustration of oxime ligation between an N-terminal Aoa-containing peptide and a carbohydrate ligand. See Ref. 18 for further details.
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chemical ligation.19,20 Moreover, applications to sugar–
peptide conjugation have also been described.21,22 De-
spite the obvious advantages of this chemistry,23 it has
as a main drawback that over-acylation of the NH–O
nitrogen leads to undesired heterogeneity.24 To resolve
this problem, deprotection of Aoa25 or use of N-trityl
protection26 has been advocated; however, neither of
these two approaches utilizes commercially available
reagents.


In this work, we have explored the feasibility of mini-
mizing Aoa over-acylation using Boc-protected Aoa

Figure 1. HPLC analysis of different conditions for Aoa-GFAKKG-ami


synthesis. (i) Boc-Aoa-OH/HBTU/DIEA (3:3:6 equiv), 40 min; (ii) Boc-Ao


10 min. Peak assignations: a: target Aoa-peptides; b: starting peptide; c: diacy


(uronium capping); f: oligomeric impurities. HPLC conditions: Phenomenex L


[panels B(1–iii)] gradient of acetonitrile (+0.036% TFA) into water (+0.045%

and conventional coupling chemistry. Our study is
based on two starting peptide substrates, the hexapep-
tide GFAKKG-amide18 (A) and a version N-terminally
elongated with an e-amino hexanoic acid (Ahx) spacer,
Ahx-GFAKKG-amide27 (B), both acylated with
Boc-Aoa-OH28 under different conditions (Fig. 1,
Table 1).


In line with previous work,24 we reasoned that the pres-
ence of base at the coupling step would favor over-acyl-
ation. Indeed, as shown on panels A(i) and B(i),
otherwise efficient HBTU-mediated coupling conditions

de [entries A(i–iii)] and Aoa-Ahx-GFAKKG-amide [entries B(i–iii)]


a-OH/DIC (10:10 equiv), 60 min; (iii) Boc-Aoa-OH/DIC (8:8 equiv),


lated peptide; d: triacylated peptide; e: N-terminal guanidine byproduct


una C8 column; elution with linear 0–30% [panels A(1–iii)] and 0–40%


TFA) over 15 min; flow rate: 1 mL/min.







Table 1. Acylation of substrates A and B with Boc-Aoa-OH using different coupling conditions


Substrate Entry Boc-Aoa-OH (equiv) Coupling agent (equiv) DIEA (equiv) Time (min) Product distribution


a b c d e f


A i 3 + 1.5 HBTU (3 + 1.5) 6 40 45 4 22 13 9 7


A ii 10 DIC (10) — 60 93 2 5 — — —


A iii 8 DIC (8) — 10 97 0 3 — — —


B i 3 + 1.5 HBTU (3 + 1.5) 6 40 63 17 7 — 8 5


B ii 10 DIC (10) — 60 80 16 4 — — —


B iii 8 DIC (8) — 10 94 5 1 — — —


% Estimated by integration of HPLC peaks at 220 nm.
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in this particular case generated a rather complex prod-
uct mixture which, after TFA cleavage/deprotection,29


was shown by MALDI-TOF mass spectrometric analysis
to contain the target Aoa-peptide (peak a, Fig. 1)
accompanied by the di- and tri-acylated byproducts
(peaks c and d, Fig. 1), plus the product of N-terminal
guanidine capping,30 plus other peaks assumed to be
higher-order oligomers.


In contrast, couplings relying on carbodiimide (DIC)
activation were considerably cleaner (Fig. 1, panels
A(ii, iii) and B(ii, iii)). Thus, substantial improve-
ments in the yield of target Aoa-peptides (45% to
93% and 63% to 80%) for A and B, respectively, pan-
els A(ii) and B(ii)) were observed when 10 equivalent
of both Boc-Aoa-OH and DIC was used for 60 min.
Interestingly, a shorter reaction time and a slight
reduction in the excess of acylating agent led to even
better results, amounting to practically quantitative
conversion of both substances into the Aoa-deriva-
tives (Table 1).


In conclusion, carbodiimide-based Boc-Aoa coupling, in
conjunction with short reaction times, appears to pro-
vide a straightforward, efficient way to the Aoa-func-
tionalized peptides required to prepare well-defined,
lectin-capturing glycoprobes, by subsequent chemoselec-
tive oxime ligation. Using the optimized procedure de-
scribed above, the Aoa-peptide (in any of its A or B
versions) does not require any HPLC purification (see
Supplementary Information pages) before the oxime
ligation reaction, thus considerably contributing to an
efficient preparation of sugar-functionalized sensor
surfaces.
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Abstract—The 2-oxoazetidinylacetate sodium salt was synthesized as a model of a minimal b-lactam drug. This compound and the
monobactam aztreonam were assayed as substrates of the Metallo-b-lactamase BcII. None of them was hydrolyzed by the enzyme.
While the azetidinone was not able to bind BcII, aztreonam was shown to bind in a nonproductive mode. These results provide an
explanation for the unability of Metallo-b-lactamases to inactive monobactams and give some clues for inhibitor design.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Representative examples for the most common b-lactam

Metallo-b-lactamases (MbLs) are zinc enzymes that
hydrolyze b-lactam antibiotics, representing one of the
main resistance mechanisms developed by bacteria
toward antibiotics.1 These enzymes differ from the
well-known serine-b-lactamases in that they display a
broad substrate range, being capable of inactivating
penicillins (1), carbapenems (2), and cefalosporins (3)
(Fig. 1).2 Despite sharing a conserved fold, MbLs are
quite diverse in active site structure, and (possibly)
catalytic mechanisms.3,4 MbLs can bind up to two zinc
ions, which are essential for substrate binding and
hydrolysis.5 The broad structural variation among
substrates and enzymes has impeded the identification
of common structural determinants of substrate
recognition, thus thwarting inhibitor design.6


MbL substrates share the b-lactam ring and a carboxyl-
ate moiety a to the b-lactam nitrogen, which we tenta-
tively define as the ‘minimal b-lactam substrate’. This
carboxylate group is supposed to interact with Zn2
and a positively charged residue in the active site, while
Zn1 delivers the attacking nucleophile.7,8 On the other

antibiotic families. Penicillin (1), carbapenem (2), cefalosporin (3), and


monobactam (4), and 2-oxo-azetidin-1-yl-acetate sodium salt (5), the


proposed ‘minimal b-lactam substrate’ structure.


0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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hand, monobactams, such as aztreonam (4), are the only
family of b-lactam antibiotics that are not efficiently
hydrolyzed by MbLs. So far, the reasons that make
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Figure 2. Corresponding 15N,1H HSQC spectra for free BcII (red) and


BcII plus 40 mM aztreonam (green). The signal labeled as N233 is


assigned to the NH sidechain of the corresponding residue.The NMR


data processing and graphic rendering was done with Sparky (T. D.


Goddard and D. G. Kneller, SPARKY 3, University of California, San


Francisco).
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aztreonam resistant to MbL-mediated hydrolysis are not
known.3 Here we decided to test whether aztreonam is
able to bind MbLs, and in so doing, to compare its
behavior with that of the model azetidinone compound
(5), representing the ‘minimal b-lactam substrate’.


Substrate hydrolysis. Hydrolysis of aztreonam (4) and
the azetidinone (5) by the MbL BcII was studied by
UV spectroscopy.9 None of these compounds showed
a noticeable hydrolysis over a long time (16 h), even
when adding high enzyme concentrations (10–20 lM).
The absence of hydrolysis was also verified by 1H
NMR spectroscopy. These assays reveal that neither
aztreonam nor azetidinone (5) are suitable substrates
of BcII. This may be attributed to either lack of binding
of these compounds at all to the enzyme, or to a nonpro-
ductive binding mode. Since the finding of a binding,
nonhydrolyzable compound could be exploited to de-
sign a possible inhibitor, we explored binding by differ-
ent biophysical methods.


Binding to Co(II)-BcII monitored by UV–vis and fluores-
cence spectroscopy. Co(II)-substitution has been largely
exploited in zinc enzymes as a probe of the metal site
structure, and to follow changes upon exogenous
ligand binding. The spectral features of Co(II)-BcII
have been already characterized in detail.10 The
spectrum is composed of ligand-field bands in the
visible region attributed to the Co1 site and stronger
absorption bands from the Co2 site in the UV region
due to ligand! metal charge transfer. Addition of aze-
tidinone (5) did not induce spectral changes in the
absorption spectrum of Co(II)-BcII. A steady decrease
in the intensity of all bands was observed at high con-
centrations of added azetidinone (5), suggesting metal
ion dissociation. When aztreonam was added, no
changes could be observed in the visible features of the
spectrum. The charge transfer band of Co(II) BcII at
343 nm was obscured by an intense band of aztreonam
in this range, and could not be followed during this
titration.


Ligand binding to BcII can also be followed by confor-
mational changes in the enzyme that induce variations
in the intrinsic Trp fluorescence.11 No changes in the
fluorescence intensity could be monitored upon addition
of azetidinone (5) in a stopped flow instrument. More-
over, the addition of azetidinone (5) was unable to mod-
ify nitrocefin binding parameters. In the case of
aztreonam, the absorption of this compound limited
the detection of this phenomenon, suggesting that it
binds very weakly or does not bind at all.


Binding to BcII monitored by NMR spectroscopy.12


Finally, we employed NMR spectroscopy to follow
ligand binding by chemical shift perturbation (CSP) of
the backbone amide residues of BcII.13 Consequently,
15N-BcII was expressed in Escherichia coli BL21(DE3)
pLysS’ cells transformed with the pET-Term-BcII
plasmid.10 The corresponding 15N, 1H HSQC spectra
were recorded upon additions of increasing concentra-
tions of 4 and 5. The HSQC spectrum displayed no
changes when azetidinone (5) was added up to 100 mM

final concentration, revealing no binding at all, in agree-
ment with the UV–vis and fluorescence studies.


Addition of aztreonam (4) induced spectral changes at
very high concentrations (>40 mM) (Fig. 2), that are
summarized in Table 1. These changes are small but sig-
nificant. The nature of the resulting shifts indicates a fast
exchange regime, typical of weak ligand binding. The
perturbed residues include the three Zn2 ligands
(D120, C221, H263), K224 (that usually interacts with
the carboxylate moiety of bicyclic b-lactams), S69 (a sec-
ond-shell ligand of the Zn2 site, which is involved in a
hydrogen bond with D120), and residues belonging to
loops 3 and 12, that flank the active site.7 The behavior
of the loops resembles that observed upon inhibitor
binding for the enzyme CcrA,14 which is another B1 sub-
class partner of BcII. In contrast to the situation of
CcrA, there is a neat discrimination between the two
zinc binding sites, since Zn1 ligands appear largely
nonperturbed while Zn2 is involved on aztreonam
binding.


We docked aztreonam in the active site of BcII based
on the CSP map and positioning the sulfonate moiety
on the Zn2 coordination sphere lying away from Zn1
site.15 As a result, the b-lactam moiety is at �5.5 Å
from the attacking nucleophile at the Zn1 site and
in an improper orientation, in a nonproductive bind-
ing mode. The NMR data fully agree with the Co(II)
substitution experiments, that show no interaction of
the ligand with the Co1 site (as results from the ab-
sence of changes in the absorption features in the vis-
ible range). Thus, we can conclude that aztreonam
binds poorly and in a nonproductive way to BcII.
The same result can be extrapolated to all B1 MbLs.
Since aztreonam was designed with 4-methyl substitu-
ent to escape the hydrolysis by serine-b-lactamases, we
cannot completely discard that this moiety is also
effective in this case.







Table 1. Most significant chemical shift perturbations on BcII residues


upon addition of aztreonam (4)


Residuea CSP (ppm) Locationb


N233c 0.64 Loop 12


S69 0.61 S4, Zn2 second-shell ligand


F61 0.53 Loop 3


G232 0.51 Loop 12


L58 0.51 S3


N51 0.51 S3


L231 0.44 Loop 12


H263 0.39 S12, Zn2 ligand


Y238 0.33 Loop 12


H55 0.33 S3


D120 0.31 Zn2 ligand


A235 0.29 Loop 12


D230 0.29 Loop 12


K224 0.29 Loop 12


G63 0.26 Loop 3


C221 0.20 Zn2 ligand


H116 0.10 Zn1 ligand


H118 0.04 Zn1 ligand


H196 0.00 Zn1 ligand


The three His ligands of the Zn1 site are included for comparison.
a BBL numbering.
b S, b-strand; Zn1, zinc 1 coordination site; Zn2, zinc 2 coordination


site, for loops’ numbering, see Dal Peraro et al.7


c The perturbed signal corresponds to the Nd2–Hd21 of residue N233.
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Regarding azetidinone (5), the ‘minimal b-lactam sub-
strate’, it is striking that this compound is not able to
bind BcII. This may be attributed to the mobility of
the carboxylate moiety when the second ring is not pres-
ent, or to the absence of other substituents that (not
being conserved) may provide additional nonspecific
anchoring points in the enzyme structure. Analyzing
KM from several substrates it is clear that substrates
without a substituent chain in position 6 of the penicil-
lanic nucleus, or position 7 of the cephalosporanic nu-
cleus, have the highest KM values.2,16 Overall, this
suggests that the disparate substituents in this position
help in providing nonspecific, hydrophobic anchoring
points to b-lactam substrates. Given that azetidinone
(5) and aztreonam (4) are both susceptible to alkaline
hydrolysis, the lack of an efficient binding mode is the
principal factor for the absence of enzymatic hydrolysis
for both compounds.


Here we show that the minimal b-lactam substrate is lar-
ger than expected, suggesting that some seemingly ancil-
lary, hydrophobic, substituents may play a role in
assisting substrate binding. This should be taken into
account for future inhibitor design efforts.
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Abstract—Substituted quinolyl oxazoles were discovered as a novel and highly potent series of phosphodiesterase 4 (PDE4) inhib-
itors. Structure–activity relationship studies revealed that the oxazole core, with 4-carboxamide and 5-aminomethyl groups, is a
novel PDE4 inhibitory pharmacophore. Selectivity profiles and in vivo biological activity are also reported.
� 2007 Elsevier Ltd. All rights reserved.

The phosphodiesterases (PDEs) comprise a diverse family
of enzymes that are responsible for the hydrolysis of
cAMP and cGMP, and are key components for the cyclic
nucleotide signaling systems.1 Phosphodiesterase 4
(PDE4), one of the cAMP-specific PDE isozymes, is ex-
pressed predominantly in inflammatory and immune
cells. Inhibition of PDE4 effectively increases the intracel-
lular cAMP level, which in turn provides critical negative
regulation of various cellular functions in these cells.
Therefore, the development of PDE4 inhibitors as anti-
inflammatory drugs has attracted extensive research ef-
forts for more than a decade.2–4 The anti-inflammatory ef-
fects of PDE4 inhibitors have been demonstrated in
various animal models of airway diseases as well as in
other biological disorders. Several PDE4 inhibitors have
advanced to various stages of clinical or preclinical devel-
opment, and have shown promising efficacy for COPD,
asthma, allergic rhinitis, Crohn’s disease, psoriasis, atopic
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dermatitis, and depression.5–10 Despite significant pro-
gress in this area, PDE4 inhibitors are often associated
with dose-limiting side-effects such as nausea, emesis,
and vasculopathy, which limit their therapeutic poten-
tial.11–13 This further highlights the need to discover novel
pharmacophores for designing PDE4 inhibitors which ex-
hibit an improved therapeutic index.
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Cl Cl


SCH 351591
IC50 = 60 nM


SCH 365351
IC50 = 20 nM

We have previously reported the synthesis and pharma-
cological studies of SCH 351591, a potent and orally ac-
tive PDE4 inhibitor.14–16 However, in a multiple rising
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dose study, this compound was found to cause vasculop-
athy in monkeys.17 Another potential issue with SCH
351591 was its metabolic conversion to a more potent
pyridine derivative SCH 365351. The extent of this
metabolic conversion varied with species. Therefore, in
order to identify PDE4 inhibitors with an improved
therapeutic index, we began our search for a superior
surrogate of the dichloropyridine N-oxide moiety
of SCH 351591. Herein, we report our research
efforts which have led to the discovery of a highly potent
series of PDE4 inhibitors with a novel pharmacophore
(Fig. 1) .


The design of a new inhibitor scaffold was facilitated by
the published crystal structures of PDE4.18–20 Modeling
studies on SCH 351591 and related compounds sug-
gested that the quinoline moiety binds to the adenosine
recognition site, while the amide portion serves as a lin-
ker to anchor a group containing a polar atom which
provides favorable interactions with the metal ion bind-
ing site of PDE4. The quest for a replacement of the
dichloropyridine N-oxide moiety thus became a search
for novel combinations of linkers and polar end groups
as PDE4 pharmacophores.


Five-membered ring heterocycles were first explored as
possible linkers to replace the amide portion. The oxa-
zole moiety was found to be a highly versatile linker
and became the core of our current series of PDE4
inhibitors. Compounds derived from this core were
screened in vitro against PDE4B,21 the subtype of
PDE4 expressed predominantly in inflammatory cells,
since our goal is to develop PDE4 inhibitors as anti-
inflammatory agents.
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Figure 1. Design and discovery of oxazole-based PDE4 inhibitors.

Initially, only the 4-position of the oxazole was used to
anchor a polar group (compounds 4–8, Table 1) in order
to explore potential favorable interactions with the
highly polar region of the PDE4 active site, where the
metal ions Zn2+ and Mg2+, conserved water molecules,
and polar residues (His, Asp, Glu) are located. It was
interesting that very different polar groups such as an
aminomethyl moiety (compound 7) and a carboxamide
moiety (compound 8) both exhibited good PDE4 inhib-
itory activity. Since the oxazole ring can assume either
one of two rotamer conformations, which are inter-con-
verted by rotating 180� relative to the quinoline moiety,
we postulated that the two different polar groups in
compounds 7 and 8 may bind to different residues or
metal ions of the active site. Therefore, attaching two
polar groups, one on the 4-position and the other on
the 5-position of the oxazole ring, might provide multi-
ple synergistic interactions with the enzyme. Indeed, the
first such designed compound (10, IC50 = 24 nM) was
found to be a more potent inhibitor of PDE4. Interest-
ingly, it is also 3-fold more potent than its regioisomer
11. Compound 10 thus became the prototype structure
for further optimization efforts.


Computer modeling studies of compound 10 revealed a
unique motif providing multiple interactions with the
hydrolysis site (metal ion binding site) of the enzyme,
which is not seen among other reported PDE4 inhibi-
tors. While the quinoline moiety is expected to bind to
the adenyl site, as with SCH 351591, the oxazole ring
serves as a linker for (1) positioning the primary amino
group to simultaneously coordinate with both the Zn2+


and His-234, and (2) anchoring the amide oxygen to
coordinate with the Mg2+ in the catalytic site (Fig. 2).


Indeed, the requirement of a primary amino group (5-
aminomethyl) for high potency was immediately estab-
lished as we explored the effect of substitution on the
amino group of compound 10. The results of representa-

Table 1. SAR of polar end groupa


N
O


CF3


Me


O N


R1 R2


Compound R1 R2 PDE4B IC50 (nM)


1 H Me 350


2 H Et 670


3 Me –CH2Cl 470


4 Me –CH2OH 470


5 Me –CO2H 390


6 Me –CHO 310


7 Me –CH2NH2 80


8 Me –CONH2 88


9 –CH2NH2 –CO2H 53


10 –CH2NH2 –CONH2 24


11 –CONH2 –CH2NH2 76


a Values of IC50 are means of at least two experiments.







Figure 2. Modeling of compound 10 binding to the active site of


PDE4.


Table 3. SAR of 4-carboxamide groupa


N
O


CF3


Me


O N


H2N


O


N
R4


R3


Compound –N R3R4 IC50 (nM)


PDE4B PDE10 PDE11


10 –NH2 24 2800 7600


18 –NHMe 110 ND ND


19 –NEt2 62 ND ND


20 N 31 ND ND


21 N 17 ND ND


22 N 49 ND ND


23
N


N
H OBut


O
1.4 130 820


24 N N
O


OBut
4.3 1100 600


25 N
OH


Ph
2.0 600 500


26
N


N


N


OMe


1.6 120 1500
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tive substitutions are shown in Table 2. Even a small
substituent such as methyl (compound 12) is sufficient
to abolish most of the PDE4 inhibitory activity of com-
pound 10. All other substituents (compounds 13–17)
essentially lead to inactive compounds.


In contrast, the 4-carboxamide group was found to tol-
erate a large variety of substituents when we explored
the SAR of the amide group. Results of representative
structures of 4-carboxamides are listed in Table 3.


4-Carboxamide analogs derived from small-size amines
or simple cyclic amines (compounds 18–22) give similar
or slightly decreased PDE4 inhibitory activity, in com-
parison to the primary amide (–CONH2). However, as
the size and length of the carboxamide group increase,

Table 2. SAR of 5-aminomethyl groupa


N
O


CF3


Me


O N


N
R2


R1


O


NH2


Compound –N R1R2 PDE4B IC50 (nM)


or % inhibition at 1 lM


10 –NH2 24


12 –NHMe 580


13 –NMe2 40%


14 –NEt2 21%


15 N 31%


16 N 27%


17
H
N 39%


a Values of IC50 or percent inhibition are means of at least two


experiments.


27 N
N


NH


O


Ph


1.0 20 130


28 N N
N


N
19 430 2000


29 N N
N


N
OMe


OMe


2.2 760 970


30 N N S
N


O
O 1.2 1700 3300


31


N N
O


NH
N 0.5 1500 1000


32
N N


O


N


1.0 1900 2100


SCH 351591 60 >10,000 >10,000


SCH 365151 20 >10,000 7300


a Values of IC50 are means of at least two experiments.







Table 4. Cmax and in vivo efficacy of selected compounds in rats


Compound Cmax, po (lM)a ED50 or % inhibition (dose)b


23 0.61 0.2 mg/kg


24 1.4 56% (3 mg/kg)


25 0.17 2 mg/kg


26 0.61 45% (1 mg/kg)


28 9.5 64% (3 mg/kg)


29 0.23 2 mg/kg


32 0.73 0.6 mg/kg


a Cmax data were obtained at the 10 mg/kg po dose.
b ED50 values were determined from dose–response curves of PMN


inhibition. Percent inhibitions were obtained only at fixed doses.


Compounds were administered orally to rats 5 h prior to LPS


challenge.
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LL-threonine–OMeÆHCl, TEA, 100%; (b) SOCl2, CH2Cl2, �15 �C to rt,
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rt; (h) H2NNH2, MeOH, rt.
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many compounds (23–32) were found to be much more
potent than 10. Modeling studies suggest that these
carboxamide groups provide additional favorable
interactions with the enzyme by extending into a
side-pocket or the entrance area of the active site.
Examples (compounds 23–32) of highly potent
carboxamide groups have shown a wide range of struc-
tural diversity, including both hydrophilic and hydro-
phobic groups. This tolerability of structural
modification in the 4-carboxamide region is advanta-
geous as we further optimize the selectivity, pharmaco-
kinetics, and in vivo efficacy profile of this series of
PDE4 inhibitors.


One unique feature of the oxazole-based PDE4 inhib-
itor template is the proposed multiple interactions of
both its –CH2NH2 and amide functions with the metal
ion site of PDE4. Since this metal ion site is conserved
among the PDE superfamily, an inhibitor motif with
strong interactions with this site, on one hand, could
serve as a general template for designing inhibitors
of other members of the PDE superfamily; on the
other hand, it may pose a challenge to achieving high
selectivity for PDE4.


In the current series, the quinoline moiety is the built-
in element for PDE4 recognition. Selectivity screening21


has shown that these quinolyl oxazoles are inactive to-
ward PDE1-3 and PDE5-9. However, significant inhib-
itory activity for PDE10 and PDE11 has been detected
in this series of compounds as shown in Table 3. For
example, compound 27 is a potent inhibitor of
PDE10 (IC50 = 20 nM) and PDE11 (IC50 = 130 nM),
although it is still 20-fold (over PDE10) and 130-fold
(over PDE11) more selective for PDE4. By exploring
the SAR of the 4-carboxamide moiety, over 1000-fold
selectivity has been achieved for PDE4 over PDE10
and PDE11 (compounds 30–32, Table 3, all are acyl
or sulfonyl piperazine analogs). However, subtype
selectivity between PDE4B and PDE4D has generally
not been found (within 2-fold of difference, data not
shown).


A typical synthesis of these oxazole-based PDE4 inhib-
itors is illustrated in Scheme 1. The oxazole core is syn-
thesized from quinolyl acid 3315,23 and LL-threonine
methyl ester. The amide ester, 34, cyclizes to an oxazo-
line, which is then oxidized with BrCCl3/DBU into oxa-
zole 35.22 The 8-step synthesis is conducted without
chromatographic purification until the last step.


In order to obtain a preliminary in vivo profile of this
new class of PDE4 inhibitors, several selected com-
pounds were studied in the rat LPS (lipopolysaccha-
ride)-induced pulmonary inflammation model24 (Table
4). Compounds 23, 26, and 32 which exhibit both high
PDE4 potency and good plasma level were found to
be highly efficacious in this model. Compounds 25 and
28 with lower plasma level in turn exhibit lower efficacy.
In addition, compounds 24 and 28, with their high plas-
ma level compensating for their lower PDE4 potency,
were also found to be efficacious in this model although
at a higher dose level.

Because of its exceptionally high plasma level in rats,
compound 28 was chosen for further studies in Cyno-
molgus monkeys, wherein no emetic effect was observed
at 30 mg/kg po (AUC = 130 lM h, and Cmax = 13 lM).


In summary, a novel and highly potent PDE4 inhibitor
scaffold based on a quinolyl oxazole has been discov-
ered. Compounds derived from this scaffold are selective
and orally active. The oxazole motif, bearing the 4-car-
boxamide and 5-aminomethyl groups for multiple inter-
actions with the metal ion binding site of PDE4, may
also provide a new working model for rational design
of inhibitors of other PDE enzymes.
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33607 Pessac Cedex, France


Professor Lin Guo-Qiang, Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences, 354 Fenglin Road, Shanghai 200032, China


Professor Y. Hashimoto, Institute of Molecular & Cellular Biosciences,
The University of Tokyo, III-Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan


Professor T. Hayashi, Department of Chemistry, Faculty of Science,
Kyoto University, Kyoto 606, Japan


Professor S. F. Martin, Department of Chemistry & Biochemistry,
University of Texas, Austin, TX 78712, USA


Professor W. B. Motherwell, Department of Chemistry,
University College, 20 Gordon Street, London WC1H 0AJ, UK


Professor M. Shibasaki, Graduate School of Pharmaceutical Sciences,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan


Professor R. J. K. Taylor, Department of Chemistry, University of York,
Heslington, York YO10 5DD, UK


(Associate Editors, Dr P. A. O’Brien and Dr D. K. Smith)


Professor E. J. Thomas, Department of Chemistry, University of Manchester,
Brunswick Street, Manchester M13 9PL, UK


(Associate Editor, Professor J. A. Joule)


Professor H. Waldman, Max-Planck-Inst. für Molekular Physiology,
Department of Chemistry, Otto-Hahn-Strasse 11, 44227 Dortmund,
Germany


Professor H. H. Wasserman, Department of Chemistry, Yale University,
PO Box 208107, New Haven, CT 06520-8107, USA


Professor R. M. Williams, Department of Chemistry,
Colorado State University, Fort Collins, CO 80523


Professor C.-H. Wong, Department of Chemistry, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA


Professor J. Wood, Department of Chemistry, Colorado State University,
Fort Collins, CO 80523-1872


Professor Y. Yamamoto, Department of Chemistry, Graduate School of
Science, Tohoku University, Sendai 980-8578, Japan


(Associate Editor, Professor M. Hirama)


Professor S. Z. Zard, Laboratoire de Synthèse Organique,
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Abstract—Various dietary antioxidants, including vitamins, flavonoids, curcumin, and a coumarin, were conjugated with paclitaxel
(1) through an ester linkage. The newly synthesized compounds were evaluated for cytotoxic activity against several human tumor
cell lines as well as the corresponding normal cell lines. Interestingly, most tested conjugates selectively inhibited the growth of 1A9
(ovarian) and KB (nasopharyngeal) tumor cells without activity against other cell lines. Particularly, conjugates 16 and 20 were
highly active against 1A9 (ED50 value of 0.005 lg/mL) as well as KB (ED50 values of 0.005 and 0.14 lg/mL, respectively) cells. Com-
pound 22b, the glycinate ester salt of vitamin E conjugated with 1, appears to be a promising lead for further development as a
clinical trial candidate as it exhibited strong inhibitory activity against Panc-1 (pancreatic cancer) with less effect on the related
E6E7 (normal) cell line.
� 2007 Elsevier Ltd. All rights reserved.

In current cancer therapy, undesirable side effects due to
toxicity of antitumor drugs on normal tissues present an
important problem to be solved. Therefore, a challeng-
ing research focus in cancer treatment is the discovery
of efficient antitumor drugs with high therapeutic
indexes, which will have selective activity against target
tumors and reduced normal tissue damage. Among
various strategies to improve drug selectivity, conjuga-
tion of cytotoxic drug components has proven to be a
promising approach to enhance the activity as well as
selectivity of an individual lead compound.1 This con-
cept is now accepted as an effective strategy for design-
ing ligands, inhibitors, and other drugs that influence
biological systems.2 On the basis of this theory, some
interesting results have been reported by our group3 as
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well as others4 in recent years. In our prior study, we ex-
plored the syntheses and evaluation of heterodimer con-
jugates, which combined two kinds of antitumor drugs
through various linkages, as novel antitumor agents.5


Dietary anti-oxidants, such as flavonoids and vitamins
A, C, and E that are found in various foods, can act
as cancer preventive agents. These compounds are capa-
ble of neutralizing and deactivating reactive oxygen spe-
cies, which can seriously damage DNA and other
cellular molecules, thereby causing tumors.6 Antioxi-
dants act not only as cancer preventive agents, but also
as therapeutic biologic response modifiers, and are able
to directly induce apoptosis in established tumor cells.
In addition, evidence shows that antioxidants can
enhance chemotherapeutic antitumor effects.7


Therefore, conjugation of antitumor drugs with dietary
antioxidants might provide new classes of antitumor
drug candidates with tumor selectivity or activity
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against multi-drug resistant cancer cell lines. We chose
paclitaxel (1)8 as the antitumor base compound and var-
ious antioxidants as the conjugate partners as shown in
Figure 1. Vitamins,6 such as retinol (vitamin A, 2a)9,10


and a–tocopherol (vitamin E, 3),9,11 are well known die-
tary antioxidants. Compound 4 was also selected as a re-
lated vitamin E analog. Other known antioxidant
agents, including curcumin (5)6,12 found in turmeric,
dehydrozingerone (6)13 isolated from ginger, and its
analog 7, were also used. In addition, antioxidant flavo-
noids6,14 and coumarins6,15 are widely found in various
vegetables, fruits, nuts, coffee, tea or wine, and represen-
tative compounds [galangin (8), chrysin (9), and 4-meth-
ylumbelliferone (10), respectively] were conjugated with
1 (Scheme 1).


Paclitaxel (1) was reacted first with succinic anhydride in
pyridine to give 11,16 which has a succinate ester at the
C-2 0 position. However, esterification of 11 with 2a pro-
vided an unstable compound; therefore, retinoic acid
(2b, vitamin A acid) was reacted directly with 1 to afford
12. Conjugations of 11 with other antioxidants, 3–10,
were carried out by a common esterification method
using EDCI in the presence of DMAP to give 13–20.
Water solubility, which is connected with oral bioavail-
ability, is always of concern for drug discovery and
development. Accordingly, the resulting conjugates,
12–14 and 16–18, were converted to the corresponding
glycinate esters, 21–26. These esters can be converted
to various salts. As discussed later, the paclitaxel-vita-
min E conjugate (13) showed good activity against a

Figure 1. Structures of paclitaxel (1) and anti-oxidant conjugate partners (2

pancreatic cancer cell line with less effect against the re-
lated normal cell line. Therefore, in order to increase
water-solubility, conjugate 13 was converted first to var-
ious amine (22, 27, and 28) or carboxylic (29) esters and
then to the corresponding hydrochloride (22a, 27a, and
28a), methanesulfonate (22b, and 28b), or triethylammo-
nium (29a) salts as shown in Scheme 2.


The newly obtained conjugates were evaluated for cyto-
toxic activity against several human tumor cell lines.
Interestingly, conjugates 12, 14, and 16–20 and the gly-
cinate esters 21 and 23–26 selectively inhibited the
growth of 1A9 and KB cells (data shown in Table 1),
without inhibition of the remaining cell lines [lung carci-
noma (A549), breast cancer (MCF-7), prostate carci-
noma (LN-CAP, PC-3, DU-145) and multi-drug
resistant variant expressing P-glycoprotein KB-VIN].
Conjugates 16 (paclitaxel-dehydrozingerone) and 20
(paclitaxel-coumarin) exhibited the highest potency
against these two cell lines (1A9: ED50 0.005 lg/mL;
KB:ED50 0.005 and 0.14 lg/mL, respectively). More-
over, against KB cells, glycinate ester 26 showed signif-
icantly increased cytotoxic activity (ED50 0.09 lg/mL)
compared to the related parent compound 18 (ED50


0.26 lg/mL), even though glycinate esters 23–25 showed
similar or lower activity compared with the parent com-
pounds 14, 16, and 17.


Conjugate 13, its C-7 esters 22 and 27–29, their corres-
ponding salts, and conjugate 15 were evaluated for cyto-
toxic activity against A549, 1A9, colon adenocarcinoma

-10).
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(HCT-8), epidermoid skin carcinoma (A431), KB, and
KB-VIN cell lines. The data are shown in Table 2. The
ED50 values of 1, 3 or 5, and a 1:1 mixture of 1 with 3 or
5 are also shown for comparison. The 1:1 mixtures of 1
with 3 or 5 showed similar results to 1 itself against
A549, A431 and 1A9 cells but were less potent against
HCT-8 cells. However, the related conjugates 13 and 15
showed unique selectivity. Vitamin E conjugate 13 lost
cytotoxic activity against most cell lines, and inhibited

the growth of only the A431 cell line with an ED50 value
of 0.1 lg/mL. In comparison, curcumin conjugate 15
showed similar potencies to 1 against A549, 1A9, A431,
KB and KB-VIN cells, but lost activity against HCT-8
cells. Among the C-7 esters/salts of conjugate 13 (22 and
27–29), only the glycinate ester 22, succinic ester 29, and
their salts displayed cytotoxic activity against the
A431 cell line with similar ED50 values to the parent
compound 13.







Scheme 2. Synthesis of water soluble salts of conjugate 13.


Table 2. Cytotoxic activity data of conjugates 13, 15, and related


selected compounds


Compound ED50 (lg/mL)


A549 1A9 HCT-8a A431a KB KB-VIN


1 0.02 0.01 0.06 0.01 0.01 0.2


3 (Vitamin E) NAb NA NA 0.75 NA NA


13 (1+3 Conjugate) NA NA NA 0.1 NA NA


1+3 (1:1 Mixture) 0.02 0.01 0.20 0.01 0.01 0.1


22 NA NA NA 0.2 NA NA


22a, 22b NA NA NA 0.1 NA NA


27, 27a, 28, 28a, 28b NA NA NA NA NA NA


29 NA NA NA 0.1 NA NA


29a NA NA NA 0.2 NA NA


5 (Curcumin) NA NA NA 0.75 NA NA


15 (1+5 Conjugate) 0.03 0.03 NA 0.03 0.01 0.2


1+5 (1:1 Mixture) 0.03 0.01 0.10 0.01 0.01 0.2


a Epidermoid skin carcinoma (A431), colon adenocarcinoma (HCT-8);


for other cell lines, see Table 1.
b NA, not active.


Table 1. Cytotoxic activity data for taxol conjugates 12, 14, 16–21, 23–


26 [ED50 (lg/mL)]a,b


Cell line


1A9c KBc


Conjugate


12 0.49 0.20


14 0.20 0.94


16 0.005 0.005


17 0.14 0.39


18 0.13 0.26


19 0.20 0.47


20 0.005 0.14


Glycinate ester


21 4.47 7.65


23 1.01 9.79


24 0.63 0.70


25 0.19 0.34


26 0.11 0.09


Control


1 0.001 0.002


a Cytotoxicity as ED50 values for each cell line, the concentration of


compound that caused 50% reduction in absorbance at 562 nm rel-


ative to untreated cells using the sulforhodamine B assay.
b All compounds tested did not reach 50% inhibition against human


lung carcinoma (A549), breast cancer (MCF-7), human prostate


carcinoma (LN-CAP, PC-3, DU-145), and multi-drug resistant KB


variant expressing P-glycoprotein (KB-VIN).
c Human ovarian carcinoma (1A9), human epidermoid carcinoma of


the nasopharynx (KB).
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Conjugate 13 and its related esters/salts were also
screened against multiple human tumor as well as the
corresponding normal cell lines. Figure 2 shows selected
data after 48 h. Conjugate 13 demonstrated less growth
inhibition of normal pancreatic cells (E6E7) than related
tumor cells (Panc-1), whereas growths of other normal
cells were inhibited more or as strongly than the related

tumor cells. Glycinate ester salt 22b also showed less
inhibition of E6E7 growth and the highest potency
against Panc-1, compared with the other esters/salts,


In conclusion, we have synthesized various 1-antioxi-
dant conjugates linked through an ester bond at the
2 0-position of 1. All conjugates were screened against
various tumor cell lines and showed tumor-selective
activity. Most conjugates selectively inhibited the
growth of 1A9 and KB tumor cells and lacked activity
against other tested cell lines. On the other hand, conju-
gate 13 showed cytotoxic activity only against A431,
while conjugate 17 lacked any activity against HCT-8
while retaining similar activity to 1 against the other tu-
mor cell lines. Salt 22b exhibited inhibitory activity
against Panc-1 with less effect on the related normal cell.
Compound 22b appears to be a promising new lead for
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Figure 2. Liver human hepatomacarcinoma (SKHep), normal liver epithelial cell (Chang Liv), human ovarian carcinoma (2774), normal surface


ovarian epithelial cell (IOSE), human pancreatic cancer cell (Panc 1), normal ovarian epithelial cell (E6E7), human lung cancer cell (H1299), normal


human fibroblast (W138), breast cancer (MCF-7) and normal breast epithelial cell (MCF-10A).
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further development into a clinical trial candidate. In
summary, the conjugation of 1 with dietary antioxidants
enhanced tumor selectivity dependant on the identity of
the partner compound.
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Abstract—Quinoline-2,4-dicarboxylic acids (QDCs) bearing lipophilic substituents in the 6- or 7-position were shown to be inhib-
itors of the glutamate vesicular transporter (VGLUT). Using the arrangement of the QDC lipophilic substituents as a template,
libraries of X1X2EF and X1X2EW tetrapeptides were synthesized and tested as VGLUT inhibitors. The peptides QIEW and WNEF
were found to be the most potent. Further stereochemical deconvolution of these two peptides showed DDQLLIDDELLW to be the best
inhibitor (Ki = 828 ± 252 lM). Modeling and overlay of the tetrapeptide inhibitors with the existing pharmacophore showed that H-
bonding and lipophilic residues are important for VGLUT binding.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of VGLUT inhibitors.

LL-Glutamate is stored in synaptic vesicles prior to its
depolarization-triggered, calcium-dependent release
from neuron terminals1–4 and is transported into the
vesicles in an ATP-dependent manner by the glutamate
vesicular transporter (VGLUT). Unlike the plasma
membrane neurotransmitter transporters, VGLUT is
stimulated by low, physiologically relevant concentra-
tions of Cl� ion,5 although the contribution of the
Cl�-to DpH has been debated.2–7 VGLUT is specific
for glutamate but it has low affinity (Km = 1–3 mM),
which contrasts with the plasma membrane transporters
that are specific for glutamate but with high affinity
(Km = 5–50 lM).8–11 To differentiate between these
transporters, potent and selective inhibitors of VGLUT
are needed.


The main VGLUT inhibitor structures have been re-
cently reviewed.1 In brief, aspartate5,12 and simple glu-
tamate analogs are not good inhibitors of VGLUT,
whereas some kynurenate analogs showed modest activ-
ity. The alkaloid bromocryptine (Ki = 20 lM) and cer-
tain azo dyes (e.g., Trypan blue) are among the most
potent VGLUT inhibitors (Fig. 1).13 We reported a sys-
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tematic, structure-activity study of quinoline 2,4-dicar-
boxylic acids (QDCs; Fig. 2) as inhibitors.14,15 that
seeded the development of the first pharmacophore
model.1 for VGLUT and the use of QDCs as a key motif
for future inhibitor design and substituent variation.


Some of the more potent QDC-based inhibitors con-
tained lipophilic groups at position 6 or a hydroxyl at
position 8. Combining these favorable substituents into
the QDC template led to the observation that this
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Table 1. Inhibition of VGLUT by tetrapeptidesa


X1 X2 X3 X4 3H-LL-Glu uptake


(% of control)b


Library 1


AAc AA E W


Q AA E W 56 ± 1


Q W E W 66 ± 4


Q I E W 38 ± 5


DD-Q DD-I LL-E DD-W 35 ± 3


LL-Q DD-I LL-E DD-W 28 ± 3


Library 2


AA AA E F


N AA E F 63 ± 17


W AA E F 36 ± 2


W N E F 13 ± 3


DD-W LL-N DD-E DD-F 41 ± 1


Other


Congo red (2 lM) 31 ± 2


a Tetrapeptides tested as racemic mixtures at 2 mM.
b Control rate for 3H-LL-glutamate uptake was 1847 ± 130 (n = 17)


pmol/min/mg protein.
c AA = 19 different amino acids.


Cl
Cl


Method 1 and
(D,L) Fmoc-F-OH or
(D,L) Fmoc-W(tBoc)-OH


F or W(tBoc)-NH2


Method 2 and 
(D,L) Fmoc-E-(γ-OtBu)-OH


F or W(tBoc)-E(γ-OtBu)-NH2


1. Method 2 and 


    (D,L) Fmoc-X2-OH


2. Method 2 and 


    (D,L) Fmoc-X1-OH


Method 1. EtN(iPr)2/CH2Cl2/DMF 
                 then 20% piperidine/DMF
Method 2. HOBt, DIPCDI, CH2Cl2/DMF
                 then 20% piperidine/DMF


F or W(tBoc)-E(γ-OtBu)-X2-X1


H2N-X1-X2-E-(F or W)-CO2H


1.  7:2:1, CH2Cl2/HOAc/CF3CH2OH
2.  95:2.5:2.5, CF3CO2H/H2O/(iPr)3SiH


Scheme 1. Synthesis of target tetrapeptides containing a glutamate at


position 3.
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pattern overlays with a peptide that contains (HO2C)-
WEX(NH2) (Fig. 2). The very weak basicity of the
QDC nitrogen also suggested that a peptide amide
might be an appropriate isostere. This prompted an
investigation of small peptides that might be capable
of binding VGLUT. Peptide-based inhibitors are also
possible leads to uncover protein interactions.


Based on observations that QDCs containing an embed-
ded glutamate moiety and lipophilic substituents (phe-
nyl, styryl, etc.) confer greater inhibitory activity, a
peptide library was envisioned in which the C-terminus
amino acid was occupied by either tryptophan (W) or
phenylalanine (F) to represent the lipophilic substituent
and the adjacent position occupied by a glutamate (E)
residue. The N-terminus and second residue (X1 and
X2) were systematically varied to investigate how these
positions could enhance binding (Fig. 3).


To further refine our binding requirements and increase
the overall library diversity, either DD- or LL-amino acids
were used. Further rationale for the incorporation of
DD-glutamate into the libraries is based on the modest
activity of this enantiomer as an inhibitor of VGLUT.11


Overall, stereoisomeric tetrapeptides X1X2EW(F) were
prepared and evaluated as VGLUT inhibitors (Fig. 3,
Table 1).


Peptide synthesis.16 Tetrapeptides were synthesized
according to Scheme 1 and structures determined by
NMR and/or mass spectrometry.


Inhibition of VGLUT by tetrapeptides.17 Screening of
the peptide libraries as VGLUT inhibitors was carried
out using 3H-glutamate as substrate and the ability of
test compounds to block the uptake of 3H-glutamate
into synaptic vesicles isolated from rat forebrain. Tetra-
peptide sub-libraries of the type X1X2EW (Library 1)
or X1X2EF (Library 2), where X1 and X2 were varied
as amino acids (AA) in DD- or LL- form (except cysteine),
and where the identity of X1 was known, were tested as
inhibitors of VGLUT.18 The sub-libraries were screened
and the pools showing the most inhibition of uptake
were deconvoluted to identify X2 residues (Table 1).

X1 X2


O


N
H


CO2H


O


W(F)


Figure 3. Tetrapeptide design based on the QDC-template.

We next reasoned that the various stereoisomers com-
prising a deconvoluted sub-library would be approxi-
mately equal in concentration, allowing the assay to be
a reasonable guide to selection of the pools used for fur-
ther deconvolution. In library 1, the only tetrapeptide
sublibrary to inhibit glutamate uptake at VGLUT was
structures with X1 = Q (56% uptake). Systematic
screening of the QX2EW tetrapeptides indicated the
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order of inhibitory potency for position X2 as I >> Q,
W > N. Therefore, QIEW was selected for deconvolu-
tion into its stereoisomers, six of which inhibited the up-
take of glutamate: LDLDLDLD (28%), DDLDDDLD (35%), LDDDLDDD


(60%), DDDDDDDD (63%), LDLLLDLL (69%), and LLDLLLDL (82%). The
QWEW panel was active but allowed 66% residual
transport. Based on the lesser activity and solubility lim-
its, this panel was not deconvoluted for further analysis.


The results from Library 2 showed that aryl or amide
residues are preferred at position X1 (N-term) with less
uptake allowed following the order W (36%) < N
(63%). As found with Library 1, Library 2 showed activ-
ity with a wider range of possible residues occupying po-
sition 2. For X2 in Library 2 (WX2EF), the order was N
(13%) > Q, W > I, F > H. As with library 1, the WNEF
tetrapeptide was selected for further stereoisomer decon-
volution. Interestingly, the individual enantiomers were
not as active as the mixture and only one isomer,
DDWLLNDDEDDF, showed inhibition of glutamate uptake
(41%).


To better understand the inhibitory activity, a more
thorough analysis of DDQLLIDDELLW was conducted. Using
the Cheng–Prusoff relationship to estimate from IC50


values, the Ki was determined from non-linear regres-
sion analyses of sigmoidal inhibitory dose–response
curves. The inhibitory dose–response for DDQLLIDDELLW
was plotted (Fig. 4) and the Ki was determined to be
828 ± 252 lM as means ± SEM (n = 3). In separate
experiments, it was determined that neither QIEW nor
WNEF blocks v-ATPase activity in rat synaptic vesicles
at the concentrations tested for VGLUT inhibition.

Figure 4. Demonstration of the inhibitory dose–response dependency


of DDQLLIDDELLW on the uptake of 3H-L-L-glutamate (0.25 mM) into rat


brain synaptic vesicles. Representative plot yielded a Ki = 0.465 mM.


The control rate for LL-glutamate uptake was 1912 nmol/min/mg


protein and Km = 2.1 mM.

Although a glutamic acid is fixed at position 3 in all li-
braries, charged residues at positions X1 and X2 resulted
in poor VGLUT inhibition. For X2, both libraries prefer
hydrophobic or amide-containing residues. Q, N, W,
and I consistently appeared in the panels that showed
inhibition of glutamate uptake. This finding both corre-
lates with the structure of bromocryptine (Fig. 1), 19 a
‘peptide containing’ alkaloid, and with the reported
pharmacophore. Bromocryptine is a potent inhibitor
that lacks an acidic side chain group like glutamate
but contains homologous lipophilic residues along a
peptide-like framework.


In an effort to gain insight into the plausible interactions
with VGLUT as a function of the QDC-based ligand de-
sign features (Fig. 2) and the inhibition (Table 1, Fig. 3)
an initial alignment of an extended conformation of the
stereoisomer LLQDDILLEDDW (C- to N-terminal) was made
against our established inhibitor-based VGLUT phar-
macophore model (Fig. 5).1


The inhibitor pharmacophore model, derived using the
automated three-dimensional (3D) ligand alignment
protocol GASP (Tripos Inc., St. Louis), is defined with
6-(4 0-biphenyl)-quinoline-2,4-dicarboxylate (QDC,
gray), one half of the symmetric structure of Chicago
Sky Blue (yellow, CSB), and bromocryptine (orange,
BCP). The superposition model describes three distinct
regions in 3D space, including c-carboxyl groups,
H-bonding acceptors, and lipophilic pocket moieties
brought together with discrete inter-atomic distances
between the regional points (Å values, Fig. 5). Since
small peptides may assume a host of conformations,
a plausible extended conformation of LLQDDILLEDDW was
selected for a VGLUT pharmacophore model
comparison.


Analysis of the LLQDDILLEDDW conformation alignment re-
veals that the N-terminal arginine (Q) correlates to the

Figure 5. An extended conformation of the tetrapeptide LLQDDILLEDDW


(green) aligned in relation to a computationally derived VGLUT


superposition pharmacophore model.1 composed with QDC (gray),


one half of CSB (yellow), and BCP (orange), in which the ligands are


correlated together with defined common pharmacophore comparison


points (c-carboxyl group, H-bonding acceptor, and lipophilic pocket).


Inter-atomic distances noted.
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c-carboxyl model region, the glutamic acid (E) side
chain carboxyl moiety corresponds to the pharmaco-
phore H-bonding acceptor group, and the C-terminal
tryptophan (W) is consistent with the aromatic ring lipo-
philic pocket superposition area. Taken together, QIEW
may block glutamate transport at VGLUT because it
contains three ligand structural binding elements similar
in 3D space to the more potent inhibitor ligand pharma-
cophore groups. Although the lesser potency of QIEW
likely results from the conformational flexibility, its
identity as a VGLUT inhibitor is consistent with the ba-
sic QDC-template peptide design strategy (Fig. 2).


Moreover, examination of the Q-X2-E-W library
reveals an enhanced peptide inhibition efficacy when
X2 = isoleucine (I). Thus, ligands with terminal aro-
matic ring groups and an additional lipophilic side
chain residue (e.g., W and I of QIEW; W and F
of WNEF, not shown) might be related to the dis-
tinct dual lipophilic moieties (the terminal aromatic
rings and distal propyl groups) of the more potent
VGLUT inhibitor bromocryptine. Collectively, the
lipophilic peptide and bromocryptine moieties could
be important structural facets for enhanced VGLUT
inhibition. Full conformational analyses of QIEW
and WNEF and their superposition within the phar-
macophore model are currently underway to discern
the relative 3D arrangement of the lipophilic
groups.


The discovery of tetrapeptide inhibitors raises the possi-
bility that they may represent protein motifs that may
bind VGLUT. BLAST analysis (rodentia)20,21 matched
a Ca+-transporting ATPase (WNEF), neuroprotective
protein (QIEW), and vasohibin (QIEW). We are cur-
rently examining the possibility of protein binding to
VGLUT using these leads.
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Abstract—A cleft-[2]rotaxane (CR2+2�) was derivatized with carboxylic acids to enhance the intracellular delivery of a highly cat-
ionic or anionic pentapeptide. CR2+2� delivers the fluorescein (Fl) tagged peptide Fl-KKALR to a greater amount than Fl-
QEAVD, and at a higher concentration, a greater amount than Fl-AVWAL. The level of delivery is largely temperature and
ATP independent, suggesting that the Fl-peptideÆCR2+2� complexes pass through the cellular membrane without requiring active
cell-mediated processes. This study shows that selective delivery of peptides is possible by using a suitably derivatized host-rotaxane
as the transporter.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Cleft-[2]rotaxane CR2+2� delivers the Fl-peptides into cells.

Peptides hold great promise as therapeutic agents. Their
potential, however, is severely limited by the inability of
most peptides to passively pass through cellular mem-
branes because of their amide bonds and the existence
of any polar or charged side chains. Although several
methods have been developed recently to deliver materi-
als into cells, most rely on endocytosis for membrane
passage, and thus the delivered material needs to be
covalently or noncovalently prepackaged often resulting
in highly cationic devices which can result in high toxic-
ity.1–8 Herein we show for the first time that a host-
rotaxane can be derivatized with carboxylic acids
(CR2+2�, Fig. 1), which gives it an overall small charge
of 1+ in buffered water (pH 7.3), and still be an efficient
intracellular delivery agent that operates independently
of cellular energy. CR2+2� can deliver a greater
amount of a highly cationic, fluoresceinated (Fl) penta-
peptide (Fl-KKALR) into cells than a Fl-peptide con-
taining apolar (Fl-AVWAL) or negatively charged side
chains (Fl-QEAVD). Apparently, interactions between
the carboxylates of CR2+2� and the cationic side
chains of Fl-KKALR promote membrane passage.
These findings show that the selective delivery of small
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peptides of all charges is possible by using a suitably
derivatized host-rotaxane as the transporter.


Rotaxanes are compounds with an interlocked wheel
and axle with blocking groups on the ends of the axle
(Fig. 1).9 We converted them into host-rotaxanes
(HRs) by using a synthetic host as one of the blocking
groups.10 Using fluorescein-labeling, we recently showed
that a HR delivers Fl-pentapeptides into cells.11 A com-
parison of cellular fluorescence showed that, not surpris-
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Figure 2. Fluorescence microscopy of COS 7 cells incubated with


CR2+2� (20 lM) and (A) Fl-AVWAL (10 lM), (B) Fl-KKALR


(10 lM), and (C) Fl-QEAVD (10 lM). Fl-peptide (peptide uptake; left


panels), white light (middle panels), and calcein blue AM fluorescence


(viability; right panels). Original magnification: 100·.
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ingly, Fl-AVWAL, which contains apolar side chains, is
delivered into cells with 1.5 times greater efficiency than
Fl-KKALR and 2.2 times more efficiently than Fl-
QEAVD. To be effective delivery devices, transporters
also need to selectively deliver targeted peptides that
contain charged side chains. The goal of this research
program was to design a transporter that would selec-
tively deliver a highly charged peptide over an un-
charged peptide. This is not trivial considering that
apolar compounds generally form more stable com-
plexes in water and are more lipophilic than charged
compounds. We predicted that adding functional groups
to the transporter that are complementary to the
charged side chains would result in a greater amount
of that peptide being delivered.


CR2+2� was derivatized with carboxylic acids and gua-
nidines (Supporting Information) to promote associa-
tion with Fl-KKALR or Fl-QEAVD, respectively,
through salt-bridge formation. Fl-AVWAL was also
used as a guest. The peptides were presented as carbox-
amides (Fl-peptideCONH2). Intramolecular interactions
are possible between the guanidinium and carboxylate
ions of CR2+2�, which could weaken intermolecular
interactions in the Fl-peptideÆCR2+2� complexes. The
arginines were utilized because of their likely importance
in cellular transport.6 Selective complex formation
should lead to selective delivery if transport occurs
through a cell-passive mechanism. Large differences in
stability may be needed if the permeability of the com-
plex controls the level of transport. In this case, the
delivery efficiencies would be Fl-AVWAL > Fl-
KKALR > Fl-QEAVD since the overall charge of the
Fl-peptideÆCR2+2� complexes, in water at pH 7.3,
would be 1�, 2+, and 3�, respectively. The overall
charge is based on the fluorescein moiety of the Fl-pep-
tide existing as a dianion.12


The ability of the CR2+2� to deliver the Fl-peptides
was initially screened using fluorescence microscopy.
Figure 2 shows that high and moderate fluorescence is
observed in cells exposed to CR2+2� (20 lM) and
Fl-AVWAL (10 lM) or Fl-KKALR (10 lM). Cells
exposed to CR2+2� (20 lM) and Fl-QEAVD
(10 lM), however, were only weakly fluorescent, similar
to the background fluorescence obtained from exposure
to the Fl-peptides (10 lM) alone. Calcein blue AM
(cbAM, Invitrogen) and propidium iodide (PI) were
added to confirm low toxicity and high viability of cells
exposed to CR2+2� and peptides.


Flow cytometry was used to quantify the relative levels
of Fl-AVWAL, Fl-KKALR, Fl-QEAVD, cbAM, and
PI within the cells. The threshold for background fluo-
rescence was set using cells incubated with a Fl-peptide
(10 lM) alone, as previously described.13 Generally,
increasing the concentration of CR2+2� results in a
greater amount of Fl-peptide delivered (Table 1 and
Fig. 3), which is consistent with a noncovalent complex
forming between the transporter and a Fl-peptide dur-
ing the delivery process. The delivery level of Fl-
KKALR appears to peak at a concentration of 40 lM.
The amount of Fl-QEAVD delivered slowly rises and

appears to maximize at 25% of cells being penetrated.
Thus, CR2+2� more efficiently transports Fl-KKALR
than Fl-QEAVD at the concentrations used in the as-
says. Fl-AVWAL and Fl-KKALR are delivered in
increasing amounts until a concentration of 40 lM is
reached. At this concentration of CR2+2�, a dramatic
reduction in the delivery of Fl-AVWAL is seen.


We have previously observed lower than expected per-
centage of fluorescent cells after Fl-AVWAL (10 lM)
delivery in an assay performed at 4 �C.14 Fl-AVWAL
or its complex with an HR appeared to precipitate on
the surface of the cells in that assay, which may be
caused by poor solubility. The Fl-AVWALÆCR2+2�
complex has a single charge in the buffered solution
and the peptidic residues are apolar. Increasing the con-
centration Fl-AVWAL will result in a greater concentra-
tion of the Fl-AVWALÆCR2+2� complex, which could
precipitate at a high concentration. Thus, CR2+2�
more efficiently delivers Fl-KKALR than Fl-AVWAL
at the higher concentrations of the components.


A high proportion of calcein blue positive cells (80–98%)
was observed in the assays, demonstrating that the CRs
and Fl-peptides are minimally or not toxic at these con-
centrations. Less than 3% of the cells were dead, accord-
ing to the level of PI observed within the cells. Calcein







Table 1. Quantification of Fl-peptide uptake in COS 7 cells by flow


cytometrya


Condition Peptideb [CR2+2�]


(lM)


%Fl-peptide %cbAMc


rt Fl-AVWAL 40 25 95


Fl-AVWAL 20 73 86


Fl-AVWAL 10 54 84


Fl-AVWAL 5 31 82


Fl-AVWAL 0 5 86


Fl-KKALR 40 84 82


Fl-KKALR 20 61 84


Fl-KKALR 10 43 88


Fl-KKALR 5 30 98


Fl-KKALR 0 5 92


Fl-QEAVD 40 23 80


Fl-QEAVD 20 18 92


Fl-QEAVD 10 12 81


Fl-QEAVD 5 8 90


Fl-QEAVD 0 5 89


Depleted ATPd Fl-AVWAL 10 53 81


Fl-KKALR 20 65 93


4 �C Fl-AVWAL 10 30 83


Fl-KKALR 20 55 85


a All transport assays were performed in PBS (pH 7.3) for 1 h.
b [Fl-peptide] = 10 lM.
c [Calcein blue AM] = 1 lM.
d The assay solutions contained 2�deoxyglucose and NaN3.
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Figure 3. Saturation of fluorescence intensity is observed as the


concentration of CR2+2� is raised. CR2+2� and Fl-AVWAL


(10 lM) (triangles), Fl-KKALR (10 lM) (squares), or Fl-QEAVD


(10 lM circles at room temperature (green), with depleted ATP (red),


and at 4 �C (blue). The Fl-peptide line (·’s) represents all the peptides


used in this assay, and it was set at a 5% level.11 The lines show the


trends in the plots.


Figure 4. Fluorescence photomicrographs showing representative


examples of COS 7 cells exposed to CR2+2� (20 lM) and Fl-KKALR


(10 lM) (A–C) and Fl-AVWAL (10 lM) (D–F) at rt (A and D), 4 �C


(B and E), and depleted ATP (C and F). Original magnification: 400·.
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blue/propidium iodide and Fl-peptide fluorescence were
independent variables. Membrane integrity was also ver-
ified by measuring the amount of enzyme released from
the cells during the assay. The level of lactate dehydro-
genase (LDH, CytoTox-One Integrity Assay, Promega)
released into the solution was 7–9% for untreated cells
and cells exposed to the various reagents.


In our design of selective delivery agents, we assumed
that the transport process occurs through a cell-passive

mechanism that requires the complexes to pass through
the membrane. Some highly argininated peptides, how-
ever, enter cells through endocytosis.15 To determine
whether endocytosis is the major pathway for cellular
entry, the assays were repeated at 4 �C or by using an
established ATP-depleting cocktail of 2�deoxyglucose
and NaN3 to deplete the cellular energy.15 A similar
level of transport was observed for the Fl-peptides under
the energy-depleted conditions, except for the 44%
reduction in the transport level of Fl-AVWAL at 4 �C.
As discussed above, we have previously observed a
reduction in Fl-AVWAL delivery at 4 �C, and this is
likely due to a decreased solubility rather than the
involvement of endocytosis.


To verify that depleting the energy of the cells does not
alter the transport mechanism, the location and intensity
of the intracellularly delivered Fl-peptides were ob-
served under 400· magnification. COS 7 cells were
grown on microscope slides. After exposing the cells to
the various reagents, the unfixed cells were examined
by fluorescence microscopy. Cells exposed to Fl-
KKALR showed sharply defined cellular compartments
(Fig. 4A–C). Fl-AVWAL was localized more uniformly
throughout the cell (Fig. 4D–F). The distribution and
the fluorescence intensity of the Fl-peptides do not
change for cells lacking energy-dependent pathways.
These observations combined with the flow cytometric
results show that endocytosis is not the major pathway
for the delivery of materials into cells. A cell-passive,
rotaxane-dependent mechanism is more likely followed.


The low percentage of cells containing PI, the high per-
centage of cells with cbAM, and the low amount of
LDH released into the assay solutions indicate mem-
brane leakage does not account for transport efficiency.
Furthermore if CR2+2� caused membrane leakage,
increasing its concentration should increase the percent-
age of fluorescent cells until cell death occurs. Pore
formation is not consistent with the data shown in Fig-
ure 3. The observed concentration dependency can be
explained by a complex being formed between
CR2+2� and a Fl-peptide during the delivery process.







Table 2. Association constants (M�1) for CR2+2� complexesa


Solvent Fl-AVWAL Fl-KKALR Fl-QEAVD


Waterb 2.7 · 104 3.0 · 103 5.0 · 103


DMSO 1.5 · 105 9.0 · 104 4.9 · 104


a The assays were performed at room temperature, the standard


deviation is less than 10% for each KA.
b 98% water (PBS 1 mM, pH 7.3)/2% DMSO.
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Figure 5. Concentration dependency for transport levels Fl-KKALR


(squares), Fl-AVWAL (triangles, [CR2+2�] 40 lM is excluded), and


Fl-QEAVD (·’s). Blue indicates the concentration of a complex in


water and red DMSO. Standard deviation for both data sets is less


than 10%.
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Differences in the delivery levels of peptides can arise
from the superior solubility (aqueous phase or mem-
brane) or stability of its CR2+2�ÆFl-peptide complex
as compared to other complexes.


We determined the association constants (KA’s, Sup-
porting Information) for the Fl-peptideÆCR2+2� com-
plexes in water (PBS, pH 7.3) and DMSO. These
solutions are used to represent the extracellular domain
and interface of cells, which is the region of the phos-
phate head groups, respectively. As expected, the most
stable complex in water occurs for the binding of the
most apolar peptide Fl-AVWAL (Table 2). The
Fl-KKALRÆCR2+2� and Fl-QEAVDÆCR2+2� complexes
are weaker and have similarly sized KA’s. Interaction
with the side chains of these peptides requires the
removal of water molecules, resulting in a large desolva-
tion penalty for complexation. The same trend in
stability for guest binding is observed in DMSO. The
magnitude of KA’s, however, is significantly larger in
DMSO than water, which is consistent with a dimin-
ished desolvation penalty.


Using the KA’s derived in water and DMSO, the concen-
tration of the various Fl-peptideÆCR2+2� complexes
can be derived. Linear correlations exist between the
concentrations of a Fl-peptideÆCR2+2� complex versus
the percentage of cells that contain that Fl-peptide,
excluding the data point for cells exposed to 40 lM
CR2+2� and Fl-AVWAL (Fig. 5). The slopes of the

lines for a complex are greater in water than DMSO.
If the amount of a complex in water dictates the amount
of Fl-peptide that enters the cells, Fl-KKALR is deliv-
ered more efficiently than Fl-AVWAL. If complex
strength in a DMSO environment is a better indicator
of transport, then Fl-KKALR and Fl-AVWAL are
delivered in a similar amount. In either case, the Fl-
QEAVDÆCR2+2� complex has the lowest permeability.
The ability of CR2+2� to deliver Fl-KKALR as well as
or better than Fl-AVWAL is remarkable considering
that Fl-AVWAL has apolar side chains and the overall
charge of its complex with CR2+2� is one less than
the Fl-KKALRÆCR2+2� complex in water (pH 7.3).


Here we show that a cleft-[2]rotaxane derivatized with car-
boxylic acids and guanidines on the wheel can more effi-
ciently deliver a highly cationic peptide over peptides
containing negative charges or apolar side chains. In the
presence of a high concentration of CR2+2�, the percent-
age of fluorescent cells was approximately four times great-
er for cells exposed to Fl-KKALR than to Fl-QEAVD or
Fl-AVWAL. We are currently designing transporters that
will selectively deliver other peptides with various side
chains into cells with the long-term goal of efficiently deliv-
ering therapeutic peptides into targeted cells.
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Abstract—The p38 mitogen-activated protein kinase inhibitor VX-745 is prepared rapidly and efficiently in a four-step sequence
using a combination of conductive heating and microwave-mediated steps. Its inhibitory activity was confirmed in hTERT immor-
talized HCA2 and WS dermal fibroblasts at 0.5–1.0 lM concentration by ELISA and immunoblot assay, and displays excellent
kinase selectivity over the related stress-activated kinase JNK.
� 2007 Elsevier Ltd. All rights reserved.

Werner syndrome (WS) is a rare genetic disorder result-
ing from mutation in the RecQ helicase-encoding WRN
gene.1 Mutations in WRN are null mutations at the
functional level resulting in lack of production of
WRN protein. WS individuals show premature onset
of many clinical features of old age, show early suscep-
tibility to a number of major age-related diseases and
have a greatly abbreviated median life expectancy
(47 years) as a consequence of malignancy and myocar-
dial infarction.1 Thus, WS is widely used as a model dis-
ease to investigate normal human ageing processes.2


Normal human cells divide a finite number of times in
culture after which they enter a state of permanent
growth arrest termed senescence. This finite proliferative
capacity may be causal in normal ageing, as senescent
cells are known to accumulate in ageing tissue,3 and they
display deleterious biochemical features, such as a pro-
inflammatory phenotype and an altered ability to remo-
del the extracellular matrix, suggesting a link between
replicative senescence and tissue degeneration.4 The
mechanisms by which replicative senescence occurs are
not fully understood, but it offers a new way to
approach the cause and prevention of age-related degen-
erations, by understanding and modulating the basic
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process of ageing itself. WS fibroblasts are studied
because they show accelerated ageing in vitro5 that
may underlie some of the in vivo accelerated ageing that
occurs in WS.2,4 Our model system, comprising cultured
primary fibroblast cells from WS individuals, provides a
powerful means to understand the ageing of mitotic tis-
sue in vivo and links it with cellular signalling events.
Normal and WS fibroblasts use telomere erosion as a
cell division ‘counter’;6 however, telomere-driven senes-
cence synergizes with a telomere-erosion-independent
mechanism in WS.7 Unlike normal fibroblasts, prolifer-
ating WS cells contain high levels of phosphorylated
p38a,8 a stress-associated mitogen-activated protein
kinase (MAPK). WS cells show many of the character-
istics of cells growing under ‘replication stress’,9 with a
slow growth rate, enlarged morphology and prominent
actin stress fibres. Thus, the accelerated replicative
decline in WS may be caused by a ‘stress signal’10 from
the stalled replication forks that are characteristic of
cells deficient in the WRNp helicase.11


If true, then blocking the p38a response through the use
of chemical inhibitors has the potential to modulate the
cellular and ultimately clinical pathology of WS. Initial
studies using the prototypical p38a inhibitor SB203580
(Fig. 1) in WS cells rescued the features of accelerated
replicative decline, including growth rate and cell mor-
phology,8 suggesting that the abbreviated life span of
WS cells was due to a stress-induced growth arrest med-
iated by p38a MAPK. However SB203580, whilst useful
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Figure 1. p38 MAPK inhibitors for evaluation in WS cells.
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Scheme 1. Synthesis of VX-745. Reagents and conditions: (i) KOtBu,


PhMe, microwaves, 120 �C (initial power 150 W), 1.5 h (62%); (ii) see


Table 1; (iii) concd H2SO4, microwaves, 100 �C (initial power 100 W),


30 min (68%); (iv) N,N-dimethylformamide dimethyl acetal, PhMe,


100 �C, 2 h; then room temperature, 18 h (87%).
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for research applications, lacks the kinase selectivity
profile that is desirable for a therapeutic agent. Our
recent report on a route to BIRB 796, a p38a inhibitor
with a different mode of action to SB203580,12 provided
an alternative inhibitor for study.13 However, BIRB 796
appears to have some similarities in cross-kinase speci-
ficity to SB203580, in particular with regard to the
stress-activated JNK kinases.14 As young WS cells show
activation of the p46 forms of JNK, facile access to
another chemotype without JNK inhibitory activity is
required to corroborate these findings.


In 1999 Vertex Pharmaceuticals disclosed a new class of
p38a ATP competitive inhibitors including the clinical
candidate VX-745.15 This compound displayed potent
activity at 5.0 nM concentration and 1000-fold selectivity
over closely related kinases, including ERK1, JNK1-3
and MK2, adopting a linear rather than teardrop or ex-
tended binding mode.16 With such an exquisite selectivity
profile, complementary binding motif and clinical efficacy
in rheumatoid arthritis patients,17 this inhibitor became a
compelling compound of study in WS cells. However
although the synthesis of VX-745 has been described,15


the efficiency of some of the steps is very low and the meth-
ods have been reported to be poorly reproducible.18 In
this manuscript we describe a rapid and efficient route
to VX-745 using a combination of microwave irradiation
and conductive heating techniques and its evaluation as a
p38 MAPK inhibitor in WS cells.


A natural starting point for our synthesis (Scheme 1)
was 3,6-dichloropyridazine (1), in common with previ-
ous approaches,15,16,18 as the selective sequential elabo-
ration of this difunctionalized building block is
known. Reaction with (dichlorophenyl)acetonitrile 2,
on deprotonation with sodium amide or sodium hy-
dride, does give pyridizinylacetonitrile 3, but in only
28%15,16 or 43%18 yield, respectively, the latter of which
was reproduced exactly in our laboratories. By switching
to potassium tert-butoxide the efficiency of reaction was
improved to 73%, but this was only after exhaustive
chromatographic purification to remove unreacted pyr-
idazine 1, impeding considerably the facility of the pro-
cess. By carrying out the reaction under microwave

irradiation in toluene at 120 �C for 1.5 h, conversion
was complete and the purification of 3 was simplified
considerably, albeit with a minor reduction in yield.
Subsequent reaction of 3 with sodium 2,4-difluorothio-
phenoxide, prepared from thiophenol 4 by treatment
with NaH, at room temperature in DMF (shown to im-
prove the solubility of 3),18 provided thiopyridazine 5 in
57% yield. Once again contamination by unreacted
starting materials complicated the purification process
considerably and so a range of alternative conditions
were investigated (Table 1). Traditional conductive heat-
ing conditions, palladium-catalyzed or copper-mediated
Ullmann-type couplings,19 gave the product 5 in im-
proved yields (entries 1, 4 and 6) although only after
lengthy reaction times. Out of the microwave-assisted
procedures (entries 3, 5 and 7), only the use of the
palladium (II) N-heterocyclic-carbene (NHC) catalyst
PEPPSITM-IPr (Pyridine-Enhanced Precatalyst Prepara-
tion Stabilization and Initiation)20 gave a rapid and
efficient route to 5 (entry 5). This particular protocol
demonstrated several attractive features, which included
rapid reaction time, low catalyst loading and a consider-
ably simplified purification process.


From thiopyridazine 5, hydrolysis of the nitrile group to
the corresponding amide 6 could be effected in concen-
trated sulfuric acid at 100 �C for 2 h by conductive heat-
ing or by microwave irradiation at 100 �C for 30 min, in
63% or 68% yield, respectively. Finally, heating 6 with
N,N-dimethylformamide dimethyl acetal at 100 �C in
toluene for 2 h, followed by an overnight stir at room
temperature, gave the pyrimido[1,6-b]pyridazinone mo-
tif of VX-745 in yields that ranged between 87% and
>98%. Overall our rapid route uses microwave irradia-
tion to dramatically accelerate three out of the four steps
and represents a reproducible and efficient route to
VX-745 in >98% purity21 and 28% overall yield.







Table 1. Reagents and conditions for the synthesis of sulfide 5 step (ii)


Entry Conditionsa Yield %b


1 KOtBu, Pd(OAc)2 (5 mol %), (S)-TolBINAP, PhMe, reflux, 16 h 73


2 NaOtBu, Pd(OAc)2 (5 mol %), DPPF, PhMe, reflux, 16 h 31


3 NaOtBu, Pd(OAc)2 (5 mol %), DPPF, PhMe, microwaves (120 W), 150 �C, 1 h 0


4 PEPPSITM-IPr (2 mol %), NaOtBu, PhMe, reflux, 16 h 75


5 PEPPSITM-IPr (2 mol %), NaOtBu, PhMe, microwaves (120 W), 150 �C, 1 h 75


6 CuI (10 mol %), Et3N, dioxane, 90 �C, 16 h 82


7 CuI (10 mol %), Et3N, dioxane, microwaves, 100 �C, 3 h 24


a Microwaves indicates irradiation in a CEM DiscoverTM at the given temperature through moderation of initial microwave power (given in


parentheses); PEPPSITM-IPr, [1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(II) dichloride; DPPF, 1,1 0-ferrocene-


bis(diphenylphosphine); (S)-TolBINAP, (S)-(�)-2,20-bis(di-p-tolylphosphino)-1,10-binaphthyl.
b Isolated yield of 5 after purification on silica.


Figure 2. ELISA results for the effect of VX-745 on p38a activity (a, c)


and on JNK activity (b, d). For the upper panels, the level of total


protein is indicated by the white bars, and the level of the phosphor-


ylated protein by the dark grey bars. In the lower panel the ratio of


phosphorylated protein to total protein is indicated by the black bars.


DMSO are cells with only DMSO treatment, An are cells treated with


anisomycin, and 0.010–50.000 are cells pre-treated with increasing


concentrations of VX-745 followed by treatment with anisomycin.


p-HSP27 and p-c-jun are the phosphorylated forms of HSP27 and


c-jun, respectively.
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That VX-745 can inhibit the p38a and JNK pathways
was tested in human immortalised HCA2 cells using
an ELISA system (Cell Signalling, NEB, UK). Cells
were seeded in 100-mm dishes in EMEM and incubated
at 37 �C for 48 h as previously described.12 The medium
was supplemented with VX-745 at final concentrations
from 10 nM to 50 lM and the cells incubated for a fur-
ther 2 h. Anisomycin was added to the medium at
30 lM and the cells harvested 45 min later. Samples
using DMSO only, and DMSO plus anisomycin, were
used as controls. Cells were harvested, proteins isolated
and the ELISAs carried out according to the manufac-
turer’s instructions. Kinase activity was detected using
antibodies specific for the phosphorylated forms of
HSP27 and c-jun, and antibodies that detect the total
levels of HSP27 and c-jun, the degree of activation being
measured as the ratio of phospho-protein/total protein.
In this system activation of p38a by anisomycin
activates MK2 that then phosphorylates the small
heat-shock protein HSP27. As MK2 is the major
HSP27 kinase, the activity of p38a can be assessed by
the phosphorylation status of HSP27.22 The results are
shown in Figure 2 (a and c). In control cells there is a
low level of p38a activation, as indicated by a low level
of p-HSP27 and a low p-HSP27/HSP27 ratio (DMSO
columns). Anisomycin treatment greatly increases the
activation of p38a causing an increase in the p-HSP27
level and the p-HSP27/HSP27 ratio (‘An’ columns).
Pre-treatment of cells with increasing concentrations of
VX-745 increasingly inhibits the anisomycin-induced
activity of p38a, as indicated by the decreasing levels
of p-HSP27 and the p-HSP27/HSP27 ratio. Even at
10 nM VX-745 inhibits p38a to some extent, and
maximal inhibition is achieved at 500 nM, with the level
of p-HSP27 and the p-HSP27/HSP27 ratio now reduced
to the basal level seen in the control. Interestingly,
VX-745 at 50 nM appears to increase levels of HSP27
phosphorylation compared to 25 nM. It is possible that
at concentrations above 25 nM VX-745 can activate the
p38 pathway to some extent. However, at higher con-
centrations any activation effect is clearly countered by
the inhibitory action of VX-745. The concentration of
VX-745 that has a 50% inhibitory effect is between 10
and 100 nM, similar to the previously reported IC50 of
56 nM for VX-745 inhibition of TNFa-stimulated
p38a activity in peripheral blood mononucleocytes.13


Anisomycin treatment also activates JNK (monitored

by the phosphorylation status of the JNK substrate
c-jun) resulting in elevated levels of p-c-jun and an
increased p-c-jun/c-jun ratio (Fig. 2b and d). However,
pre-treatment of the cells with increasing concentrations
of VX-745 has no effect on the anisomycin-induced
activity of JNK towards c-jun, thus confirming that
VX-745 is not a JNK inhibitor.15


The ability of VX-745 to inhibit the p38a signalling
pathway in hTERT-immortalised AG03141 WS dermal
cells was tested by immunoblot detection of activated
versions of p38a and HSP27 as described previously12


(Fig. 3). In control WS cells there was a low level of







Figure 3. Effects of VX-745 treatment on the activation and activity of


p38a in hTERT-immortalised WS cells. Lane 1, WS cells; lane 2, WS


cells + Anisomycin (A); lane 3 WS cells + A + 1.0 lM VX-745; lane 4,


WS cells + A + 2.5 lM SB203580. p-p38 and p-HSP27 indicate the


phosphorylated forms of p38 and HSP27.
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p-p38a, and moderate levels of p-HSP27 (lane 1). Aniso-
mycin treatment greatly increased the activation of p38a
causing an increase in p-p38a and p-HSP27 levels (lane
2). VX-745 at 1.0 lM and SB203580 at 2.5 lM inhibited
the anisomycin-induced activity of p38a, as indicated by
the much-reduced levels of p-HSP27 (lanes 3 and 4). The
prevention of HSP27 phosphorylation appears to be due
to inhibition of p38a, as VX-745 and SB203580 have at
best only a minor effect on anisomycin-induced p38a
activation.


In conclusion, the p38a MAPK inhibitor VX-745 can be
prepared rapidly and efficiently using a combination of
microwave irradiation and conductive heating methods.
The four-step sequence proceeds by mono-SNAr of 3,6-
dichloropyridazine with the corresponding acetonitrile
on microwave irradiation with potassium tert-butoxide,
followed by microwave-mediated palladium-catalyzed
phenylsulfide formation using PEPPSITM-IPr, hydrolysis
to the amide on irradiation in concentrated sulfuric acid
and treatment with N,N-dimethylformamide dimethyl
acetal to facilitate the heteroannulation to the pyrimi-
do[1,6-b]pyridazinone. Its inhibitory activity in HCA2
and WS cells was confirmed by ELISA and immunoblot
assay, showing excellent selectivity for p38a MAPK
over JNK. Given this selectivity profile, VX-745 would
appear to be ideal for further studies of the accelerated
ageing of WS cells in culture, which are now underway.
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435.9806, C19H10N3O35Cl2F2S [MH+] requires 435.9811);
IR (nujol) m/cm�1 3019, 2399, 1626, 1600, 1215, 770,
669; 1H NMR (400 MHz, CDCl3) d (ppm) 6.50 (1H, d,
J 9.8 Hz, 3 or 4-H), 6.80 (1H, d, J 9.8 Hz, 4 or 3-H),
7.00 (2H, m, 500 and 600-H), 7.20 (1H, t, J 8 Hz, 4 0-H),
7.30 (2H, d, J 8 Hz, 3 0 and 5 0-H), 7.60 (1H, m, 300-H),
8.50 (1H, s, 8-H); 13C NMR (125 MHz, CDCl3) d (ppm)
105.0, 113.0, 118.5, 121.5, 123.0, 125.3, 128.2, 128.4,
128.9, 129.0, 130.7, 136.5, 137.8, 149.4, 193.0; MS (ES)
m/z 436 (MH+, 100%).


22. Shi, Y.; Kotlyarov, A.; Laabeta, K.; Gruber, A. D.; Butt,
E.; Marcus, K.; Meyer, H. E.; Friedrich, A.; Volk, H. D.;
Gaestel, M. Mol. Cell. Biol. 2003, 23, 7732.
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Abstract—The synthesis and structure–activity relationships (SAR) of p38a MAP kinase inhibitors based on heterobicyclic scaffolds
are described. This effort led to the identification of compound (21) as a potent inhibitor of p38a MAP kinase with good cellular
potency toward the inhibition of TNF-a production. X-ray co-crystallography of an oxalamide analog (24) bound to unphosphor-
ylated p38a is also disclosed.
� 2007 Elsevier Ltd. All rights reserved.

A significant body of the literature has underscored the
importance of proinflammatory cytokines TNF-a and
IL-1b as important mediators in the pathophysiology
of chronic inflammatory diseases like rheumatoid arthri-
tis, Crohn’s disease, and psoriasis.1 The regulatory ap-
proval and clinical success of anti-cytokine biological
agents anakinra (Kineret),2 an IL-1 receptor antagonist,
etanercept (Enbrel),3 a soluble TNF receptor fusion pro-
tein, infliximab (Remicade),4 and adalimumab (Humir-
a), both TNF-a monoclonal antibodies, has validated
the concept of inhibiting proinflammatory cytokines in
the treatment of chronic inflammatory diseases. This
has sparked significant effort in both academia and
industry to identify orally bioavailable small molecule
inhibitors of TNF-a and IL-1b roduction.5


The mitogen-activated protein kinase (MAPK) p38 is
one of the most extensively studied kinase partly be-
cause of its important role as a key enzyme in the pro-
duction of proinflammatory cytokines such as TNF-a
and IL-1b.6 Of the four different isoforms of the p38
family (a, b, c, and d), p38a is ubiquitously expressed
and is generally considered the most important isoform
in the inflammatory signal transduction pathway and an
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appropriate target for anti-inflammatory therapy. Be-
cause of this, there has been an intense effort in the phar-
maceutical industry to identify safe and effective p38a
inhibitors that has resulted in the identification of sev-
eral clinical compounds.7 We recently disclosed a series
of 5-cyanopyrimidines and pyrrolo[2,1-f][1,2,4]triazines
as novel inhibitors of the p38a MAP kinase.8 This letter
describes the synthesis and preliminary structure–activ-
ity relationships (SAR) of p38a inhibitors based on a
heterobicyclic scaffold (A) as depicted in Figure 1.


Figure 1 outlines the rationale for the synthesis of hete-
robicyclic p38a inhibitors. Scios recently reported the
synthesis and structure–activity relationships (SAR) of
indole based heterocyclic inhibitors of p38a.9 The
authors initially identified compound (1) as a submi-
cromolar inhibitor of p38a. They hypothesized that
the introduction of methyl groups on the piperidine ring
of compound (1) would restrict conformational mobility
and potentially lead to analogs with increased potency.
Based on this rationale compound (2) was synthesized
and was found to be �14-fold more potent than com-
pound (1) as shown in Figure 1.


Further modifications to the indole scaffold eventually
led to Scios’s first p38 clinical compound, Scios-469.10


In our recent efforts focused on designing novel classes
of p38 inhibitors, we envisioned that incorporation of
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a ring constraint between the benzyl methylene position
and a proximal piperazine or piperidine ring as depicted
in compounds of type A 1–3 (Fig. 1) would also decrease
conformational mobility, and potentially lead to a novel
series of heterobicyclic p38a inhibitors. Molecular mod-
eling studies suggested that this type of ring constraint
may be advantageous for two main reasons: (1) to lock
the terminal aryl group in a conformation favorable for
occupying the deep hydrophobic pocket of p38a as de-
fined by amino acids Thr106, Lys53, Leu75, Leu86,
Leu104, and Val105; (2) to allow the possibility of pick-

a


c d


BocN


O


BocN


O


N
N


HN


R


R'


Scheme 1. Reagents and conditions: (a) tert-butoxy bis(dimethylamino)metha


aq MeOH, rt, 1 h (�50–70%); (c) anhyd HCl, dioxane, 40 �C, 2 h (quantitat

ing up an additional favorable H-bond to Lys53 via a
nitrogen atom in compounds of type A 1–3 (when
Z = N). Based on this rationale we chose to synthesize
the pyrazolo[4,3-c]pyridine (A1), imidazo[1,5-a]pyrazine
(A2), and pyrido[3,4-d]pyrimidine (A3) for further eval-
uation. The synthesis of scaffolds A1, A2, and A3 is out-
lined in Schemes 1–3. Since the synthesis of the
imidazo[1,5-a]pyrazine core (A2) incorporates a hydro-
genation step, only fluorine substituents were employed
on the phenyl moiety that was designed to project into
the deep hydrophobic pocket.
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The indole carboxylic acids required to synthesize the
corresponding carboxamide analogs were either com-
mercially available or were prepared by methods known
in the literature.11


The preliminary SAR for the pyrazolo[4,3-c]pyridine
(A1) and imidazo[1,5-a]pyrazine (A2) are outlined in
Tables 1 and 2, respectively.


Although the initial compounds tested in this series were
moderately potent inhibitors of p38a,12 we were pleased
to see that many of the indole based analogs (7–13 Table 1)
achieved potencies similar to compound 2, thus support-
ing our aforementioned hypothesis of conformational
restriction of the piperidine ring via ring fusion
(Fig. 1). In addition, SAR trends that appear to diverge
from previously reported9 SARin the compound 2 series
were also observed. First, whereas analogs of 2 appear
to require a combination of the dimethyl groups on
the piperazine ring and a substituent on the 6-position

of the indole ring for optimal potency, the initial trends
with the pyrazolo[4,3-c]pyridine (Table 1) suggested that
incorporation of a substituent at the 6-position of the in-
dole ring did not significantly alter the potency in this
series (e.g., compare 11 with 12, Table 1). Second, C-3,
C-4, and C-6 substituted indole carboxamides (Table
1, analogs 7, 9, and 10, respectively) were nearly equipo-
tent in the p38a enzyme assay (40–55 nM). This result is
in contrast to the piperazine amides related to 2 where
the C-3, C-4, and C-6 substituted indole carboxamides
displayed decreased potencies (1.5–4.7 lM)9 in the en-
zyme assay. Only the C-2 substituted indole isomer 6
in the pyrazolo[4,3-c]pyridine series appeared signifi-
cantly less active (�4- to 5-fold) than the corresponding
C-3, C-4, and C-6 substituted indole carboxamide ana-
logs. These results suggest that incorporation of the ring
constraint as outlined in Figure 1 leads to analogs that
are more tolerant to amide substituent modifications rel-
ative to the piperazine amide series. This observation
may be due to a combination of conformational restric-







Table 1. Pyrazolo[4,3-c]pyridine (A1) SAR
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tion that forces the chlorophenyl moiety to occupy the
hydrophobic pocket in the desired orientation as well
as the potential additional H-bond interaction between
the pyrazole N-2 nitrogen and the Lys53 residue (vide
infra).


In order to further improve the potency within the pyr-
azolo[4,3-c]pyridine (A1) and imidazo[1,5-a]pyrazine
(A2) series, we decided to investigate the SAR of indole
based analogs which incorporate an oxalamide side
chain at the C-3 position due to the recent disclosure
of related oxalamides as potent inhibitors of p38a.10


Installation of the oxalamide side chain was undertaken
as described in the conversion of 17–20 (Scheme 4). A

similar sequence was employed for the preparation of
the pyrazolo[4,3-c]pyridine 26 and27 and the pyri-
do[3,4-d]pyrimidine analog 28.


The SAR for the indole based pyrazolo[4,3-c]pyridines
(A1), imidazo[1,5-a]pyrazines (A2), and pyrido[3,4-
d]pyrimidines (A3) having an oxalamide moiety at the
C-3 position is outlined in Table 3 and Figure 2.


As is evident from Table 3 and Figure 2, incorporation
of the oxalamide side chain at the C-3 position of the in-
dole moiety improves the p38a enzyme potency in both
the pyrazolo[4,3-c]pyridine (A1) and imidazo[1,5-a]pyra-
zine (A2) series 3- to 10-fold (e.g., compare 14 in Table 1
with 26a in Figure 2, and 18 in Table 2 with 22 in Table
3). Consistent with the SAR outlined earlier for the pyr-
azolo[4,3-c]pyridine, the deschloro analog 27 is equipo-
tent to compound 26b (Fig. 2).


To understand the binding mode of the pyrazolo[4,3-
c]pyridine (A1) and imidazo[1,5-a]pyrazine (A2) class
of p38a inhibitors we performed X-ray co-crystallo-







Table 3. Imidazo[1,5-a]pyrazine (A2) SAR with oxalamide side chain
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graphic studies of compound 24 (Table 3) with purified,
unphosphorylated p38a. The key binding interactions
between compound 24 and the p38a enzyme are illus-
trated in Figure 3.13


The X-ray structure of 24 complexed with p38a reveals a
combination of H-bonding and hydrophobic interac-
tions. The hinge region residues, Met109 and Gly110,
form H-bonds between their backbone NHs and the
central amide carbonyl of the inhibitor. The exposed
imidazo nitrogen of the inhibitor engages in a H-bond
to a water molecule which is itself H-bonded to Lys53
and Asp168. The pendant 2,4-difluorophenyl group is
located in a deep hydrophobic cavity flanked by the
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Figure 2. Pyrazolo[4,3-c]pyridine (A1) and pyrido[3,4-d]pyrimidine (A3) SAR

gatekeeper residue Thr106 (not shown) and the carbon
chain of Lys53. The inner walls of the cavity are made
up of Leu75, Leu86, Leu104, and Val 105. The methoxy
moiety sits in a shallow cavity formed by Ile84 and
Ala157. The terminal oxalamide appears to extend into
solvent and does not engage in any specific interaction
with the protein. However, a close inspection of the
binding site in contact with the oxalamide group reveals
that, although there are no specific H-bonds between
protein and the oxalamide moiety, the group fits into a
shallow hydrophobic groove on the surface made up
of P-loop Val30 and hinge region Leu108/Gly110. Effec-
tively, this interaction results in changing the exposed
surface of the protein–ligand complex (in the contact re-
gion) from hydrophobic to hydrophilic. The end result is
a modest hydrophobic effect wherein binding affinity
may be enhanced by the removal of ordered solvent
water molecules at the lip of the binding site.
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(A2) series, the corresponding pyrido[3,4-d]pyrimidine
analog 28 was significantly less potent (Fig. 2). In light
of the aforementioned X-ray co-crystal structure for
the imidazo[1,5-a]pyrazine analog 24, this result was
surprising since all key interactions of compound 28
with the enzyme appear to be in place for optimal po-
tency. A plausible explanation could be that the H-
bonding trajectory of either the imidazo or pyrazolo
nitrogens toward the available water molecule held by
Asp168/Lys53 is not reproduced when the nitrogen is
in a pyrimidine ring. In the former case, the plane of
interaction is in line with the water (OH) and is about
1.7 Å in length (based on the X-ray structure). When
the pyrimidine analog was modeled, the resulting trajec-
tory is significantly off-plane and the distance increases
to 2.1 Å. Thus, the pyrimidine core offers a less efficient
H-bonding opportunity to this water molecule.


In conclusion, we have identified novel series of pyrazol-
o[4,3-c]pyridine (A1), imidazo[1,5-a]pyrazine (A2) and
pyrido[3,4-d]pyrimidine (A3)-based p38a inhibitors.
Incorporation of an oxalamide moiety at the C-3 posi-
tion of the indole significantly improved the enzyme po-
tency in these series. One of the compounds was a potent
inhibitor of TNF-a release (compound 21, Table 3,
IC50 = 460 nM) in human peripheral blood mononu-
clear cells (PBMCs).14
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Abstract—Synthesis and antibacterial activity of a new class of ketolide antibiotics, exemplified by the prototype GW680788X (1),
are described. The structure of (1) has been elucidated by spectroscopic analysis. The good antibacterial activity shown by (1) in
comparison with clarithromycin prompted us to consider this compound as a lead molecule for further exploration.
� 2007 Elsevier Ltd. All rights reserved.

Macrolide antibiotics represent an established class of
antibacterial compounds effective for the treatment of
respiratory infections.1–4 Erythromycin, which belongs
to the 14-membered ring macrolides, was the first mar-
keted compound of this class.


An undesirable feature of erythromycin is its instability
in the acidic stomach environment, causing intramolec-
ular reactions, such as ketalisation of the C-9 carbonyl
by the 6-OH and 12-OH groups, which decreases the
oral absorption of the drug and produces unpleasant
gastrointestinal irritation.5,6


Several erythromycin derivatives have been prepared7–9


to overcome this undesired intramolecular ketalisation.
Effective modifications were obtained by multi-step meth-
ylation of erythromycin at 6-OH to give clarithromycin,
and by ring expansion of erythromycin with the introduc-
tion of a basic nitrogen to give azithromycin (Fig. 1).


Nevertheless, further improvements on this class of anti-
bacterial agents are required to overcome relatively re-
cent issues associated with the development of
bacterial resistance.10–13 Ketolides HMR3647 (Aventis,
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TelithromycinTM) and ABT773 (Abbott, CethromycinTM)
represent the first potential solutions to this problem.


These compounds showed an antibacterial profile better
than that of clarithromycin, including activity against
macrolide-resistant strains of pneumococci with good
oral bioavailability.


The new ketolides (Fig. 2) share two distinguishing struc-
tural features: the first one is the presence of a keto group
at position 3, the second one is the presence of an alkyl-het-
eroaryl side chain. Although structurally different and
linked to different positions of the macrolide scaffold, the
side chains in HMR3647 and ABT773 engender a remark-
able improvement of the antimicrobial property.14–17


On the basis of NOE data on ABT 773 and HMR 3647
and of molecular modelling work, we have concluded
that these two molecules could place their heteroaromat-
ic ring in a ‘common’ region of space (Fig. 3).


The effect of the side chains is to enhance the binding
affinity to both methylated and unmodified domain II
of the bacterial ribosomes.18,19 Furthermore, the keto-
function at position C-3 of the macrolide ring—replac-
ing the LL-cladinose sugar—avoids, as demonstrated by
Le Mahieu et al.20–22, induction of MLSB resistance in
streptococci and staphylococci and it also confers acid
stability to the molecule itself. Moreover, it is reported23
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Figure 1. Structures of erythromycin A, azithromycin, and clarithromycin.
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Figure 2. Structures of HMR3647 and ABT773.
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that the 11,12-oxazolidinone ring plays a key role in
enhancing the binding to the bacterial ribosome, likely
through one or both oxygen atoms.


In our search for novel and more efficacious ketolides we
turned our attention to the modification of the oxazolid-
inone ring fused at positions 11 and 12.

Replacement of this moiety with a c-lactone (1), as
depicted in Figure 4, was thought to offer advantages
over the currently available ketolides. In particular,
the presence of a C-sp3 instead of a nitrogen atom was
deemed very helpful in positioning of the side chain to-
wards the common region occupied by the aromatic
moiety present in ABT773 and HMR3647. This was pre-
dicted to result in a stronger interaction with the bacte-
rial ribosome, hence in more potent antibacterial
activity.


The antimicrobial activity of the parent compound 1
was determined in order to ensure that the activity
against erythromycin sensitive bacterial strains was close
to the antibacterial activity shown by 2, a mandatory
requirement to support further medicinal chemistry
exploration. In this paper, we report the preparation
of 1 and its antimicrobial activity in comparison with
2 and clarithromycin. The chemistry setup to prepare
1 was designed in order to permit the introduction of
a side chain and an aromatic moiety, at position 21, that
should result in a further enhancement of the antibacte-
rial activity particularly against resistant bacterial
strains.24,25


At the onset of this work, though intramolecular Mi-
chael additions of nucleophilic nitrogen of carbamate
on intermediates of type 2, assisted by the 12-OH, were
known,26–29 no examples of such reaction using carbon
as nucleophile were reported.







HMR3647
alkyl-aryl side chain


ABT773
alkyl-aryl side chain


hero aryl rings occupy a
common region of space


Figure 3. ABT773 and HMR3647 superimposition. The ‘common’ region of space occupied by the two different hetero-aryl rings is depicted with the


curved solid line.
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We envisaged using a malonate moiety to form a car-
bon–carbon bond at position 11, and then exploiting
the second malonate ester group to introduce a side
chain (Scheme 1).


The LL-cladinose sugar at position 3 of the macrolide was
perceived as a protective group for the 3-OH, therefore
acylation of the 12-OH was carried out directly on 2
using methylmalonyl chloride/pyridine in toluene to give
intermediate 3. Removal of the LL-cladinose sugar under
acidic condition turned out to be a slower reaction than
expected. However, a mixture of compounds 4 and 5
was ultimately obtained by adding intermediate 3 into
a 2-M HCl aqueous solution. The ratio of 4 and 5 was
shown to be reaction-time-dependent.


The methylmalonate 4 was isolated by flash chromatog-
raphy in yields ranging from 40% to 60%.


Cyclisation of 4 to give 6 was carried out in satisfactory
yield (53%) in water–acetonitrile (9:1) using DBU as a
promoter, however, poor diastereocontrol was observed
at positions C-10 and C-21 (three main peaks in a ratio
1:1:3 were observed). Decarboxylation of the methyl es-
ter was carried out heating intermediate 6 in DMSO in
presence of LiCl30 to give 7 in moderate yield (46%).
Spectroscopic investigation of intermediate 7 showed
only the presence of the depicted C-10 (R)-diastereomer

(Fig. 5), H-10 at 3.00 ppm with NOE enhancement of
the Me at C-8), suggesting that the C10 (S)-epimer
was either lost during the purification process or it con-
verts to 7 during the decarboxylation reaction. Oxida-
tion of the 3-OH of intermediate 7 under Pfitzner–
Moffat condition (EDC, TFAA, DMSO) gave the corre-
sponding 3-keto derivative 8. Overnight treatment with
methanol cleaved the acetyl protective group on the DD-
desosamine moiety and compound 1 was isolated in
33% yield. Its absolute stereochemistry has been further
confirmed by NOE studies (Fig. 5).


In general ketolides are inactive against Escherichia coli
strains mainly because of an inherent permeability bar-
rier, and against Salmonella aureus strains resistant be-
cause of constitutively expressed ribosome methylation.


The antimicrobial activity of compound 1 was deter-
mined in comparison with clarithromycin and the
unsubstituted 11,12-oxazolidinone 2 (Fig. 4) and it is
reported in Table 1.


Interestingly, 1 showed very good antibacterial activity
comparable to both clarithromycin and 2.


The microbiological profile observed with the unsubsti-
tuted prototype c-lactone 1 against erythromycin-sensi-
tive strains is of clear interest, showing potent activity
against relevant bacteria strains in particular staphylo-
cocci and streptococci, with the exception of a border-
line activity against Haemophilus influenzae. Of course,
further studies aimed at the introduction of a suitable
side chain at the C-21 position of 1 which might restore
activity against both constitutive resistant strains and H.
influenzae.


In summary, a novel class of ketolides has been identi-
fied; the novelty of this class resides in the presence of
a c-lactone between positions 11 and 12 of 6-O alkyl
3-oxoerythromycin derivatives.
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Table 1. In vitro antibacterial activity MIC (mg/L) of three novel


ketolides and clarithromycin against selected aerobic Gram-positive


and -negative pathogens


Strains 1 2 Clarithromycin


S. aur. ATCC13709 ery-S 0.5 0.25 0.25


S. aur. PK2 MLSc >128 >128 >32


S. pne. ery S 60.06 0.06 60.06


S. pne. 4636 MLSc >128 >128 >128


S. pne. CI137 M 0.12 0.25 8.0


S. pyo. 3565 ery S 0.12 0.06 60.06


S. pyo. MLSi 0.5 0.06 2.0


S. pyo. M 0.12 0.25 2.0


M. cat. ATCC 23246 0.5 0.12 60.25


H. inf. ATCC 49247 16 16 8.0


E. coli ATCC 25922 128 64 64
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Thus this new class appears to constitute an innovative
and very promising vehicle for the delivery of novel
ketolides with a suitable spectrum of activity for the
treatment of infections caused by respiratory pathogens.
Compound 1 represents an excellent starting point for a
medicinal chemistry lead optimization programme by
introduction of a side chain at C-21 to enhance the bind-
ing affinity to the ribosomes of resistant bacterial
strains.
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Abstract—Bisphenol A derivatives, possessing a fluorescent dye and a photo-reactive group, were synthesized from bisphenol A, and
the inhibitory activity of the derivatives was evaluated against hypoxic response. The synthesized derivatives were found to inhibit
the hypoxic expression of erythropoietin in Hep3B cells as well as bisphenol A.
� 2007 Elsevier Ltd. All rights reserved.

Bisphenol A (BpA) is widely used as a major source of
polycarbonate and epoxy resins in industry and is well
known as one of the common environmental endocrine
disruptors. This molecule is a xenoestrogen and affects
the reproductive functions of animals.1 In addition, as
non-estrogenic effects, BpA was reported to induce
developmental abnormalities in the neuronal systems
of humans and animals.2 The use of BpA, however,
has not been restricted because of the lack of develop-
ment of its alternatives. Thus, the elucidation of its
mode of action and molecular mechanism is strongly
desired. It is also important to pursue the behavior of
BpA in the environment, cells, and organizations. Under
these situations, the methods for detection and measure-
ment of BpA have broadly been studied, and some
methods have been reported; for example, the use of a
specific monoclonal antibody against BpA3 and the
use of isotope-labeled BpA for detection.4 However,
the detection and the quantification of BpA are not nec-
essarily facile, because these methods often require a
special facility and instruments. In this paper, we

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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describe the synthesis and evaluation of BpA derivatives
possessing a fluorescent dye in order to detect BpA more
simply and efficiently. In addition, we synthesized a BpA
derivative possessing a photo-reacting group, namely a
photoaffinity group. Furthermore, we report the synthe-
sis of a valuable BpA derivative having both fluores-
cence and photoaffinity groups. These are expected to
be useful tool molecules to elucidate the BpA behavior
based on the evaluation of their inhibitory activity
toward the hypoxic expression of erythropoietin.


In the previous study, we found that BpA inhibited the
hypoxic expression of the erythropoietin (EPO) gene,
which is known as a hematopoietic cytokine. In the struc-
ture–activity relationship study of BpA, we reported that
the blocking of two phenol groups in BpA did not change
the inhibitory effect on the induction of EPO, but the
inhibition completely disappeared with the removal of
the two central methyl groups.5 Taking into consider-
ation these previous results, we designed and synthesized
three kinds of labeled compounds as shown in Figure 1,
which have labels at the terminal of a C4 or C2 chain as a
linker extended from the hydroxyl group of phenol. One
of these compounds contains the 4-nitrobenzo-2-oxa-
1,3-diazole (NBD) group as a fluorescence-labeled
group6 (1, 2), and the second one contains the 3-(4-alk-
oxyphenyl)-3-trifluoromethyldiazirine group (3), which
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Figure 1. The structure of BpA and the derivatives.
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can produce the corresponding carbene accompanied by
liberating nitrogen by photoirradiation at 360 nm and
can form a covalent bond with the neighboring func-
tion.7 The third one contains both fluorescent and photo-
affinity groups (4, 5). The length of the linker was
considered to avoid the interaction with the central
methyl groups of BpA.


The synthesis was started from BpA as illustrated in
Scheme 1. The C4 linker was introduced to the hydroxyl

Scheme 1. Reagents and conditions: (a) MOMCl, NaH, DMF, rt, 1 h,


43%; (b) TIPSO(CH2)4OH, PPh3, DIAD, THF, 3 h; (c) TBAF, THF,


rt, 3 h, 70% (two steps); (d) (PhO)2P(O)N3, PPh3, DIAD, THF, 3 h; (e)


PPh3, H2O, 60 �C, 3 h; (f) NBDCl, Et3N, rt, 30 min, 52% (three steps);


(g) 2 M HCl, AcOH, rt, 3 days, 82%.

group of the mono-MOM ether of BpA by the Mitsun-
obu reaction using diisopropylazodicarboxylate (DIAD)
with mono-protected butanediol,8 followed by the re-
moval of the TIPS group to produce alcohol 6 in 70%
yield. The terminal hydroxyl group was converted into
azide by reaction with diphenylphosphorylazide
(DPPA), and primary amine 7 was obtained by treat-
ment of the resulting azide with triphenylphosphine.
Introduction of the NBD group was achieved by a
nucleophilic substitution reaction of 7 with 7-chloro-4-
nitrobenzo-2-oxa-1,3-diazole (NBDCl) to provide com-
pound 2 in 52% yield over three steps.9 The subsequent
deprotection of the MOM group under acidic condition
gave fluorescence-labeled BpA 1 in 82% yield.10


Next is the preparation of photoaffinity-labeled BpA
derivative 3 (Scheme 2). The synthesis was commenced
with 3-(4-hydroxyphenyl)-3-trifluoromethyl diazirine 8,
which was prepared according to the reported proce-
dure.11 The hydroxy group of phenol 8 was directly con-
nected with BpA derivative 6 using our own method
utilizing the Mitsunobu reaction to quantitatively pro-
duce 3.12 Thus, we realized the synthesis of both fluores-
cence-labeled and photoaffinity-labeled BpA derivatives.


The third derivative of labeled BpA was both fluorescent
and photoaffinity-double-labeled BpA derivative 4. The
hydroxy group of phenol 8 was reacted with mono-pro-
tected butanediol by our method utilizing the Mitsun-
obu reaction, followed by treatment with TBAF to
give the corresponding alcohol 9 in good yield. In this
case, a C4 chain was also adopted as a linker part.
Unfortunately, the direct coupling between photo-

Scheme 2. Reagents and conditions: (a) TIPSO (CH2)4OH, PPh3,


DIAD, THF, 1.5 h; (b) TBAF, THF, rt, 3 h; (c) TsCl, Et3N, DMAP,


CH2Cl2, rt, 2 h, 69% (three steps); (d) 1, NaH, DMF, rt, 5 min, 64%.







Figure 3. Inhibition of EPO induction under hypoxia by BpA and


BpA derivatives (4 and 5). The conditions are same in the legend of


Figure 2 except the concentration of the derivative 5 (300 lM). Nor,


normoxia; Hyp, hypoxia; Hyp + BpA, addition of bisphenol A under


hypoxia; Hyp + 5, addition of derivative 5 under hypoxia; and


Hyp + 4, addition of derivative 4 under hypoxia.
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affinity-labeled 9 and fluorescence-labeled 1 under the
Mitsunobu conditions did not proceed,12 and both com-
pounds were recovered. The primary hydroxy group was
then converted into the corresponding tosylate, which
reacted with the sodium phenoxide of 1 to produce the
desired 4 in 44% yield from 8.13 Thus, we succeeded in
the preparation of double-labeled BpA derivative 4.
We also synthesized another double-labeled BpA deriv-
ative 5 which contained a C4 chain as the linker part by
the same method.14


We then evaluated the biological activities of
fluorescence-labeled derivative 1, MOM ether 2, photo-
affinity-labeled derivative 3, and fluorescence-photo-
affinity-double-labeled derivatives 4 and 5. After
addition of BpA or these derivatives to Hep3B cells
under hypoxia, respectively, we measured the expression
of EPO by RT-PCR (Figs. 2 and 3).15 EPO was strongly
induced under hypoxia, and the addition of BpA com-
pletely suppressed EPO induction.5 By addition of com-
pound 1, the expected inhibition effect on EPO
expression was observed. Interestingly, the MOM ether
2 showed stronger inhibitory activity than 1, and the
magnitude of the suppression was comparable to that
of BpA. Moreover, the double-labeled compound 4 also
revealed the inhibitory activity almost equal to that of
BpA, and compound 5 showed less inhibitory activity
than compound 4 because compound 5 needed higher
concentration (300 lM) than compound 4 (200 lM) to
reveal the similar inhibitory effect. On the other hand,
photoaffinity-labeled compound 3 did not show the
inhibitory activity. These results strongly suggest that

Figure 2. Inhibition of EPO induction under hypoxia by BpA and


BpA derivatives (1–3). Hep3B cells were cultured for 6 h under


hypoxia in the presence of BpA (200 lM), the derivative 1 (200 lM),


derivative 2 (200 lM), and derivative 3 (200 lM). These chemicals


were dissolved in DMSO. Expression of the EPO gene was detected by


RT-PCR (reverse transcription-polymerase chain reaction). b-Actin


was used as a control. Bands of amplified DNA fragments on agarose


gel were quantified by NIH Image. Values in the graph are means of


two different samples and are expressed as ratios of EPO mRNA and


b-actin mRNA. Control value is set at 1.0. Nor, normoxia; Hyp,


hypoxia; Hyp + BpA, addition of bisphenol A under hypoxia;


Hyp + 3, addition of derivative 3 under hypoxia; Hyp + 1, addition


of derivative 1 under hypoxia; and Hyp + 2, addition of derivative 2


under hypoxia.

the synthesized BpA derivatives 2 and 4 would be recog-
nized in cells as well as BpA. Thus, they are considered to
be simpler and more practical tool molecules for the
detection of BpA. Furthermore, they are expected to
identify the target molecule of BpA by photoaffinity
labeling and to disclose the behavior and distribution
of BpA in cells.


In conclusion, we synthesized the BpA derivatives which
possess a fluorescent dye and a photo-reactive group. To
the best of our knowledge, these molecules are the first
examples which possess fluorescence and affinity labels
in the BpA molecule. Furthermore, we observed that
these derivatives (1, 2, 4, and 5) inhibited the hypoxic
expression of EPO in Hep3B cells as well as BpA, and
hence they are expected to be powerful tool molecules
to elucidate BpA behavior.
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13. Data for 4: 1H NMR (CDCl3, 400 MHz) d 8.48 (d,
J = 8.5 Hz, 1H), 7.16 (AB-q, J = 9.0 Hz, 2H), 7.12 (AB-q,
J = 9.0 Hz, 4H), 6.88 (AB-q, J = 8.5 Hz, 2H), 6.82 (AB-q,
J = 8.5 Hz, 2H), 6.78 (AB-q, J = 8.5 Hz, 2H), 6.19 (br s,
1H), 6.18 (d, J = 8.5 Hz, 1H), 3.98–4.06 (m, 6H), 3.57–3.62
(m, 2H), 1.93–2.04 (m, 8H), 1.64 (s, 6H); ESI HRMS m/z

calcd for C37H37F3N6O6 [M+Na]+ 741.2624, found
741.2641.


14. Data for 5: 1H NMR (CDCl3, 400 MHz) d 8.51 (d,
J = 8.8 Hz, 1H), 7.16 (AB-q, J = 8.5 Hz, 2H), 7.15 (AB-q,
J = 9.0 Hz, 2H), 7.13 (AB-q, J = 8.5 Hz, 2H), 6.83 (AB-q,
J = 8.8 Hz, 2H), 6.83 (AB-q, J = 8.5 Hz, 2H), 6.82 (AB-q,
J = 8.5 Hz, 2H), 6.55 (br s, 1H), 6.27 (d, J = 8.8 Hz, 1H),
4.28–4.31 (m, 6H), 3.89 (dt, J = 4.9, 5.0 Hz, 2H), 1.63 (s,
6H); ESI HRMS m/z calcd for C33H29F3N6O6 [M+Na]+


685.1998, found 685.1977.
15. The detailed experimental conditions are as follows:


Hep3B cells were cultured in DMEM containing 10%
FCS, and the FCS concentration was reduced to 0.1% at
24 h before the treatment with chemicals. For hypoxic
treatment, the cells were incubated in 5% O2, 5% CO2, and
90% N2 balanced with a modulator incubator chamber
(Napco 7101, Winchester, VA) or were incubated in a
sealed 2.5-L box with an Anero Pack for cells. Hep3B cells
were incubated for 6 h under hypoxia in the presence of
BpA and derivatives (200–300 lM). Total RNA was
extracted from Hep3B cells and a reaction mixture
containing 1 lg of RNA and 200 U of reverse transcrip-
tase was reacted according to the condition as follows:
incubation for 10 min at 25 �C and 60 min at 42 �C,
followed by heating for 10 min at 70 �C to stop the
reaction. Polymerase chain reaction (PCR) was performed
using a reaction mixture containing 10 pmol of each
primer, 1.5 U of Ampli Taq, and 100 ng of cDNA
according to the following protocol: 10 min at 96 �C and
then 35 cycles of 30 s at 96 �C, 30 s at 56 �C, and 1 min at
72 �C. Primers for b-actin were 50-CAAGAGATGGCC
ACGGCTGCT-3 0 (sense) and 50-TCCTTCTGCATCC
TGTCGGCA-3 0 (antisense). Primers for EPO were 50-G
CCAGAGGAACTGTCCAGAG-3 0 (sense) and 5 0-TTC
TCCAGGTCATCCTGTCC-3 0 (antisense). The cycle
number is within the linear range of amplification. Bands
of amplified DNA fragments on agarose gel were quan-
tified by NIH Image.
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Abstract—A new series of ligands for the glucocorticoid receptor (GR) is described. SAR development was guided by docking 3 into
the GR active site and optimizing an unsubstituted phenyl ring for key interactions found in the steroid A-ring binding pocket. To
identify compounds with an improved side effect profile over marketed steroids the functional activity of compounds was evaluated
in cell based assays for transactivation (aromatase) and transrepression (IL-6). Through this effort, 36 has been identified as a partial
agonist with a dissociated profile in these cell based assays.
� 2007 Elsevier Ltd. All rights reserved.

The glucocorticoid receptor is a member of the nuclear
receptor superfamily of intracellular receptors that also
include the mineralocorticoid (MR), progesterone
(PR), estrogen (ER), and androgen (AR) receptors.1,2


Glucocorticoids (GCs), for example, cortisol, are endog-
enous hormones that play an important role in homeo-
stasis. They also participate in the resolution of
inflammatory conditions by suppressing a variety of im-
mune and inflammatory functions by inhibition of
inflammatory cytokines such as IL-1, IL-2, IL-6, and
TNF-a, as well as the expression of adhesion molecules
on endothelial cells.3 The anti-inflammatory effects of
endogenous steroids prompted the development of syn-
thetic glucocorticoids such as prednisolone and
dexamethasone (Fig. 1).4 In addition to their potent
anti-inflammatory effects endogenous GCs initiate glu-
coneogenesis, catabolism of proteins, play a role in elec-
trolyte and water balance, reduce calcium absorption,
and inhibit osteoblast function.5 Side effects associated
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with glucocorticoid therapy, or corticosteroid excess,
occur as a result of homeostatic disruption and include
alterations in fluid and electrolyte balance, edema,
weight gain, hypertension, muscle weakness, diabetes,
and/or steroid induced osteoporosis.6 Furthermore,
cross-reactivity of GCs with other nuclear receptors,
especially MR and PR, may also lead to a number of
side effects. A mechanism by which GCs exhibit their ef-
fect has been proposed.7–9 Transgenic mice expressing a
dimerization-deficient GR exhibit reduced levels of GR
mediated transcriptional activation (transactivation) of
genes with glucocorticoid response elements (GREs)
and it is upregulation of these genes that is believed to
be the predominant side effect pathway. Transcriptional
repression of gene expression (transrepression) driven by
inhibition of pro-inflammatory transcription factors
such as NF-jB remains intact and thus GCs retain their
beneficial anti-inflammatory effects. Therefore, the iden-
tification of selective immunosuppressive GR ligands
that can preferentially transrepress immune genes while
exhibiting reduced levels of transactivation of metabolic
genes (a dissociated ligand) may offer a therapeutic
advantage over the currently marketed glucocorti-
coids.10–12
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Figure 1. Synthetic glucocorticoid agonists.
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Recently, the identification of dissociated GC ligands
has been reported by several drug discovery groups.13–22


During the course of our work, ZK216348 was
disclosed as a dissociated GC ligand and an earlier analog
in this series is represented by compound 1 (Fig. 1).23


Recently, we reported the effect of replacing the
trifluoromethyl group on binding and agonist activity
with respect to compound 1.24 We now disclose the
results of modifications to the amide and the attached
heteroaryl group (benzoxazinone) of these potent GR
agonists and the effect of these simplifications on binding
potency, nuclear receptor selectivity, and agonist
activity.25,26


Initially, we focused on preparing compounds 2–5
(Table 1) where R is a phenyl group with various linker
lengths. The rational for this approach was based on the
SAR within the amide series (compound 1) which dem-
onstrated that the reduced amide retained GR binding
potency suggesting the possibility of additional changes
to the amide linker.23 For simplicity, we chose to replace

Table 1. Identification of optimal linker length


CF3OH


R


Compound R GR IC


Dexamethasone — 3


1


N
H


O
N


O


O


8


2 >1600


3 610


4 >1300


5 1125

the benzoxazinone hetereocycle with a phenyl group and
planned to develop future SAR with respect to substitu-
tion on the phenyl ring. The IC50 values for binding to
GR, MR, and PR were determined by using a fluores-
cence polarization competitive binding assay.27 The
GR and MR assays measure the ability of test com-
pounds to compete with tetramethyl rhodamine (TAM-
RA)-labeled dexamethasone. The PR binding assay was
similarly run using TAMRA-labeled mifepristone. To
assess the functional activity of new ligands we em-
ployed two cellular assays. The first assay, an indicator
of anti-inflammatory activity (transrepression), mea-
sures the inhibition of IL-6 production in human fore-
skin fibroblasts (HFF) in response to stimulation by
pro-inflammatory cytokine IL-1.28 It is known that cir-
culating IL-6 levels increase during an inflammatory re-
sponse and IL-6 production can be inhibited by
glucocorticoids such as dexamethasone. The second as-
say, an indicator of side effect potential (transactiva-
tion), measures the upregulation of aromatase, an
enzyme responsible for the conversion of testosterone

O


F


50 (nM) PR IC50 (nM) MR IC50 (nM)


>2000 33


22 130


>1600 1600


>1300 >1300


>1300 >1300


>740 >740
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to estradiol.29 It is known that glucocorticoids upregu-
late aromatase production in HFF cells.30 In both assays
potency and efficacy are measured and the efficacy is ex-
pressed as a percentage of the maximum response ob-
served with dexamethasone treatment. All compounds
in this paper were tested in the assays as racemates.


Our initial studies established the optimal linker length
for this series. Although analogs 2–5 demonstrated a
loss in GR binding potency when compared to com-
pound 1 we viewed compound 3, where R = PhCH2


(GR IC50 = 610 nM), as a potential starting point for
further optimization due to the identification of a new
linker (–C(O)NH– to –CH2–) and potential for func-
tionalization of the left-hand side phenyl which replaced
the complex heterocycle found in compound 1. Next, we
explored the effect of substitution of the left-hand side
phenyl ring with a goal of improving GR binding, nucle-
ar selectivity and obtaining cellular potency. To guide
our early SAR in this program, we developed a homol-
ogy model derived from a X-ray crystal structure of pro-
gesterone bound to the human progesterone receptor
and later refined this model with the aid of a report of
a X-ray co-crystal structure of dexamethasone in the
GR-LBD.31,32


A proposed binding pose of compound (S)-3 revealed
(Fig. 2b) a number of interesting features.33,34 The cen-
tral hydroxyl group of (S)-3 forms a key H-bond with
Asn564 mimicking the interaction seen with the 11b-hy-
droxyl group of dexamethasone. The methoxyfluor-
ophenyl group extends above the plane of the steroid
(D-ring region) forming a potential p-stacking network
with Phe623 and the unsubstituted phenyl ring of 3 (ste-
roid A-ring region). Finally, the 3-keto group of dexa-
methasone forms hydrogen bonds to both Arg611 and
Gln570 which, due to the lack of appropriate function-
ality, is not possible for compound 3 thus establishing
our main focus of SAR described herein.


The synthesis of the compounds described in the present
work has been reported elsewhere.26 Racemic analogs of
compound 3 were prepared according to Scheme 1. A

Figure 2. (a) Co-complex X-ray structure of dexamethasone in the GR-LBD


dexamethasone co-complex X-ray structure.33,34

Friedel–Crafts reaction with olefin 6 and p-fluoroanisole
using aluminum chloride afforded an ester which, upon
reduction with lithium aluminum hydride in THF, fur-
nished diol 8. Oxidative cleavage of vicinal diol 8 pro-
vided the key intermediate, trifluoromethyl ketone 9.
A mixture of 9, benzyl bromide, and Mg in THF was
warmed at 65 �C in a sealed tube to afford 3.


With chemistry in hand amenable for reacting ketone 9
with various benzyl bromides, we explored the effects of
substitution on the left-hand side aromatic ring (com-
pound 3, R = CH2Ph) via incorporation of lipophilic
or polar groups as shown in Table 2.


Incorporation of lipophilic groups, such as methyl and
halogen, resulted in a modest improvement in GR bind-
ing potency. The 3-methylphenyl compound 11 was
equipotent to 3, but more potent than the 2- or 4-methyl
analogs 10 and 12. Introduction of chlorine or bromine
in the 2-position gave compounds 14 and 15, resulting in
a three- to sixfold increase in binding potency, respec-
tively. In general, the 2-chloro analog was more potent
than the 3- and 4-chloro analogs 16 and 18. The lipo-
philic naphthyl analog 22 which fills the steroid A-ring
binding pocket to a greater extent than compound 3
(Fig. 2b) also demonstrated improved GR binding.

.32 (b) Docking results for S-3 into the GR-LBD using the GR-LBD/







Table 2. Mono-substituted phenyl and naphthyl analogs


O


F


CF3OH
R


Compound R GR IC50


(nM)


PR IC50


(nM)


MR IC50


(nM)


3 Phenyl 610 >1300 >1300


10 2-Methylphenyl 855 >1130 >1130


11 3-Methylphenyl 580 >1050 >1050


12 4-Methylphenyl 945 >2000 >2000


13 2-Fluorophenyl 370 >2000 1350


14 2-Chlorophenyl 101 >2000 715


15 2-Bromophenyl 205 >512 >512


16 3-Chlorophenyl 550 >2000 >2000


17 3-Cyanophenyl 81 >2000 400


18 4-Chlorophenyl 340 >2000 1800


19 4-Methoxyphenyl 1250 >1420 >1420


20 4-Formylphenyl 20 >2000 650


21 4-Cyanophenyl 30 345 510


22 1-Naphthyl 120 >2000 1400


23 2-Naphthyl 275 >2000 >2000
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Consistent with Figure 2b, further improvements in
binding potency were obtained by incorporation of po-
lar groups in the 4-position of the left-hand side phenyl
ring which could engage the Arg611/Gln570 pair. For
example, introduction of either a formyl or a cyano
group, compounds 20 and 21, respectively, generated
highly potent and selective GR ligands. Interestingly,
the 4-methoxyphenyl analog 19 was considerably less
potent then 20 and 21 potentially due to steric con-
straints. Indeed, exhaustive demethylation of compound
19 gave the 4-hydroxyphenyl analog 24 (Fig. 3) (GR
IC50 = 43 nM) which was 29-fold more potent than 19.
In comparison, compound 25 (Fig. 3) is only twofold
more potent than methylated analog 21. These results
are supported by the docking results for 24 in the GR-
LBD (not shown) which positions the 4-OH group of
24 within H-bonding distance to either the Arg611 or
the Gln570. While we observed the largest increase in
binding potency with polar groups in the mono-substi-
tuted phenyl series (compound 21), we were unable to
build in the desired agonist activity. Our goal now fo-
cused on incorporation of additional polar and lipo-
philic groups to obtain agonist activity.


Thus, we prepared a series of di- and tri-substituted
phenyl and mono-substituted naphthyl analogs as

OH


F


CF3OH
OH


OH


F


CF3OH
NC


Compound 24    Compound 25 


Figure 3. Demethylation of compounds 19 and 21.

shown in Table 3. Our focus was on preferred groups
identified in Table 2. The introduction of two lipophilic
groups provided potent binding to GR, for example,
compound 26 has a GR binding IC50 of 55 nM. Fur-
thermore, 26 demonstrated weak but non-dissociated
activity in the IL-6 and aromatase cellular assays
(Table 4). Replacement of one of the methyl groups
of 26 with a chlorine atom gave analog 33 which was
equivalent to 26 in binding potency and non-dissoci-
ated cellular activity. However, replacement of both
methyl groups with chlorine atoms, to give analog 30,
resulted in a complete loss of cellular activity yet ana-
log 30 was equipotent to both 26 and 33 in the GR
binding assay. The dichloro analogs 27–30 were all
more potent than the mono 3- and 4-chlorophenyl ana-
logs 16 and 18 in the GR binding assay. However, the
2,6-dichlorophenyl analog 31 was less potent than the
2-chlorophenyl analog 14 in the GR binding assay.
The decrease in binding potency of analog 31 com-
pared to dichloro analogs 27–30 is difficult to explain,
it is unlikely to be attributed to a change in torsion an-
gle about the phenyl ring since the 2-methyl-1-naphthyl
analog 39 retained binding potency.


Analogs 36, 38, 40, and 41 which incorporated both po-
lar and lipophilic groups demonstrated improved activ-
ity in the IL-6 assay (Table 4). Interestingly, we have
observed that the substitution pattern on the phenyl ring
is critical to achieving agonist activity and that relativity
small structural modification can have a large impact on
cellular and dissociated cellular activity. For example,
2-fluoro-4-cyanophenyl analog 35 and 2-chloro-4-cyan-
ophenyl derivative 36 both bind to GR with equal
potency however in the functional assay for transrepres-
sion only 36 demonstrates IL-6 activity (Table 4). Fur-
thermore, replacement of the cyano group in 36 with a
formyl group (analog 32) also resulted in a loss of func-
tional activity while binding potency was retained. It has
been reported that small structural changes to ligands
which bind to GR, AR, and PR have resulted in antag-
onist/agonist switching.14,35,36


Not surprisingly, docking studies would suggest that the
4-cyano-1-naphthyl analog 38 could engage the Arg611
and Gln570. Indeed, 38 demonstrated improved GR
binding when compared to the 1-naphthyl analog 22.
More importantly, compound 38 was potent in the func-
tional assays (Table 4) while the 2- and 4-methyl naphthyl
analogs 37 and 39 which were equipotent in the binding
assay failed to display agonist activity. Obviously, bind-
ing potency alone is not a predictor of agonist activity
for these structurally similar ligands. These studies sug-
gest that potent agonist activity for this class of ligands
is best achieved by fulfilling both a lipophilic (space filling)
and polar (hydrogen bonding) component in the steroid
A-ring pocket. In comparison, the mono-substituted 4-
cyanophenyl analog 21 achieved low nanomolar potency
in the GR binding assay; however introduction of the po-
lar cyano group was not sufficient to achieve agonist activ-
ity. However, introduction of additional lipophilicity, the
3,5-dimethyl substitution, along with the cyano group
afforded analog 40 which displayed single digit nanomo-
lar activity in the IL-6 assay.







Table 3. Di- and tri-substituted phenyl and mono-substituted naphthyl analogs


O


F


CF3OH
R


Compound R GR IC50 (nM) PR IC50 (nM) MR IC50 (nM)


26 3,5-Dimethylphenyl 55 >354 220


27 2,3-Dichlorophenyl 76 1300 900


28 2,4-Dichlorophenyl 68 665 875


29 2,5-Dichlorophenyl 45 >2000 535


30 3,5-Dichlorophenyl 60 >2000 760


31 2,6-Dichlorophenyl 580 >2000 1100


32 2-Chloro-4-formylphenyl 19 1800 345


33 3-Chloro-5-methylphenyl 46 >2000 940


34 3-Chloro-5-cyanophenyl 27 >2000 730


35 2-Fluoro-4-cyanophenyl 22 280 500


36 2-Chloro-4-cyanophenyl 17 140 320


37 4-Methyl-1-naphthyl 58 1200 1050


38 4-Cyano-1-naphthyl 21 325 430


39 2-Methyl-1-naphthyl 64 >2000 450


40 4-Cyano-3,5-dimethylphenyl 11 390 300


41 2-Cyano-3,5-dimethylphenyl 8 1800 250


Table 4. Transrepression (IL-6 agonism) and transactivation (aromatase) data for selected analogs


O


F


CF3OH
R


Compound GR IC50 (nM) IL-6 EC50 (nM) IL-6 % efficacy Aromatase EC50 (nM) Aromatase % induction


Dexamethasone 3 0.5 100 2 100


1 8 >2000 20 >2000 0


21 30 >2000 0 >2000 0


26 55 280 55 285 80


33 46 125 79 245 80


34 27 >2000 46 4750 53


35 22 >2000 40 660 15


36 17 20 60 30 20


37 58 >2000 9 nt nt


38 21 70 92 260 103


40 11 4 95 8 115


41 8 40 83 250 75


nt, not tested.
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The following observations were made regarding GR,
PR, and MR selectivity. In general, most compounds
showed the following relative potency in the binding
assays GR > MR > PR� ER (data not shown). Com-
pound 41 was the most selective for GR over PR
(225-fold). In comparison, a close analog 40 which
differs only in the placement of the cyano group is less
selective toward GR (35-fold). Presumably, the 4-cya-
no group which was designed to interact with the
Arg611/Gln570 in GR can also interact with these
conserved residues in PR and MR. ER activity
was not detectable at 2 lM for compounds reported
in Tables 1–4.

Finally, we compared both the potency and efficacy of
our compounds in the IL-6 (transrepression) and aro-
matase (transactivation) assays to determine if they
demonstrated dissociated cellular activity. Compound
36 was equipotent in both of these cellular assays (Table
4) and although not a full agonist in the transrepression
assay (60%), 36 did demonstrate a separation of activity
based on efficacy inducing aromatase at a very low level
(20%) compared to dexamethasone. Thus, 36 represents
a novel GR ligand that is dissociated based on efficacy.
Compound 40 was the most potent GR agonist in the
cellular assays; however, improved cellular potency
and efficacy did not result in an improved dissociation
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profile. Movement of the cyano group to the 2-postion
gave compound 41 which binds to GR with equal po-
tency compared to 40, however 41 was not as potent
and efficacious as 40 in the cellular assays. Compound
41 is however sixfold more potent in the transrepression
assay, while maintaining similar efficacy, compared to
the transactivation assay. Thus, compound 41 is a novel
GR ligand that is dissociated based upon potency.


In conclusion, we have described a new class of non-ste-
roidal glucocorticoid receptor ligands. We have pro-
posed a binding mode for this scaffold which was used
to guide and is supported by our SAR studies. This
model suggests that the methoxyfluorophenyl ring ex-
tends above and sits over the dexamethasone D-ring
binding region while the benzyl group adjacent to the
chiral center occupies the A-ring portion of the binding
pocket. We have shown that GR binding potency can be
improved via the introduction of either lipophilic or po-
lar groups to the phenyl group that occupies the steroid
A-ring binding site. However, to improve the functional
activity of this scaffold the introduction of both polar
and lipophilic groups is required. Finally, it should be
noted that small structural changes can alter functional
activity and dissociated functional activity in unpredict-
able ways. Taken all together, these observations have
made this series highly attractive for further studies
and will be subject of future reports.
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extended 5.0 Å from the site. Docking was performed
with a flexible ligand. Clustering of the docked ligands
was performed using complete linkage with a distance
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Abstract—A series of fluorescent compounds suitable for live cell imaging is described. Functionalized forms of four different asym-
metric cyanine dyes are reported that are amenable to peptide conjugation. The photophysical properties of the modified dyes and
conjugates and the use of the compounds as cellular imaging agents are described. The results obtained indicate that these spectrally
versatile compounds, which have absorption and emission profiles spanning the visible spectrum, are useful probes for cellular
imaging.
� 2007 Elsevier Ltd. All rights reserved.

Fueled by advancements in imaging technology, exami-
nation of live cells by fluorescence techniques is becom-
ing widely used to study cellular processes.1


Fluorophores that are permeable to intact cell mem-
branes provide an opportunity to perform dynamic anal-
yses in living cells and also avoid limitations associated
with fixation. In contrast to fixed cells, which only pro-
vide a snapshot of a biological sample, visualization of
cellular processes in living cells with techniques such as
time-lapse microscopy and flow cytometry allows for
real-time analysis. In addition, the process of fixation
has been shown to alter the localization of some mole-
cules, which can lead to experimental artifacts.2,3 While
a limited number of dyes for live cell analysis are avail-
able commercially, new cell-permeable fluorophores with
versatile spectroscopic properties are needed to provide
additional options for live cell analysis.


Cyanine dyes, a class of synthetic fluorophores with two
heteroaromatic rings joined by a monomethine or
polymethine chain, have been used for a variety of bio-
logical applications requiring spectroscopic labels.4–9


These dye molecules have tunable wavelengths across
the visible spectrum, which allows for spectral compati-
bility in multicolor applications. In addition, this family
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of compounds exhibits high molar extinction coefficients
permitting the use of low concentrations. These prop-
erty, along with high fluorescence quantum yields, make
these molecules ideal cellular fluorophores. Although
cyanine dyes offer many valuable properties as a cellular
imaging tools, those that are commercially available for
cell-based studies (e.g., TO-PRO, TO3-PRO) can only
be used as an imaging tool with fixed cells as they are
unable to penetrate an intact cell membrane.9 In addi-
tion, these commercially available derivatives are not
amenable to biomolecule conjugation. Herein, we report
the synthesis of four cyanine dye derivatives that can be
easily functionalized with peptides or other biomole-
cules. In addition, we report on the properties of a set
of designed cyanine dye–peptide conjugates that serve
as live cell mitochondrial markers.


Four cyanine dye derivatives were synthesized. The syn-
thetic approach is based on one described previously for
small-scale solid-phase synthesis of modified cyanine
dyes.10 The approach developed here is amenable to
the production of much larger quantities of the com-
pounds (the syntheses described here produce 50–90%
yields on gram quantities of starting material), and the
intermediates can be completely characterized. The dyes
made contain either a pyridinium or quinolinium ring
linked to a benzothiazolium ring via a monomethine
(4, 5) or trimethine linker (6, 7).


Monomethine cyanine dye derivatives were prepared as
shown in Scheme 1. The benzothiazole derivative 1a was
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prepared from 3-methylbenzothiazole-2-thione. Con-
densation of 1a with pyridinium (2a–2b) or quinolinium
(3a–3b) derivatives in the presence of triethylamine in
DCM afforded the carboxylic acid monomethine dyes
4a and 5a or methyl ester dyes 4b and 5b.


Trimethine cyanine dye derivatives were synthesized as
shown in Scheme 2. The benzothiazole derivative 1b
was prepared in two steps from 2-methylbenzothiazole.
Condensation of 1b with pyridinium (2b) or quinolinium
(3a–3b) derivatives in the presence of triethylamine in
DCM then yielded the trimethine dyes functionalized
as its carboxylic acid (7a) or methyl ester (6b and 7b).
We were unable to prepare carboxy-functionalized dye
6a using this method; instead, saponification of the
methyl ester 6b with LiOH in MeOH/H2O was used to
produce 6a.


Next, cyanine dye–peptide conjugates were prepared
using the carboxy-functionalized dyes. These conjugates
feature a tetrapeptide sequence with alternating aro-
matic and basic amino acids, Phe-d-Arg-Phe-Lys
(FrFK), a sequence known to facilitate mitochondrial
localization in cultured human cells.11 The peptide seg-
ments of the dye conjugates 4c–7c were prepared on
Rink amide solid support, the N-terminus deprotected
and coupled to the carboxy-functionalized dyes 4a–7a
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using standard solid-phase Fmoc chemistry, and the
resulting peptide conjugate cleaved from the resin
(Scheme 3). Purification via HPLC afforded dye–peptide
conjugates 4c–7c. The dye conjugates were then charac-
terized using ESI mass spectrometry, UV–vis spectros-
copy, and fluorescence spectroscopy. The
characterization methods and spectral data are de-
scribed in the Supplementary information.


These cyanine dyes are frequently utilized as nucleic acid
stains, as their fluorescence quantum yield increases
upon nucleic acid binding or other environmental
changes that rigidify the chromophore.12,13 In order to
determine how the modified dyes and peptide conjugates
performed as nucleic acid stains, and to characterize
their spectroscopic properties for cellular imaging, we
investigated the effect of complexation to double-
stranded DNA on the spectroscopic properties of the
dye-based conjugates. The modified dyes were examined
as methyl esters so that the acidic terminus of the tether
would not interfere with DNA binding. Absorption
spectra of the dye–peptide conjugates (4c–7c) are shown
in Figure 1. The attachment of the peptide sequence to
the dyes causes a slight red-shift of the absorption max-
ima relative to the dye methyl esters (4b–7b). All of the
dye–peptide conjugates displayed a DNA-dependent
enhancement in fluorescence as the methyl esters that
is presumably due to rigidification of the heterocyclic
ring system upon intercalation (Table 1). Interestingly,
BO3 (6) exhibits a unique property compared to the
other three dyes, having a significant fluorescence quan-
tum yield when free in solution (see Supplementary
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Figure 1. Normalized absorption spectra of the cyanine dye peptide
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Table 1. Fluorescence quantum yields (U) for dye–peptide conjugatesa


Compound kmaxAbs (nm) kmaxEm (nm) Urel (DNA) Enh.d


BO-CO2Me (4b) 455 480 0.029 (2)b 120


BO-FrFK (4c) 458 480 0.069 (1)b 140


TO-CO2Me (5b) 511 525 0.141 (4)b 470


TO-FrFK (5c) 512 526 0.206 (2)b 430


BO3-CO2Me (6b) 564 593 0.093 (1)c 8


BO3-FrFK (6c) 567 594 0.116 (2)c 4


TO3-CO2Me (7b) 634 574, 649 0.024 (3)c 20


TO3-FrFK (7c) 638 573, 655 0.008 (2)c 6


a See Supplementary information for methods used to obtain values tabulated.
b Measured in samples containing 1.5 lM dye, 45 lM bp CT DNA and reported relative to a fluorescein standard.
c Measured in samples containing 1.5 lM dye, 45 lM bp CT DNA and reported relative to a rose bengal standard.
d Fluorescence enhancement observed in presence of DNA relative to buffered solution calculated using values tabulated in Table S1.


Figure 3. Fluorescence images of (A) BO-FrFK (4c); (B) TO-FrFK


(5c); (C) BO3-FrFK (6c); (D) TO3-FrFK (7c); HeLa cells were


incubated with 5 lM conjugate at 37 �C/5% CO2/humidity for 90 min


and washed with PBS. The cells were then visualized by CLSM using


an excitation wavelength of 488 nm for A, B; 543 nm for C; 633 nm for


D.
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information). In general, the emission profiles were not
strongly affected by the presence of the appended pep-
tide, and the emission enhancements observed in the
presence of DNA were similar for the dyes and the
dye–peptide conjugates.


In order to test the utility of this series of cyanine dyes
for cellular imaging, the two sets of compounds (i.e.,
the peptide conjugates and the dye precursors displaying
the esterified tether) were incubated with HeLa cells and
cellular localization was monitored by confocal laser
scanning microscopy (CLSM). As shown in Figures 2
and 3, the four cyanine dyes were each able to cross
the plasma membrane when the terminal carboxylic acid
moiety was either capped as a methyl ester or conju-
gated to the N-terminus of a tetrapeptide. All four cya-
nine methyl esters (4b, 5b, 6b, 7b) rapidly entered living
cells and 4b, 6b, and 7b primarily accumulated in the
mitochondria (Fig. 2). Many lipophilic cations are
known to accumulate in the mitochondria, and the cya-
nine dyes synthesized here appear to adhere to this
trend. Compound 4b also exhibited a limited extent of
nucleolar staining. While cells treated with 4b, 6b, and
7b remained viable over the course of imaging experi-
ments, incubation with 5b resulted in cytotoxicity after

Figure 2. Fluorescence images of (A) BO (4b); (B) TO (5b); (C) BO3


(6b); (D) TO3 (7b); HeLa cells were incubated with 1 lM conjugate at


37 �C/5% CO2/humidity for 15 min and washed with PBS (1x). The


cells were then visualized by CLSM using an excitation wavelength of


488 nm for A, B; 543 nm for C; 633 nm for D.

a short incubation time (15 min) (see Fig. S10). The on-
set of cell death and resultant perturbation of the mito-
chondrial potential may therefore be responsible for the
nuclear staining seen for this compound.


The peptide conjugates of the modified cyanine dyes are
also useful mitochondrial dyes and exhibit more specific
localization than the parent dyes. As shown in Figure 3,
mitochondrial localization was exclusively observed
when the peptide sequence Phe-d-Arg-Phe-Lys-NH2
was appended. Uptake was reduced, which necessitated
longer incubations and higher concentrations of dye, but
no toxicity was observed (Fig S11). These conjugates are
therefore more effective mitochondrial stains than the
parent dyes and are more appropriate for live cell imag-
ing. Moreover, the spectroscopic characteristics of the
parent dye are retained upon conjugation, thereby
allowing for the visualization of unfixed mammalian
cells using these peptide derivatives using common exci-
tation and emission ranges.


We have synthesized a series of novel dye–peptide con-
jugates that bind nucleic acids and label live human
cells. These dyes provide a practical method to visualize
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the mitochondria of living cells using a variety of obser-
vation wavelengths with excitation in the visible range.
The straightforward syntheses of these dye molecules
feature a carboxylic acid tether that can easily be conju-
gated to a peptide sequence, as demonstrated here, or to
other biomolecules of interest. Importantly, the cytotox-
icity of this type of compound can be reduced by utiliz-
ing standard solid-phase peptide synthesis to attach a
tetrapeptide sequence. Our results indicate that these
untethered dyes and their peptide conjugates can be
used to probe living cells, broadening the application
for this class of fluorophores.
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Abstract—SAR studies on amides, ureas, and vinylogous amides derived from pyrrolidine led to the discovery of several potent
hNK1 antagonists. One particular vinylogous amide (45b) had excellent potency, selectivity, pharmacokinetic profile, and functional
activity in vivo. An in vivo rhesus macaque brain receptor occupancy PET study for compound 45b revealed an estimated
Occ90 � 300 ng/ml.
� 2007 Elsevier Ltd. All rights reserved.

Interest in the agonist neuropeptide substance P (SP)
began in 19311 when the 11-amino acid peptide was first
isolated from extracts of horse intestines and brains, and
its pharmacological action demonstrated by stimulating
atropine resistant contraction of rabbit ileum. It was
several years more before other functions of SP in mam-
malian biochemistry became known and the existence of
a G protein-coupled receptor, the neurokinin-1 (NK1)
receptor, was established.2 SP is purportedly involved
in a number of biochemical pathways which include
the transmission of the sensation of pain and an over-
expression of SP has been implicated in several medical
conditions: emesis, CNS disorders, and urinary inconti-
nence.3 Consequently, this sparked interest in finding
neurokinin antagonists for medicinal use. The first dis-
closure of a selective small molecule NK1 antagonist oc-
curred in 19914 and since then potent clinical candidates
based on several different scaffolds have been discov-
ered.5 There is currently one drug for use in man which
works through blockade of the human NK1 (hNK1)
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receptor available in the medicinal formulary: aprepit-
ant6 [Emend� (1)]. Emend� was approved for use in
conjunction with cancer treatment drugs to alleviate
chemotherapy-induced nausea and vomiting7 (CINV)
in 2003 and for post-operative nausea and vomiting
(PONV) in 2006.


We wish to describe our initial synthetic work and new
structure–activity relationships (SAR) on a scaffold
based on a simple pyrrolidine ether 3. Some work in a
cyclopentane series, such as 2, related to the pyrrolidine
described below was disclosed recently.8 We have
extended that previous work to investigate the effect of
incorporation of the nitrogen into the five-membered
cyclic system, but still b to the phenyl, and which offers
a different orientation of substituents (Fig. 1).


The pyrrolidine compounds initially used in our studies9


were synthesized as shown in Scheme 1. An epoxidation
of Boc-protected D3,4 pyrroline 4 with mCPBA gave the
expected meso-epoxide 5 and then a copper(I) iodide
assisted ring opening of epoxide 5 with phenylmagnesium
bromide afforded a racemic mixture of the pyrrolidine
alcohols 6a. The racemic mixture was resolved into alco-
hols 7a and 13a by HPLC on a Chiralpak-AD column.
Both of these alcohol enantiomers, separately, were
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Figure 1. Evolution of SAR studies from aprepitant and the biological data for compounds 1 and 2.


Scheme 1. Reagents and conditions: (a) mCPBA, CH2Cl2, �78 �C to rt; (b) PhMgBr or 4-F-C6H4MgBr, CuI, THF, 0 �C; (c) imidate 19, heptane-


(CH2Cl)2, �30 �C to rt; (d) TFA, anisole, CH2Cl2, rt; (e) AcCl, NEt3, CH2Cl2, rt.
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taken through the following reaction sequence described
here for alcohol 7a. Reaction of the homochiral alcohol
7a with (S)-imidate10 19 gave a 1:3 mixture of epimeric
ethers (8a) and subsequent treatment with TFA
removed the Boc-protecting group to reveal the amines
9a. The 1:3 mixture of pyrrolidines 9a was reacted with

acetyl chloride and the two epimeric amides 10a thus
obtained were resolved into the homochiral amides
11a and 12a by HPLC on a Chiralcel-OD column:
amide 12a having the (R)-ether being the major isomer
as expected.10 Similarly, the amides 17a and 18a in
homochiral form were obtained from the pyrrolidine
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alcohol 13a. The corresponding 4-fluorophenyl analogs
17b and 18b were synthesized using 4-fluorophenylmag-
nesium bromide in a similar reaction and separation
sequence as shown in Scheme 1.


Since the major isomer, 18a, derived from 14a was the
most active (see below), in later work (Scheme 2) the
major isomers in the epimeric mixture of ethers (14a
and 14b) were separated by HPLC using a Chiralpak-
AD column and the Boc-protecting group was then re-
moved using TFA. These two resulting pyrrolidines
20a and 20b served as starting materials for the prepara-
tion of various simple derivatives on the pyrrolidine
nitrogen.


Reaction of the pyrrolidines 20a and 20b with acid chlo-
rides or acids and EDC led to the formation of pyrroli-
dine amides 21a and 21b, and with isocyanates or
carbamoyl chlorides, or phosgene and amine, to afford
ureas 22a and 22b. Some cyclic vinylogous amides (23
and 24) were synthesized (Scheme 3) by reacting the
pyrrolidines 20a and 20b with cyclic 1,3-diketones and
a catalytic amount of acid. The vinylogous amides with
heteroatoms incorporated within the ring as in 25 were
made similarly from tetronic acid or from N-methyltet-
ramic acid. Methylation or hydroxylation of vinylogous
amide 23 was achieved by treatment with base and then
reaction with methyl iodide or with Vedejs’s reagent11


MoOPH (Scheme 3). The products derived from kinetic

Scheme 2. Reagents and conditions: (a) RCOCl, NEt3, CH2Cl2, 0 �C to rt; (b


0 �C to rt; (d) R1R2NCOCl, NEt3, CH2Cl2, rt; (e) COCl2 in toluene 0 �C, th


Scheme 3. Reagents and conditions: (a) cyclopentane-1,3-dione or 2-meth


methyltetramic acid, TsOH, toluene, 80 �C; (c) LiHMDS (0.95 equiv), THF,


(1.1 equiv), THF �78 �C then MeI (R2 = Me) or MoOPH (R2 = OH).

deprotonation were obtained using LDA as the base,
while products from thermodynamic deprotonation
were obtained with LiHMDS.12


The hNK1 binding affinities for the pyrrolidine analogs
were determined by measuring the ability of the com-
pounds to displace [125I]-SP from the hNK1 receptor sta-
bly expressed in CHO cells.13,14 Using the hNK1 binding
assay results, the ranking in terms of potency of the iso-
mers 11a, 12a, 17a, and 18a was established, the most
potent being 18a (IC50 = 0.09 nM) then, in order of
activity 12a (IC50 = 32 nM), 17a (IC50 = 80 nM), and
11a (18% I at 100 nM). From these binding data and
work done in the cyclopentane series15 isomer 18a was
tentatively assigned as being derived from the (3R,4S)-
pyrrolidine, the carbon bearing the benzylic methyl
was (R) based on the mechanism10 of the etherification
reaction while the less potent epimer, 17a, was the
(3R,4S)-pyrrolidine with the (S)-chirality adjacent to
the benzylic ether oxygen. Consequently, 11a and 12a
were (3S,4R)-pyrrolidine derivatives. The major product
from the etherification, 12a, had the (R)-configuration
next to the oxygen, while the minor ether 11a had an
(S)-center. Later the tentative stereochemistry assign-
ment of 18a was confirmed through determining the rel-
ative stereochemistry of the three chiral centers in urea
28b (IC50 = 0.11 nM) (Fig. 2) in a single crystal X-ray
analysis.16 Since the benzylic carbon of the ether may
be reasonably assigned as (R) from the aforementioned

) RCO2H, EDC, HOBt, NEt3, CH2Cl2, rt; (c) RNCO, NEt3, CH2Cl2,


en R1R2NH, NEt3, CH2Cl2 rt.


ylcyclopentane-1,3-dione, TsOH, toluene, 80 �C; (b) tetronic or N-


HMPA, �78 �C then MeI (R2 = Me) or MoOPH (R2 = OH); (d) LDA
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reason,10 the absolute stereochemistry of the two
centers on the pyrrolidine ring can then be assigned as
(3R,4S).

Table 1. Synthesis and hNK1 binding and gerbil foot tapping assay data fo


NR
O


Ar


C


Me


Compounda R Preparation methodb


29be CHO


18af COMe b


18b COMe b


30b COEt b


31b COiPr b


32a COtBu b


33b
N


O
Ac


c


34bg


N
O


O


Me
c


35b
N


NO
Me


c


36b
O


H
N


OO c


a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 2 for preparation methods.
c See Ref. 13 and note 14.
d See Refs. 6, 17, and 18 for details.
e Compound 29b was prepared by heating pyrrolidine 20b in ethyl formate.
f ID50 = 0.6 mpk at 0 h; ID50 = 3.2 mpk at 24 h.
g ID50 = 0.6 mpk at 0 h; ID50 = 1.2 mpk at 24 h.

The corresponding 4-fluoro analogs 17b (IC50 = 40 nM)
and 18b (IC50 = 0.07 nM) had similar IC50 values to 17a
and 18a (see above) of the phenyl series in the hNK1


binding assay. In the gerbil foot tapping (GFT) assay
that has been previously described as an in vivo pharma-
codynamic model for CNS penetrant NK1 com-
pounds17,18 both amides 18a and 18b were efficacious.
The 4-fluoro analog 18b inhibited GFT 50% after 4 h
with a 2 mpk iv dose demonstrating that the amide
was brain penetrant after a short time interval: the phe-
nyl analog 18a had 98% inhibition at 24 h with a 6 mpk
iv dose. The phenyl analog 18a was titrated in the gerbil
and it had an ID50 = 0.6 mpk (iv) at t = 0 h and
ID50 = 3.2 mpk (iv) at 24 h. Encouraged by the GFT
data, the rat pharmacokinetic parameters of amide 18b
were determined and indicated good bioavailability
(F = 65%) and half-life (t1/2 = 5 h).


Having established potency in hNK1 receptor binding,
GFT efficacy, and bioavailability with amide 18b, other
simple amides and groups that had previously shown
in vivo activity in the cyclopentane series were prepared
and tested. All the amides (Table 1) had sub-nanomolar
hNK1 binding and two of the amides 31b and 32a inhib-
ited GFT � 50% at 24 h with a 6 mpk iv dose. Three of
the heterocyclic derived amides 33b, 34b, and 35b had
similar or better potencies at a lower dose with lactam
34b being the most effective with 100% inhibition at a

r pyrrolidine amide compounds


F3


CF3


hNK1
c IC50 (nM) GFTd


% I at 24 h iv dose mpk


0.24


0.09 98 6


0.07 26 6


0.09 0 6


0.15 43 6


0.18 45 6


0.07 50 3


0.12 100 3


0.12 45 3


0.34 13 3
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3 mpk iv dose and an ID50 = 1.2 mpk at 24 h and an
ID50 = 0.6 mpk at 0 h (iv). The amide compounds in
general still had weaker efficacy in the GFT assay at
24 h compared to previous structures 1 and 2 (see
Fig. 1).


A series of ureas (28b, 37b–41b) and a set of heterocyclic
derived ureas 42b–44b listed in Table 2 were assayed
and, like the amides, were all potent, sub-nanomolar
compounds in the hNK1 binding assay. Some of the ur-
eas had similar efficacy in the GFT assay to the amides
18a and 34b at 24 h (see Table 1 footnotes). Three of the
most potent ureas 28b, 39b, and 40b were titrated in the
gerbil, giving ID50 values in the range 0.8–3 mpk at 24 h.
The two ureas 39b and 40b inhibited GFT � 60% at a
dose of 1 mpk (iv) and 28b had an ID50 = 1.0 mpk at
t = 0 h. From these data it was inferred that the three ur-
eas 28b, 39b, and 40b were rapidly brain penetrant and
the compounds had reasonably long half-lives in gerbil.
Urea 28b also showed good bioavailability (F = 70%)
with a half-life (t1/2 = 1.25 h) in a rat PK study.


In attempting to broaden the SAR of polar substituents
on the pyrrolidine nitrogen, two vinylogous amides 45a
and 45b19 were prepared. Both the phenyl and 4-fluor-
ophenyl analogs were sub-nanomolar in hNK1 binding.
4-Fluorophenyl analog 45b (Table 3) distinguished itself
as being superior to the phenyl example 45a (and indeed
more active than all the other analogs described above)
in the GFT assay at both the t = 0 and 24 h time points.
The SAR around vinylogous amide 45b was explored by
strategically introducing methyl and hydroxyl groups
onto the cyclopentenyl ring. Methylation on the double

Table 2. Synthesis and hNK1 binding and gerbil foot tapping assay data fo


NR
O


Ar


C


Me


Compounda R Preparation methodb hNK1
c IC50


28b CONHMe c 0.11


37b CONMe2 d 0.38


38a N
O


O d 0.16


39b CONHEt c 0.10


40b CONHiPr c 0.06


41b CONHtBu c 0.14


42b N
N


O
Ac


e 0.30


43b N
N N


N


CF3


O
e 0.47


44b O
NNH


N e 0.58


nd, not determined at t = 0 and 24 h.
a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 2 for preparation methods.
c See Ref. 13 and note 14.
d See Refs. 6, 17, and 18 for details.

bond (46b) or at other positions around the five-mem-
bered ring (47b–49b) afforded compounds with potent
hNK1 binding, but all of these were less potent in the
GFT assay than 45b. The two epimeric hydroxylated
analogs 50b and 51b were both potent and more active
in the GFT assay than the methylated analogs, but were
still less potent than vinylogous amide 45b. Vinylogous
amides 52b and 53b derived from tetronic and N-meth-
yltetramic acid and the cyclohexenyl examples 54a and
55a were also sub-nanomolar in the hNK1 binding assay
but lacked significant efficacy in the GFT assay even at a
3 mpk iv dose at 24 h. The most efficacious vinylogous
amide in GFT remained the parent compound 45b.


Further evaluation of the properties of vinylogous
amide 45b (Fig. 3) showed that this antagonist was selec-
tive for the hNK1 receptor over the other known hNK2


and hNK3 sub-types.20 Promising PK parameters were
obtained in rat, dog, and rhesus measurements: 45b
was highly bioavailable and had reasonable half-lives
in all three animal species consistent with once-daily
dosing in man. Also, vinylogous amide 45b performed
well in two animal models of NK1 antagonism after oral
dosing. When compound 45b was dosed orally in the
GFT assay, it was efficacious at 1 h (ID50 = 0.9 mpk)
and 4 h (ID50 = 0.25 mpk). In a guinea pig separation
induced vocalization experiment21 an ID50 = 0.17 mg/
kg at 4 h (po) was obtained (Fig. 4). Vinylogous amide
45b was also evaluated in vivo in a rhesus positron emis-
sion tomography (PET) study22 to determine brain NK1


receptor occupancy after a 4-h iv infusion. This study
afforded an estimated 50% occupancy of NK1 receptors
(Occ50) at a plasma steady state concentration of 33 ng/

r pyrrolidine urea compounds


F3


CF3


(nM) GFTd % I at iv dose (ID50)


0 h 24 h


100% at 2 mpk (1.0 mpk) 77% at 6 mpk (3.0 mpk)


nd nd


40% at 1 mpk


61% at 1 mpk 93% 6 mpk (1.0 mpk)


64% at 1 mpk 86% at 6 mpk (0.8 mpk)


28% at 1 mpk 6% at 6 mpk


57% at 3 mpk


66% at 3 mpk


24% at 3 mpk







Table 3. Synthesis and hNK1 binding and gerbil foot tapping assay data for pyrrolidine vinylogous amide compounds


NR
O


Ar


CF3


CF3
Me


Compounda R Preparation methodb,c hNK1
d IC50 (nM) GFTe % I at iv dose (ID50)


0 h 24 h


45a O a 0.07 100% at 3 mpk (0.9 mpk) 100% at 3 mpk (1.1 mpk)


45b O a 0.11 100% at 1 mpk (0.1 mpk) 100% at 3 mpk (0.045 mpk)


46b
O


Me
a 0.13 67% at 3 mpk


47b
O


Me
diastereomer A


c 0.16 85% at 3 mpk


48b
O


Me
diastereomer B


c 0.09 2% at 3 mpk


49b
O


two diastereomer mix
Me d 0.11 79% at 3 mpk


50b
O


diastereomer A
HO c 0.22 100% at 3 mpk (0.5 mpk) 100% at 3 mpk (0.7 mpk)


51b
O


diastereomer B
HO c 0.30 100% at 3 mpk (1.1 mpk) 95% at 3 mpk (0.5 mpk)


52b
O


O b 0.16 67% at 3 mpk


53b N
O
Me


b 0.12 8% at 3 mpk


54a


O


Me
Me


a 0.18 12% at 3 mpk


55a
O


Me Me
a 0.13 5% at 3 mpk


a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 3 for preparation methods.
c Compounds 54a and 55a were obtained from the appropriate cyclohexa-1,3-diones and pyrrolidine 20a.
d See Ref. 13 and note 14.
e See Refs. 6, 17, and 18 for details.


5196 P. Lin et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5191–5198

ml and a 90% occupancy (Occ90) at a concentration of
300 ng/ml (Fig. 5). Overall the vinylogous amide 45b
had excellent potency, selectivity, pharmacokinetic pro-
file, and functional activity in vivo.


Amide, urea, and a vinylogous amide derived from a
new pyrrolidine scaffold design were prepared as hNK1


receptor antagonists. The hNK1 binding results from
amides 11a, 12a, 17a, and 18a, and the X-ray structure
of urea 28a allowed the stereochemistry of the active ser-
ies to be identified. The active series of pyrrolidine

amides showed potent in vitro hNK1 binding, but most
were modestly or weakly active in vivo in the GFT func-
tional assay at 24 h—the exceptions were amides 18a
and 34b. A series of ureas was then prepared and evalu-
ated and these compounds were also sub-nanomolar in
hNK1 binding. The best three ureas 28b, 39b, and 40b
were comparable or were more potent in the GFT assay
at 24 h (iv) and slightly less potent at t = 0 h than the
amides 18a and 34b. These then led to preparation of
the vinylogous amide derivatives. These vinylogous
amides in both the phenyl and 4-fluorophenyl series







Binding assay results (in vitro)


hNK1 IC50 = 0.11 nM
hNK2 IC50 = 1730nM
hNK3 IC50 > 3000 nM


Gerbil data


0 h  100% at 1 mpk (iv)
0 h   titration ID50 = 0.1 mpk (iv)


24 h 100% at 3 mpk(iv)
24 h titration  ID50 = 0.045 mpk (iv)


1 h titration ID50 = 0.9 mpk (po)
4 h titration ID50 = 0.25 mpk (po)


Rat PK
Clp  = 19.6 mL/min/Kg
 Vd  = 6.2 L/Kg
 t1/2 = 3.6 h
  F  = 100%


Dog PK
Clp = 1mL/min/Kg
Vd = 1.6 L/Kg
t1/2 = 20 h
F   = 100%


Rhesus  PK
Clp = 4.5 mL/min/Kg
 Vd = 2.3 L/Kg
 t1/2 = 5.7 h
 F = 68%


45b
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Figure 3. Data summary for vinylogous amide 45b.
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Figure 4. Inhibition of separation induced vocalizations in guinea pig


pups for 45b at t = 4 h.
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were sub-nanomolar in binding but the parent 45b was
the most potent of all the analogs prepared in the gerbil
assay at t = 0 and 24 h (iv). This particular vinylogous
amide 45b was evaluated in rat, dog, and rhesus PK,
and was highly bioavailable with good half-lives in three
preclinical species. The efficacy of 45b in oral drug form
was evaluated in two efficacy models: the gerbil foot tap-
ping and guinea pig separation induced vocalization
assays. The NK1 receptor occupancy in the rhesus
macaque brain was also determined in a PET study indi-
cating plasma steady state concentrations of 45b of
Occ50 � 33 mg/ml and Occ90 � 300 mg/ml. From this
work a series of pyrrolidine ether hNK1 antagonists with
a unique vinylogous amide pharmacophore was identi-
fied that afforded excellent in vitro and in vivo activity.
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Abstract—Benzopyrans are selective estrogen receptor (ER) b agonists (SERBAs), which bind the ER receptor subtypes a and b in
opposite orientations. We have used structure based drug design to show that this unique phenomena can be exploited via substi-
tution at the 8-position of the benzopyran A-ring to disrupt binding to ERa, thus improving ERb subtype selectivity. X-ray cocrys-
tal structures with ERa and ERb are supportive of this approach to improve selectivity in this structural class.
� 2007 Elsevier Ltd. All rights reserved.

Estrogen receptors (ERs, subtypes a and b) are nuclear
hormone receptors with diverse tissue distribution and
biological function.1 The understanding of ER ligands,
agonists and antagonists, is a fairly mature science, dating
back over the past several decades.2 More recently, the
development of selective estrogen receptor modulators
(SERMs) have impacted several disease targets, primarily
in women’s health.3 From a historical perspective, most of
the ER pharmacology to date has focused on ERa. How-
ever, since its discovery in 1996,4 much effort has gone into
understanding the relative importance of ERb.5,6 One
important ERb responsive tissue is the prostate.7 We have
recently described novel benzopyrans which are selective
ERb agonists (SERBAs) displaying striking effects on ro-
dent prostates in models of benign prostatic hyperplasia
(BPH).8 As part of this program, we have tried to improve
ERb selectivity through the use of structure based drug
design.9 In this paper, we describe our approaches to
selectivity improvements in the benzopyran A-ring.10


In recent years, we and others have utilized structure
based drug design (SBDD) tools to assist our under-
standing of ER-ligand binding, with the hopes of

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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improving subtype specificity.11,12 Specifically, protein
crystallography has been instrumental in providing
information regarding the binding modes of ligands
within the ligand binding pockets (LBP) of ERa and
ERb. As we have already shown, benzopyrans, such as
1, are unique, in that they bind to ERa and ERb with
different orientations (a 180� rotation around the bis-
phenol axis). This is illustrated in Figure 1, which shows
an overlay of the X-ray cocrystal structures of 1/ERa
(blue) and 1/ERb (green). The residues lining the LBP
are also shown in the overlay, with phenol-binding res-
idues and a versus b residue changes highlighted. It
should be noted that the D-ring phenol binds within
the Arg–Glu network in both ERa (Arg394–Glu353)
and ERb (Arg346–Glu305). Similarly, the A-ring phenol
forms a hydrogen bond to the imidazole ring in His525
in ERa (His475 in ERb). We and others have shown
that these interactions are critical to the overall binding
affinity of ER ligands. Structure modifications which
compromise either interaction are expected to signifi-
cantly diminish ER binding affinity.


The ‘ligand rotation’ phenomenon noted in Figure 1
provides a unique opportunity to improve ERb specific-
ity, which does not focus completely on exploiting
the conservative residue changes within the LBP
(M421(a)! I373(b); L384(a)!M336(b)). Since the
benzopyran scaffold already possesses very high affinity
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Figure 1. Overlay of 1 with ERa and ERb.
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for ERb, the task of improving ERb selectivity becomes
an exercise in selectively disrupting ERa binding. Figure 1

OP


PO Br


BrOH


MeO


OMOM


MOMO Br


R


OMOM


MOMO


R


O


OMOM


OH


O


OH
R


OH


O
R


OH


OMOM


MOMO Br


CH2OH


OMOM


MOMO Br


R


OM


Li


OM


MOMO


EtO OEt


5, P = H


6, P = MOM
c


a,b d


4 7a (R = Me)
8 (CHO)


k,
l


15a-d


2a- d 3a- d


9
7b (R = CH2OM
7c,d  (R = CH2O


8
e f


14


95%


95%


7a, 81%
8, 70%


7b, 88%
7c,d, 95%


76-81%
54-93%


l


34%
(two steps)


99%


17


Scheme 1. Reagents and conditions: (a) Benzyltrimethylammonium tribromi


sBuLi, THF; MeI for 7a or PhLi, THF; DMF for 8; (e) NaBH4, EtOH; (f) N


THF, ii—ZnCl2; (h) 10, Pd(PPh3)4; (i) H2, Pd/C, EtOH; (j) NH(OMe)Me, TH


separation; (m) i—TBAF, THF; ii—NaOCl, Bu4NBr; (n) H2, PtO2, EtOH.

shows that substitution at the 8 position of the benzo-
pyran should have minimal effect on ERb binding (note
the ‘open’ area), as compared to the 8 position of the
benzopyran in the ERa structure (crowded). When we
prepared the 8-methyl substituted analog of 1, we
observed no effect on binding affinity to either receptor
subtype. Therefore, steric interactions alone are insuffi-
cient and it is always possible that the binding modes
are altered when substitution at this position is made.
Here we describe the effect of substitutions at the 8
position that do disrupt ERa binding to a greater
extent than ERb binding, thereby improving ERb
selectivity.


The synthesis of the 8-methyl substituted analogs took
advantage of the reductive cyclization route reported
earlier and is described in Scheme 1.8,13 4-Methoxy
phenol was treated with benzyltrimethylammonium
tribromide to provide the dibromide. Demethylation
with trimethylsilyl iodide gave hydroquinone 5, which
was protected as the bis-methoxymethyl ether 6 using
sodium hydride and chloromethyl methyl ether. Ortho
mono-lithiation of protected hydroquinone 6 with sBu-
li for phenyllithium for 8 followed by quenching of the
anion with iodomethane or DMF provided 7a and 8,
respectively. 8 could be elaborated to 7b and 7c via
reduction to the benzyl alcohol 9, followed by alkyl-
ation with iodomethane (for 7b) or protection as the
TBS ether (for 7c). A second ortho lithiation followed
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by coupling with enol triflate 10 using Negeshi condi-
tions gave the unsaturated esters 11a–c. Unsaturated
esters 11a–c were hydrogenated over palladium on car-
bon to give 12a–c, and then transformed into racemic
Weinreb amides 13a–c. The Weinreb amides 13 were
reacted with lithiated p-bromophenyl methoxymethyl
ether 14 to give racemic ketones 15a–c. Deprotection
and cyclization of ketones 15 under acidic conditions
was followed by reduction with sodium cyanoborohy-
dride under acidic conditions to give racemic benzopy-
rans 2 and 3 (a, b, and d analogs), which were
separated into their individual enantiomers using chiral
preparative HPLC. Benzopyrans 2c and 3c were pre-
pared from 15c under slightly different conditions. Spe-
cifically, 15c was deprotected using TBAF and
oxidized with bleach to give benzaldehyde 16. This
material was subjected to hydrogenation conditions
in an attempt to selectively reduce the aldehyde in
the presence of the ketone. However, these conditions
did not result in reduction, but merely generated
diethyl acetal 17. Reductive cyclization of 17 using
conditions described above gave ethoxymethyl benzo-
pyrans 2c and 3c, which were separated into their indi-
vidual enantiomers using chiral preparative HPLC.
The 2R,3R,4R enantiomer (isomer 2, as drawn) was
found to have the higher binding affinity for all
analogs.

Figure 2. Overlay of 1 and 2b with ERa (a) and ERb (b).


Table 1. A-ring modifications: ERa and ERb binding data


OH


O


OH
R


2a-e


Compound R ERa (nM) Ki
a ERb (nM) Ki


a Ratio


1 H 2.29 (±1.52) 0.17 (±0.094) 14


2a Me 2.82 (±2.01) 0.26 (±0.091) 11


2b CH2OMe 11.0 (±5.64) 0.28 (±0.02) 43


2c CH2OEt 27.2 0.745 36


2d CH2OH 147 5.97 25


a Standard errors shown in parentheses. Others not tested in duplicate.


Assay conditions described in Ref. 8.

The A-ring, position 8 effects on ERa and ERb binding
are shown in Table 1. The addition of a methyl group at
the 8-position caused no change in binding affinity to
either receptor subtype; however, when larger, more po-
lar groups were added, the ERa binding affinity de-
creased significantly. We attribute this finding to the
limited space available (steric effect) and the nature of
the surrounding residues in this area of the LBP, which
are very hydrophobic (polarity effect). Perhaps ligands
such as 2a maintain good ERa binding due to the plas-
ticity of the ER LBPs,14 which may accommodate
hydrophobic substituents residing in the highly hydro-
phobic pocket. Alternatively, a larger, more polar
group, such as alkoxymethyl or hydroxymethyl is toler-
ated in the hydrophobic LBP only when adequate space
exists between the ligand polar groups and the hydro-
phobic residues. In this series, it appears that 2b (meth-
oxymethyl substitution) provides the best mix of
polarity and steric bulk to disrupt ERa binding, while
maintaining very good binding to ERb, thus improving
ERb selectivity to 43-fold.


With these results in hand, we sought to test our hypoth-
esis with X-ray crystal structures of 2b with both ERa
and ERb (Fig. 2).15 The similarity of binding modes, rel-
ative to 1, is demonstrated by overlaying the structures of
2b with the structures of 1 in both ERa and ERb. This
result clearly shows (b) that 2b binds to ERb in an iden-
tical manner, relative to 1/ERb. However, as shown in
Figure 2a, the methoxymethyl group in 2b forces the
A-ring out of its optimal position, thereby disrupting
the important A-ring phenol-His524 hydrogen bonding
interaction. We believe that this is responsible for the
�4-fold decrease in binding affinity of 2b, relative to 1.


In conclusion, we have shown that the introduction of
A-ring substitution to the 8 position of benzopyrans re-
sults in diminished ERa binding, while maintaining
strong ERb binding. We have shown that this is due
to the fact that compounds in this class bind to the
ER subtypes with different poses, and that substitution
at the 8 position is less tolerated in the ERa LBP, rela-
tive to ERb. Finally, the 8-methoxymethyl shows im-
proved binding selectivity (43-fold) in this class of
selective ERb agonists.







B. H. Norman et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5082–5085 5085

References and notes


1. Katzenellenbogen, J. A.; Katzenellenbogen, B. S. Chem.
Biol. 1996, 3, 529.


2. (a) Ullrich, J. W.; Miller, C. P. Exp. Opin. Ther. Pat. 2006,
16, 559; (b) Wallace, O. B.; Richardson, T. I.; Dodge, J. A.
Curr. Top. Med. Chem. 2003, 3, 1663; (c) Miller, C. P.
Curr. Pharm. Des. 2002, 8, 2089.


3. Palkowitz, A. D.; Glasebrook, A. L.; Thrasher, K. J.;
Hauser, K. L.; Short, L. L.; Phillips, D. L.; Muehl, B. S.;
Sato, M.; Shetler, P. K.; Cullinan, G. J.; Pell, T. R.;
Bryant, H. U. J. Med. Chem. 1997, 40, 1407.


4. (a) Mosselman, S.; Polman, J.; Dijkema, R. FEBS Lett.
1996, 392, 49; (b) Kuiper, G. G. J. M.; Enmark, E.; Pelto
Huikko, M.; Nilsson, S.; Gustafsson, J. A. Proc. Natl.
Acad. Sci. U.S.A. 1996, 93, 5925.


5. Harris, H. A.; Albert, L. M.; Leathurby, Y.; Malamas, M.
S.; Mewshaw, R. E.; Miller, C. P.; Kharode, Y. P.;
Marzolf, J.; Komm, B. S.; Winneker, R. C.; Frail, D. E.;
Henderson, R. A.; Zhu, Y.; Keith, J. C. Endocrinology
2003, 144, 4241.


6. Hillisch, A.; Peters, O.; Kosemund, D.; Muller, G.;
Walter, A.; Schneider, B.; Redderson, G.; Elger, W.;
Fritzemeier, K. Mol. Endocrinol. 2004, 18, 1599.


7. McPherson, S. J.; Ellem, S. J.; Simpson, E. R.; Patchev,
V.; Fritzemeier, K. H.; Risbridger, G. P. Endocrinology
2007, 148, 566.


8. Norman, B. H.; Dodge, J. A.; Richardson, T. I.; Borro-
meo, P. S.; Lugar, C. W.; Jones, S. A.; Chen, K.; Wang,
Y.; Durst, G. L.; Barr, R. J.; Montrose-Rafizadeh, C.;

Osborne, H. E.; Amos, R. M.; Guo, S.; Boodhoo, A.;
Krishnan, V. J. Med. Chem. 2006, 49, 6155.


9. Richardson, T. I.; Norman, B. H.; Lugar, C. W.; Jones, S.
A.; Wang, Y.; Durbin, J. D.; Krishnan, V.; Dodge, J. A.
Bioorg. Med. Chem. Lett. 2007, 17, 3570.


10. Richardson, T. I.; Dodge, J. A.; Durst, G. L.; Pfeifer, L.
A.; Shah, J.; Wang, Y.; Durbin, J. D.; Krishnan, V.;
Norman, B. H. Bioorg. Med. Chem. Lett., in press,
doi:10.1016/j.bmcl.2007.06.052.


11. Sun, J.; Baudry, J.; Katzenellenbogen, J. A.; Katzenel-
lenbogen, B. S. Mol. Endocrinol. 2003, 17, 247; Compton,
D. R.; Sheng, S.; Carlson, K. E.; Rebacz, N. A.; Lee, I. Y.;
Katzenellenbogen, B. S.; Katzenellenbogen, J. A. J. Med.
Chem. 2004, 47, 5872.


12. Manas, E. S.; Unwalla, R. J.; Xu, Z. B.; Malamas, M. S.;
Miller, C. P.; Harris, H. A.; Hsiao, C.; Akopian, T.; Hum,
W. T.; Malakian, K.; Wolfrom, S.; Bapat, A.; Bhat, R. A.;
Stahl, M. L.; Somers, W. S.; Alvarez, J. C. J. Am. Chem.
Soc. 2004, 126, 15106; Mewshaw, R. E.; Edsall, R. J.;
Yang, C.; Manas, E. S.; Xu, Z. B.; Henderson, R. A.;
Keith, J. C., Jr.; Harris, H. A. J. Med. Chem. 2005, 48,
3953.


13. Experimental details have been described in Ref. 8 (suppl.
material), WO 2004094401 and WO 2003044006.


14. Pike, A. C. W.; Brzozowski, A. M.; Hubbard, R. E.; Bonn,
T.; Thorsell, A.; Engström, O.; Ljunggren, J.; Gustafsson,
J.; Carlquist, M. EMBO 1999, 18, 4608.


15. Atomic coordinates for ERa and ERb complexes with 2b
have been deposited into the Protein Data Bank, with
accession codes of 2qe4 and 2jj3, respectively.



http://dx.doi.org/10.1016/j.bmcl.2007.06.052



		Benzopyrans as selective estrogen receptor  beta  agonists  (SERBAs). Part 4: Functionalization of the benzopyran A-ring

		References and notes








Bioorganic & Medicinal Chemistry Letters Vol. 17, No. 18, 2007


Contents


ARTICLES


Synthesis and antibacterial activity of C11, C12-cyclic urea analogues of ketolides pp 5013–5018


Takushi Kaneko,* William McMillen and Meghan Keaney Lynch


O


O
O


NMe2


AcOO


OMe


O


O


5


12


O
O


O


NMe2


AcOO


OMe


O


O


N3


6


O
O


O


NMe2


HOO


OMe


O


O


N
H


N


R1


O
11


12


11
New chemistry was developed to introduce a nitrogen substituent at the C12 position of ketolide template. This led to syntheses of


novel C11, C12-cyclic urea analogues of ketolides that exhibited potent in vitro antibacterial activity.


Synthesis and SAR of p38a MAP kinase inhibitors based on heterobicyclic scaffolds pp 5019–5024


T. G. Murali Dhar,* Stephen T. Wrobleski, Shuqun Lin, Joseph A. Furch,
David S. Nirschl, Yi Fan, Gordon Todderud, Sidney Pitt, Arthur M. Doweyko,
John S. Sack, Arvind Mathur, Murray McKinnon, Joel C. Barrish, John H. Dodd,
Gary L. Schieven and Katerina Leftheris


N
X


O


N


X


R


Z
Y


( )n


R'


X, Y, Z = C, N
n = 1,2
p38α IC50 = ?


A


potential interaction
with Lys 53 when
Z = N


The synthesis and structure–activity relationships (SAR) of p38a MAP kinase inhibitors


based on heterobicyclic scaffolds are described. This effort led to the identification of


compound (21) as a potent inhibitor of p38a MAP kinase. X-ray co-crystallography of an


oxalamide analog (24) bound to unphosphorylated p38a is also disclosed.


Identification of dissociated non-steroidal glucocorticoid receptor agonists pp 5025–5031


Daniel Kuzmich,* Tom Kirrane, John Proudfoot, Younes Bekkali, Renee Zindell, Laura Beck,
Richard Nelson, Cheng-Kon Shih, Alison J. Kukulka, Zofia Paw, Patty Reilly,
Rodney Deleon, Mario Cardozo, Gerald Nabozny and David Thomson


O


F


CF3OH


3


A new series of ligands for the glucocorticoid receptor (GR) is described. SAR development was guided by docking 3 into the GR


active site and optimizing an unsubstituted phenyl ring for key interactions found in the steroid A-ring binding pocket.


4997







Inhibition of carbonic anhydrase isozymes I, II and IX with benzenesulfonamides containing an
organometallic moiety


pp 5032–5035


Adam J. Salmon, Michael L. Williams, Alessio Innocenti, Daniela Vullo,
Claudiu T. Supuran* and Sally-Ann Poulsen*


M
N
NN


SO2NH2
M


N
NN


SO2NH2


M = Fe or Ru


This manuscript describes the regioselective 1,3-DCR synthesis for both 1,4- and 1,5-disubstituted-1,2,3-triazole


benzenesulfonamides from ethynylmetallocene substrates.


A distal methyl substituent attenuates mitochondrial protein synthesis inhibition
in oxazolidinone antibacterials


pp 5036–5040


Adam R. Renslo,* Andy Atuegbu, Prudencio Herradura, Priyadarshini Jaishankar, Mingzhe Ji,
Karen L. Leach, Michael D. Huband, Michael R. Dermyer, Luping Wu, J. V. N. Vara Prasad
and Mikhail F. Gordeev


N


F


O


NHAc


O
N


F


R
HO


N


N


F


F O


O


NHAc


R
HO


Oxazolidinone analogs bearing substituted piperidine or azetidine C-rings are described. Analogs with a methyl group at the 3-


position of the azetidine ring or the 4-position of the piperidine ring exhibited reduced mitochondrial protein synthesis inhibition


while retaining good antibacterial potency.


Enantiopure five-membered cyclicdiamine derivatives as potent and selective inhibitors of factor Xa.
Improving in vitro metabolic stability via core modifications


pp 5041–5048


Jennifer X. Qiao,* Tammy C. Wang, Gren Z. Wang, Daniel L. Cheney, Kan He, Alan R. Rendina, Baomin Xin,
Joseph M. Luettgen, Robert M. Knabb, Ruth R. Wexler and Patrick Y. S. Lam


NH HN
OO


N


N


31
O


COOEt


S


Cl


We previously reported a series of enantiopure cis-(1R,2S)-cyclopentyldiamine derivatives as


potent and selective inhibitors of Factor Xa (FXa). Herein, we describe our approach to


improve the metabolic stability of this series via core modifications. Multiple resulting series of


compounds demonstrated similarly high FXa potency and improved metabolic stability in


human liver microsomes compared with the cyclopentyldiamide 1. (3R,4S)-Pyrrolidinyldi-


amide 31 was the best overall compound with a human FXa Ki of 0.50 nM, a PT EC2x of


2.1 lM in human plasma, a bioavailability of 25%, and a t1/2 of 2.7 h in dogs. Further


biochemical characterization of compound 31 is also presented.


Novel tethers in ketolide antibiotics pp 5049–5053


Takushi Kaneko,* Karina Romero, Bryan Li and Richard Buzon


O


O


O


OMe


O
O


AcO NMe2
O


O


N
O


CO2H


O


O


O


OMe


O
O


HO NMe2
O


O


N
O


NH
X


O


X=O, NH11


Het


13


Novel tethers for ketolide ana-


logues were developed using the


Curtius rearrangement. The


resulting compounds show po-


tent in vitro and in vivo activity.


4998 Contents / Bioorg. Med. Chem. Lett. 17 (2007) 4997–5011







Membrane permeable esterase-activated fluorescent imaging probe pp 5054–5057


Youngmi Kim, Yongdoo Choi, Ralph Weissleder and Ching-Hsuan Tung*


An esterase-triggered probe 2 derived from a cyanine-based pH sensitive dye was developed for cell labeling.


A host-rotaxane derivatized with carboxylic acids efficiently delivers a highly
cationic fluoresceinated peptide


pp 5058–5062


Jing Zhu, Brian E. House, Erin Fleck, Idit Isaacsohn, Angela F. Drew and David B. Smithrud*


O


O


O


O


O


O


O O


NH


NH


N
H


O


H
N


O


H2N
NH


NH


+H2N


H2N


NH2
+


O


O


N
H


N
H2


O


O


O


-O2C


-O2C


+Fl-KKALR


Cytotoxic small molecule dimers and their inhibitory activity against human breast cancer cells pp 5063–5067


M. Kyle Hadden and Brian S. J. Blagg*


X


HO2C
+


NH2


EDCI, 30% pyridine


X=C, N
R=NO2, Cl, CH3


CH2Cl2CO2H
R'


X


O


H
N


H
N


O
R' R'


R'=Cl, OMe, Ph


R R


Small molecules based upon natural product dimers that exhibit cytotoxic activity were synthesized and evaluated for their anti-


proliferative activity in human breast cancer cell lines.


Fluorine-containing aryloxyethyl thiocyanate derivatives are potent inhibitors
of Trypanosoma cruzi and Toxoplasma gondii proliferation


pp 5068–5071
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Structure activity relationship studies of the A-ring on the benzopyran scaffold.


Carbonic anhydrase inhibitors. Inhibition of cytosolic isoforms I and II, and extracellular
isoforms IV, IX, and XII with sulfamides incorporating sugar moieties
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Ki(CA II) = 6 -58 nM
Ki(CA IX) = 9 - 45 nM
Ki(CA XII) =5 - 32 nM


R = Ac, Bn
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The SAR study of novel class of glucocorticoid receptor agonist is reported.


Carbonic anhydrase inhibitors: Selective inhibition of the extracellular, tumor-associated isoforms
IX and XII over isozymes I and II with glycosyl-thioureido-sulfonamides


pp 5096–5100


Fatma-Zohra Smaine, Jean-Yves Winum,* Jean-Louis Montero, Zine Regainia, Daniela Vullo,
Andrea Scozzafava and Claudiu T. Supuran*
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Sugar = glucose, galactose, mannose
R = H, F, Cl


Ki(CA II) = 0.8 -15 microM
Ki(CA IX) = 8 - 140 nM


OSW-1 analogues: Modification of the carbohydrate moiety pp 5101–5106
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Four new OSW-1 analogues with modified


disaccharide moieties were synthesized and their


cytotoxic activity against a range of cell lines was


evaluated.


Rapid synthesis of VX-745: p38 MAP kinase inhibition in Werner syndrome cells pp 5107–5110


Mark C. Bagley,* Terence Davis,* Matthew C. Dix, Michal J. Rokicki and David Kipling*
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A novel and efficient synthesis of VX-745 using primarily microwave dielectric heating is reported. Inhibition of p38a MAP kinase


by VX-745 in Werner syndrome cells shows very high selectivity over the related JNK kinase.
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Antiviral 2,5-disubstituted imidazo[4,5-c]pyridines: Further optimization
of anti-hepatitis C virus activity
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Discovery of selective imidazole-based inhibitors of mammalian 15-lipoxygenase:
Highly potent against human enzyme within a cellular environment


pp 5115–5120
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Synthesis of fluorescent and photoaffinity-labeled derivatives of bisphenol A
and their inhibitory activity toward hypoxic expression of erythropoietin


pp 5121–5124


Nobuhiro Maezawa, Hiroshi Tsuchikawa, Shigeo Katsumura,* Tomoko Kubo and Susumu Imaoka*


The synthesis of bisphenol A derivatives which have a fluorescent dye and a photo-reactive group and their biological evaluation are


reported.


Tetrapeptide inhibitors of the glutamate vesicular transporter (VGLUT) pp 5125–5128


Sarjubhai A. Patel, Jon O. Nagy, Erin D. Bolstad, John M. Gerdes and Charles M. Thompson*


Inhibition of VGLUT by Tetrapeptides
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3H-LGlu uptake 
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Development of oligoarginine–drug conjugates linked to new peptidic self-cleavable spacers
toward effective intestinal absorption
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New chemically triggered peptidic self-cleavable spacers were developed


for drug-linked oligoarginine peptides.


Sulfonamide derivatives as new potent and selective CB2 cannabinoid receptor agonists pp 5133–5135


Hiroshi Ohta,* Tomoko Ishizaka, Mitsukane Yoshinaga, Aki Morita,
Yasumitsu Tomishima, Yoshihisa Toda and Shuji Saito
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CB2 IC50 = 16 nM


Compound 3f exhibited high affinity for the human CB2 receptor (CB2 IC50 = 16 nM) and high selectivity for CB2 over


CB1 (CB1 IC50/CB2 IC50 = 106), and behaved as a full CB2 receptor agonist in the [35S]GTPcS binding assay (CB2


EC50 = 7.2 nM, Emax = 100%).


Synthesis and cytotoxicity of desmethoxycallipeltin B: Lack of a quinone methide
for the cytotoxicity of callipeltin B


pp 5136–5138


Ravi Krishnamoorthy, Brooke L. Richardson and Mark A. Lipton*


Synthesis and antimicrobial activity of 7-fluoro-3-aminosteroids pp 5139–5142
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Development of carboxylic acid replacements in indole-N-acetamide inhibitors
of hepatitis C virus NS5B polymerase


pp 5143–5149


Ian Stansfield,* Marco Pompei, Immacolata Conte, Caterina Ercolani,
Giovanni Migliaccio, Mark Jairaj, Claudio Giuliano, Michael Rowley and Frank Narjes
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Allosteric inhibition of the hepatitis C virus (HCV) NS5B RNA-dependent RNA polymerase enzyme has


recently emerged as a viable strategy toward blocking replication of viral RNA in cell-based systems. Here is


described the optimization of potent indole-N-acetamides, bearing physicochemically diverse replacements for


the C6 carboxylic acid, with reduced potential for formation of glucuronide conjugates.
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Optimized synthesis of aminooxy-peptides as glycoprobe precursors for
surface-based sugar–protein interaction studies


pp 5155–5158


Carmen Jiménez-Castells, Beatriz G. de la Torre, Ricardo Gutiérrez Gallego and David Andreu*


A synthetic entry to pladienolide B and FD-895 pp 5159–5164


Alexander L. Mandel, Brian D. Jones, James J. La Clair and Michael D. Burkart*


The synthesis of pladienolide B and FD-895 side-chains and undecenolide analogs are reported.
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28c: Ki = 13 nM, EC50 = 6.9 nM, IA = 100%


A minimalistic approach to identify substrate binding features in B1 Metallo-b-lactamases pp 5171–5174


Andrés A. Poeylaut-Palena, Pablo E. Tomatis, Andreas I. Karsisiotis, Christian Damblon,
Ernesto G. Mata* and Alejandro J. Vila*


The 2-oxoazetidinylacetate sodium salt was synthesized as a model of a minimal b-lactam drug. This compound


and the monobactam aztreonam were assayed as Metallo-b-lactamase substrate.


3-Hydroxy-4-methoxyindolomorphinans as delta opioid selective ligands pp 5175–5176
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Anti-inflammatory property of the urinary metabolites of nobiletin in mouse pp 5177–5181


Shiming Li,* Shengmin Sang, Min-Hsiung Pan, Ching-Shu Lai, Chih-Yu Lo,
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The identification and anti-inflammatory activity of nobiletin metabolites in mouse urine is reported.
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Cyanine dye conjugates as probes for live cell imaging pp 5182–5185
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Theoretical calculation of the binding free energies for pyruvate dehydrogenase
E1 binding with ligands


pp 5186–5190


Ying Xiong, Yongjian Li, Hongwu He and Chang-Guo Zhan*
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ΔGbind (expt.) = -7.9 kcal/mol


ΔGbind (calc.) = -12.5  kcal/mol
ΔGbind (expt.) = -11.6 kcal/mol


ΔGbind (calc.) = -9.5  kcal/mol
ΔGbind (expt.) = -9.8 kcal/mol


ΔGbind (calc.) = -7.7 kcal/mol
ΔGbind (expt.) = -7.1 kcal/mol


A promising computational protocol has been proposed to


predict the binding free energies for the pyruvate dehydrogenase


multienzyme complex (PDHc) E1 binding with its ligands.


The discovery of potent, selective, and orally bioavailable hNK1 antagonists
derived from pyrrolidine
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SAR studies on amides, ureas, and vinylogous amides derived from pyrrolidine led to the discovery of


several potent hNK1 antagonists. One vinylogous amide (45b) had excellent potency, selectivity,


pharmacokinetic profile, and functional activity in vivo. An in vivo rhesus macaque brain receptor


occupancy PET study for compound 45b revealed an estimated Occ90 ~ 300 ng/ml.


Non-nucleoside inhibitors of the measles virus RNA-dependent RNA polymerase complex activity:
Synthesis and in vitro evaluation


pp 5199–5203


Aiming Sun,* Nizal Chandrakumar, Jeong-Joong Yoon, Richard K. Plemper and James P. Snyder
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Compound 14d, IC50= 12nM 


High-throughput screening has identified a nanomolar inhibitor of measles virus. A series of analogs have been synthesized and the


most active compound, 14d displayed low-nanomolar inhibition against the MV.
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Synthesis, resolution, and antiplatelet activity of 3-substituted 1(3H)-isobenzofuranone pp 5210–5213
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A series of 3-substituted-1(3H)-isobenzofuranone 6a–g and 7a–g were synthesized from phthalic anhydride. 3-alkyl-1(3H)-


isobenzofuranone were resoluted. The antiplatelet activities of compounds were evaluated.


Studies on a series of potent, orally bioavailable, 5-HT1 receptor ligands pp 5214–5217


Simon E. Ward,* Christopher N. Johnson, Peter J. Lovell, Claire M. Scott, Paul W. Smith,
Geoffrey Stemp, Kevin M. Thewlis, Antonio K. Vong and Jeannette M. Watson
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A series of selective 5-HT1ABD ligands are described.


Novel substituted tetrahydrotriazaacenaphthylene derivatives as potent CRF1 receptor antagonists pp 5218–5221


Gabriella Gentile,* Romano Di Fabio,* Francesca Pavone, Fabio Maria Sabbatini,
Yves St-Denis, Maria Grazia Zampori, Giovanni Vitulli and Angela Worby
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Novel unsaturated tetrahydrotriazaacenaphthylenes have been identified as potent and selective CRF1 receptor antagonists showing


good oral pharmacokinetic profile in rats.
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Synthesis and SAR studies of novel antifungal 1,2,3-triazines pp 5222–5226
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A range of pyridothieno-1,2,3-triazines with potent antifungal activity were prepared. By careful choice of substituents


R1 and R2 activity was maintained and aqueous solubility significantly increased.


Synthesis and in vitro antibacterial activity of novel methylamino piperidinyl oxazolidinones pp 5227–5232
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Design and synthesis of a few novel methylamino piperidinyl substituted oxazolidinones are reported and their antibacterial


activities have been evaluated in MIC assay against broader panel of both susceptible and resistant Gram-positive strains.


Discovery and SAR studies of novel GlyT1 inhibitors pp 5233–5238


Magnus W. Walter,* Beth J. Hoffman, Kimberly Gordon, Kirk Johnson, Patrick Love,
Matthew Jones, Teresa Man, Lee Phebus, Jon K. Reel, Helene C. Rudyk, Harlan Shannon,
Kjell Svensson, Hong Yu, Matthew J. Valli and Warren J. Porter
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A novel series of GlyT1 inhibitors and their structure–activity Relationships (SAR) are described. Members of this series are highly


potent and selective transport inhibitors which are shown to elevate glycine levels in cerebrospinal fluid.


Synthesis and structure–activity relationship of novel indene N-oxide derivatives as potent
peroxisome proliferator activated receptor c (PPARc) agonists


pp 5239–5244


Jin Hee Ahn,* Mi Sik Shin, Sun Ho Jung, Jin Ah Kim, Hye Min Kim, Se Hoan Kim,
Seung Kyu Kang, Kwang Rok Kim, Sang Dal Rhee, Sung Dae Park, Jae Mok Lee,
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Discovery of potent and orally bioavailable heterocycle-based b3-adrenergic receptor agonists,
potential therapeutics for the treatment of obesity
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A novel series of heterocycle-based analogs were prepared and evaluated for their in vitro and in vivo biological activity as human b3-


adrenergic receptor (AR) agonists. Compound 17 showed excellent agonist potency at the b3-AR, and a favorable pharmacokinetic


profile in vivo. This compound increased rat oxygen consumption after oral administration, with an ED20% of 2 mg/kg.


PASS-predicted design, synthesis and biological evaluation of cyclic nitrones as nootropics pp 5251–5255


Alka Marwaha, R. K. Goel* and Mohinder P. Mahajan*
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Some N-alkyl and N-aryl-substituted cyclic nitrones typified as 3 were designed with the help of PASS prediction, synthesized and


evaluated pharmacologically as excellent nootropics/cognition enhancers.
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A series of constrained piperidine derivatives were synthesized as muscarinic M3 receptor antagonists. In vitro evaluation


of these compounds reveals high affinity for the M3 receptor and high selectivity over the M2 receptor.


Design and evaluation of a potential mutagen for Hepatitis C virus pp 5261–5264
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Potential mutagen for HCV that could serve as a cytidine or a uridine.
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The synthesis of a novel ketolide class is reported together with the activity of its prototype GW680788X.


Synthesis and antibacterial activity of some novel chiral fluorophoric biscyclic macrocycles pp 5270–5273
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Pentamer is the minimum structure for oligomannosylpeptoids to bind to concanavalin A pp 5274–5278


Hideya Yuasa,* Hiroyuki Honma, Hironobu Hashimoto, Miyuki Tsunooka and Kyoko Kojima-Aikawa
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ELLA disclosed the smallest oligomannosylpeptoid recognized by ConA.
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Abstract—Presented within are syntheses of the pladienolide B and FD-895 side-chains, as well as models of the essential ring-clos-
ing metathesis and Stille coupling that will be used to complete their total syntheses. Several analogs of the pladienolide B side-chain
were also prepared in order to evaluate the scope of the methodology and to create a library of structures that could be used for
stereochemical and SAR analyses.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structures of the pladienolides (1a–g) and FD-895 (1h). The


stereochemical assignments of pladienolide B (1b) and D (1d)3 were


recently determined by NMR and synthetic methods. Stereochemist-


ries of other members of the family (1a, 1c, 1e–g) and FD-895 (1h) are


expected to follow from 1b and 1d, but have yet to be confirmed.

The pladienolides (1a–g) are a set of highly bioactive
macrocyclic polyketides isolated from an Okinawan
strain of Streptomyces platensis (Fig. 1).1 FD-895 (1h)
was reported in 1994 from an isolate of Streptomyces
hygroscopicus.2


This family of macrolides (1a–h) displays potent anti-
proliferative and tumor suppressive activity when
assayed in both cell culture and xenograft models.1a,c,2


Several members of the family, including pladienolide
B (1b), inhibited tumor cell growth at low nanomolar
concentrations. Subsequent cell cycle studies indicate
that 1b blocks cell growth in both the G1 and the G2/
M phase, suggesting a unique mode of action. In addi-
tion, pladienolide B (1b) has been shown to deliver
potent tumor regression and inhibition of mouse xenografts.


At the beginning of our studies, only the two-dimen-
sional structures of 1a–h were known. This combined
with lack of access to the compounds themselves or their
producer strains meant that we would have to determine
the stereochemistry de novo.4 Given recent advances in
NMR techniques and the use of libraries to elucidate
the three-dimensional configuration of natural prod-
ucts,5 we felt that this study would provide an ideal plat-
form to use chemical synthesis in concert with more
traditional methods to determine the stereochemistry
of these macrolides.6 Moreover, the required general
approaches to the stereochemistry of 1b and 1h are syn-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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thetic strategies that allow access to many analogs for
future research on these promising lead compounds. In
parallel, the methods developed in this research serve
as a prelude to the total synthesis of the pladienolides
and FD-895.7


Our general retrosynthetic analysis (Scheme 1) of the
family began by visualizing a convergent union at the
diene by a Stille coupling of side-chain 2 to core 3.
Stannane 2 was ideal because conditions for tin insertion
do not cause side reactions with the C18–C19 epoxide.8
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Scheme 1. Retrosynthetic analysis of the pladienolides (1a–g). A convergent strategy was developed to fuse the side-chain to macrolide core 3. As


depicted, the route developed from four fragments: aldehyde 6, sulfone 7, carbinol 9, and carboxylic acid 10.
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Stannane 2 could then be derived from alcohol 4 that
would result from epoxidation of olefin 5 using a suit-
able method.9 Olefin 5 would follow naturally from a
Julia–Kociensky reaction of aldehyde 6 and sulfone
7.10 Macrolide 3 would then be derived from a ring-clos-
ing metathesis of 8. In turn, 8 could be prepared by cou-
pling of alcohol 9 and carboxylic acid 10. This two-step
ester formation—RCM has precedent in our laboratory
and elsewhere.11 As this article was being prepared, Ko-
take indeed showed that these disconnections can be
used to assemble pladienolide B (1b) and D (1d).3


With a synthetic plan in hand, we turned to evaluate the
complexity of the proposed synthetic endeavor. Without
simplification, the total synthesis of all stereoisomers of
1b would be a wasteful enterprise. By examining the 1H
NMR data for pladienolide B (1b), the C18–C19 epox-
ide was assigned as a trans-epoxide based on presence
of a 2.4 Hz coupling constant in CDCl3


2. We also as-
signed a syn-configuration at C20–C21 by the presence
of a 4.1 Hz coupling constant for 1h in CDCl3 using
J-value comparisons to literature examples.12 Addition-
ally, the C10–C11 diad had a 9.8 Hz coupling constant,
which was indicative of anti stereochemistry at that po-
sition. Given these simplifications, we decided that we
should prepare the four possible side-chain isomers of
1b. The fragments were anticipated to be useful for com-
parison with degradation products of 1b. They could
also be used in the preparation of an NMR database.13


The synthesis of the pladienolide B side-chain began
with the preparation of sulfone 14a from commercially
available RR-2-methyl-1,4-butanediol (11a) (Scheme 2).
Mono-protection of 11a with TBDPSCl gave 12a in
60% yield.14 After purification, the material was pro-
tected with BOMCl and Hünig’s base, and the crude
material was treated with TBAF to afford alcohol 13a.
Mitsunobu displacement with 1H-phenyltetrazolethiol,
followed by oxidation with ammonium molybdate and
hydrogen peroxide, produced 14a in 79% yield for the
two steps.15 Sulfone 14b was prepared by repeating the
procedure on the commercially available S-isomer 11b.

Aldehydes 18a and 18b were accessed through the Crim-
mins chiral aldol protocol.16 This methodology is un-
iquely suited to divergent approaches because reagent
control directs the stereochemical outcome with a high
diastereomeric excess. Starting from thiazolidinethione
15, treatment with TiCl4, (�)-sparteine, and N-meth-
ylpyrrolidinone afforded the Evans syn-aldol product
16a, but by using TiCl4 and Hünig’s base without
NMP the ‘non-Evans’ syn-aldol adduct 16b was the
product. Both substances were protected with TBSOTf
to give 17a and 17b.17 The chiral auxiliary was removed
by treatment with DIBAL-H in toluene to offer alde-
hydes 18a and 18b in yields of 85% and 72%,
respectively.18


A total of four Julia olefinations, 14a + 18a, 14a + 18b,
14b + 18a, and 14b + 18b, were conducted to produce
olefins 19a–d with yields ranging from 37% to 68% rela-
tive to the limiting aldehyde (Scheme 2). Conditions
were refined as the process was repeated. While the addi-
tion of the aldehyde to the sulfone anion was conducted
at low temperature, the reaction mixture required warm-
ing to room temperature immediately after addition was
complete, otherwise aldehydes 18a–b were returned and
the sulfones 14a–b decomposed. In addition, commer-
cially available anhydrous glyme contained sufficient
water (�10–50 ppm) to hinder the reaction, resulting
in basic decomposition of aldehydes 18a–b. This compli-
cation was in part responsible for the rather unpredict-
able yields of the couplings presented in Scheme 2.


At this stage, olefins 19a–d could be epoxidized using the
Shi protocol but subsequent conditions required to re-
move the BOM protecting group were incompatible
with the epoxide. Acidic conditions were too harsh,
and catalytic hydrogenation induced 5-exo-tet cycliza-
tion.19 Interestingly, when a mixture of diastereomeric
epoxides (i.e., 20a and its 4S,5S diastereomer; prepared
by oxidation with mCPBA) was hydrogenated, one dia-
stereomer cyclized readily while the other remained
mostly intact over 30 min of treatment with Pd on C un-
der an H2 atmosphere.







Scheme 2. Divergent synthesis of side-chain diastereomers. Reagents and conditions: (a) TBDPSCl, DBU, DMF, �50 �C; (b) i—BOMCl, DIPEA,


CH2Cl2; ii—TBAF, wet THF; (c) i—1H-phenyltetrazolethiol, DIAD, PPh3, CH2Cl2, 0 �C to rt; ii—(NH4)6Mo7O24Æ4H2O, H2O2, EtOH, 0 �C to rt;


(d) TiCl4, DIPEA, CH2Cl2, �78 �C; (e) TiCl4, (�)-sparteine, NMP, CH2Cl2, �78 �C; (f) TBSOTf, DIPEA, CH2Cl2; (g) DIBAL-H, toluene, �78 �C;


(h) KHMDS, DME, �78 �C, then add 18a warm to rt; (i) KHMDS, DME, �78 �C, then add 18b warm to rt; (j) i—Li wire, naphthalene, THF;


ii—22, oxone, K2CO3, Bu4NHSO4, CH3CN, H2O, borax–EDTA buffer, 0 �C; (k) 35% H2SiF6, CH3CN, rt, PT = 1H-phenyltetrazole.
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The solution was to cleave the BOM ether prior to epox-
idation. The stereoselectivities and yields of the epoxida-
tions were unaffected by the presence of a free alcohol at
the terminal position. Therefore, lithium naphthelenide
was chosen for this deprotection since it would not re-
duce the olefin. Performing the reaction at room temper-
ature resulted in yields of 54–82%.20 The resulting
alcohols were then epoxidized using the method of
Shi.9 While not air-sensitive, the Shi epoxidation de-
mands precise conditions. When carried out at room
temperature, yields were below 25% as most of the inter-
mediate oxirane from 22 decomposed prior to epoxida-
tion. At 0 �C, yields of product increased to between
40% and 55%. In the end, slow addition of oxone and
pH control were shown to stabilize the oxirane and in-
crease the output of epoxide.


The Shi epoxidation was very sensitive to the stereochem-
istry already installed in the olefin. When installed anti to
the adjacent C20 stereocenter as in 20a and 20c, the Shi
epoxidation delivered a high diastereoselection as indi-
cated by 91% and 81% de, respectively. However, the

results were poor for 20b and 20d, which were recovered
with 74% and 50% de, respectively. In addition, the yields
of 20a–d were modest at best, though the unreacted olefin
could be recovered and re-reacted after purification.


Cleavage of the TBS ether without side-reactivity
proved difficult. When treated with 1.25 equivalents of
fluoride ion from 35% aqueous fluorosilicic acid21 in
acetonitrile, epoxides 20a–d were deprotected and cyc-
lized to the corresponding furans 21a–d in seconds.
TBAF worked over several days, but also resulted in
the partial formation of cyclized furan. While this obser-
vation was not desired for synthetic progress, the intro-
duction of the furan ring allowed each stereoisomer to
be verified by NOE studies.22 These furans would also
be useful to compare with fragments obtained from an
authentic sample of 1b.


Unfortunately, direct correlation of 1H or 13C chemical
shifts of 20a–d also failed to produce a convincing argu-
ment to conclusively assign the stereochemistry of the
pladienolide B (1b) side-chain. No trend existed between
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protons and carbons from C15–C23 in 20a–d when com-
pared to 1a–h.


Without a sample of 1b, we turned to investigate the via-
bility of our overall synthetic scheme (Scheme 1). Our
studies began with a model using 20c, which our
NMR analysis determined was the most likely match
to 1b side-chain stereochemistry. Oxidation of 20c with
Dess–Martin periodinane buffered by solid NaHCO3


afforded aldehyde 23 without cyclization to a tetrahy-
drofuran or lactol. Subsequent homologation using
iodoform and chromium(II) chloride furnished vinyl io-
dide 24 with no detectable Z-isomer.23 Iodide 24 was
then converted to vinyl stannane 25 using a palladium
catalyzed tin/halogen exchange.24 Stannane 25 turned
out to have the correct stereochemistry for the synthon
to pladienolide B (1b) (Scheme 3).

Scheme 3. Establishing the synthetic strategy through model studies.


Reagents and conditions: (a) Dess–Martin periodinane, NaHCO3,


CH2Cl2, rt; (b) CHI3, CrCl2, THF, dioxane (1:6), rt; (c) (Bu3Sn)2,


Pd(PPh3)2Cl2, THF, 50 �C; (d) dIpc2BOMe, KOtBu, nBuLi, trans-2-


butene, BF3ÆEt2O, Et2O, THF, �78 �C; (e) 8-octenoic acid, EDC,


DMAP, DIPEA, THF, rt; (f) Grubbs second generation catalyst,


CH2Cl2, reflux; (g) Pd(MeCN)2Cl2, DMF, rt; (h) HFÆpyridine, rt; (i)
lIpc2BOMe, tBuOK, nBuLi, trans-2-butene, BF3ÆEt2O, Et2O, THF,


�78 �C.

Next, model studies were conducted to demonstrate the
application of the olefin metathesis—Stille relay. The
approach began by crotylboration of aldehyde 2625


using the procedure of Brown.26 Not knowing the abso-
lute stereochemistry, we synthesized both anti stereoiso-
mers 9a and 9b in modest yields. Subsequent
esterification with 8-nonenoic acid afforded 27a and
27b. Ring-closing metathesis with the second generation
Grubbs catalyst delivered lactone 28a and 28b in 84%
and 74% yield, respectively. NMR confirmed that the
olefin geometry was E and there was no detectable
Z-isomer. This reactivity profile of RCM on 12-mem-
bered rings is nicely in accord with the synthesis of
mycolactone carried out in our laboratory.11 While not
yet optimized, the Stille coupling between stannane 25
and 28a does provide 29a in 21% yield when run at
10 mg scale. Coupling 25 with 28b afforded a better yield
of 29b at 40%. The reaction seems to stall, but additional
catalyst does not move the reaction forward. It is inter-
esting to note that these reactions contain an allylic acyl
group, but no acetyl elimination occurs. In fact, it is pos-
sible to recover all of the iodide (28a or 28b) from the
reaction, although stannane 25 is lost. Subsequent TBS
deprotection with HFÆpyridine afforded pladienolide B
analogs 30a and 30b. Comparing the NMR spectra of
the analogs and authentic 1b showed that neither are
similar to pladienolide B (1b). This would have made
the library approach a dubious method to determine
the stereochemistry.


Because of the similarity of the pladienolides and FD-
895, an effort has been launched to adapt the strategy
for 1b to synthesize 1h, its cytotoxic cousin. As outlined
in Scheme 4, all of the stereocenters in the FD-895 side-
chain have been synthesized. The route begins by con-
version of Crimmins aldol product 16a to its corre-
sponding Weinreb amide 31.16 Subsequent methylation
to 32 followed by reduction afforded aldehyde 33 in
80% yield over the two steps. 33 was then homologated
to allylic alcohol 34 in two steps by Horner–Wads-
worth–Emmons olefination and subsequent reduction
with DIBAL-H. After screening a variety of conditions,
we found that the Sharpless epoxidation provided the
most effective reaction, delivering 35 in 82% yield and
82% de. From there oxidation to 36 with IBX27 pro-
ceeded in quantitative yield, and contrasted modest
yields from the Parikh–Doering28 and Dess–Martin29


methods. Finally, crotylboration afforded 37, albeit with
low efficiency.


While not yet optimized, this route now provides the
first access to the FD-895 side-chain. Efforts are now
underway to complete the synthesis of the pladienolides
(1a–g) and FD-895 (1h). We have illustrated through
model studies the use of stannane 25 as it applies to
the total synthesis of pladienolide B (1b). While not opti-
mized, we have also shown how to construct the FD-895
side-chain, and it could be used in a similar manner to
complete the synthesis of 1h. Efforts have been under-
way to install the C3, C6, and C7 stereocenters in 10.
While Kotake has already demonstrated a route to 10,
their use of the Sharpless dihydroxylation to install the
C6–C7 diad failed to provide good diastereoselection.3







Scheme 4. Synthesis of the FD-895 side-chain. (a) MeNHOMÆHCl,


imidazole, CH2Cl2, rt; (b) NaH, MeI, DMF, THF, 0 �C; (c) DIBAL-


H, CH2Cl2, �78 �C; (d) triethylphosphonoacetate, NaH, THF, 0 �C;


(e) DIBAL-H, CH2Cl2; (f) (�)-DET, Ti(OiPr)4, tBuOOH, CH2Cl2,


�10 �C; (g) IBX, EtOAc, reflux; (h) dIpc2BOMe, tBuOK, nBuLi, cis-2-


butene, BF3ÆEt2O, THF.
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Comparable observations were also obtained in our pre-
liminary efforts to 10. We are currently pursuing a route
to 10 using the chiral pool to circumvent this problem.
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Abstract—We previously reported a series of enantiopure cis-(1R,2S)-cyclopentyldiamine derivatives as potent and selective inhib-
itors of Factor Xa (FXa). Herein, we describe our approach to improve the metabolic stability of this series via core modifications.
Multiple resulting series of compounds demonstrated similarly high FXa potency and improved metabolic stability in human liver
microsomes compared with the cyclopentyldiamide 1. (3R,4S)-Pyrrolidinyldiamide 31 was the best overall compound with human
FXa Ki of 0.50 nM, PT EC2x of 2.1 lM in human plasma, bioavailability of 25% and t1/2 of 2.7 h in dogs. Further biochemical char-
acterization of compound 31 is also presented.
� 2007 Elsevier Ltd. All rights reserved.

Factor Xa (FXa), a serine protease located at the conver-
gent point of the intrinsic and extrinsic pathways, binds
phospholipids, cofactor VIIIa, and calcium ions to form
a prothrombin complex, which is responsible for catalyz-
ing the conversion of prothrombin to thrombin. A prom-
ising strategy to develop novel anticoagulants is to
inhibit thrombin formation via the inhibition of FXa.1–3


Several small-molecule, orally active FXa inhibitors,
including pyrazole-based razaxaban4 and apixaban,5 have
entered clinical development for the treatment and pre-
vention of thrombotic diseases, and apixaban is undergo-
ing evaluation in phase 3 studies in various indications.


In a previous communication,6 we disclosed a series of
enantiopure (1R,2S)-cyclopentyldiamine derivatives as
potent and selective FXa inhibitors structurally different
from the pyrazole-based scaffolds. However, low meta-
bolic stability in liver microsomal incubation studies
was an issue common to this series of compounds. For
instance, 79% of compound 1 bearing a chlorothiophene

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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P1 and a phenylpyridone P4 group7 remained after
10-min incubation in human liver microsomes (HLM),
and 1 had a microsomal intrinsic clearance rate of
0.063 nmol/min/mg. Cyclopentyldiamine derivatives
bearing several other P1 and P4 groups also displayed
metabolic instability in HLM. Metabolic ID studies on
compound 1 showed that 12% and 8% of 1 were mono-
hydroxylated at the cyclopentyl ring and the phenylpyri-
done P4 moiety, respectively, after 1 h incubation in
HLM in the presence of NADPH.


Several compounds in the cycloalkyldiamine series6 were
tested stable to amide hydrolysis in dog plasma in vitro
for up to 4 h, indicated by the sustained anti-FXa activ-
ity and HPLC peak area. In addition, no metabolites
related to amide cleavage were observed during the met-
abolic stability studies of compound 1.


The interactions of a ligand in the FXa S1 and S4
subsites are essential to the FXa binding affinity of the
ligand. Previous SAR studies6 identified 5-chlorothioph-
ene and 3-chloroindole as optimal P1 groups for FXa po-
tency, and phenylpyridone group as the most potent
neutral P4 group in the cyclopentyldiamine derivatives.
Driven by our continuous interest in structurally diverse
back-up series, we decided to further modify the
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Figure 1. Overall strategy.


Table 1. SAR of enantiopure cis-diaminoindane derivatives


NH HN
O


P1


O


N
O


M


Compound M P1 FXa


Ki (nM)


PT EC2x


(lM)


5 3-Cl-Indole-6-yl 0.70 nd


1 5-Cl-Thiophene-2-yl 0.43 1.7


6
1 2


3-Cl-Indole-6-yl 0.21 14


7 5-Cl-Thiophene-2-yl 230 nd


8 3-Cl-Indole-6-yl 0.84 5.5


9 5-Cl-Thiophene-2-yl 27 nd


10
2 1


3-Cl-Indole-6-yl 7.9 nd


11 5-Cl-Thiophene-2-yl 10870 nd


12 3-Cl-Indole-6-yl 1.0 nd


13 5-Cl-Thiophene-2-yl 0.27 3.3


Human purified enzymes were used. Values are averages from multiple


determinations (n P 2). Ki values and PT EC2x (the concentration of


the inhibitor that doubles the prothrombin time from the control in the


prothrombin time assay) values were measured as described in Ref. 9.


Same for all the tables in this publication.
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cyclopentyl core of the lead 1 (Fig. 1) to improve in vitro
metabolic stability so as to ultimately improve the phar-
macokinetic properties of this series of compounds.


Figure 2 shows an overlay of the X-ray crystal structures
of compound 16 and the pyrazole-based compound 4
(apixaban)5 in the FXa binding site. Significant differ-
ences in binding are confined to the core region. In the
1-FXa complex, the amide NH forms a hydrogen bond
to the carbonyl oxygen of G216, whereas 4 is hydrogen
bonded to G216 NH via the carbonyl oxygen of the pyr-
azolo pyridinone core. In the 4-FXa complex, the C3
substituent on the pyrazole ring (CONH2 in 4; a variety
of groups such as CF3 are also tolerated) interacts with
the S1b pocket. The overlay shows that the 4 and the 5
positions of the cyclopentyl ring in 1 are close to the C3
substituent of 4, suggesting that modifications on the
periphery of the cyclopentyl ring in 1 could improve
the properties of the molecules (e.g., to improve meta-
bolic stability by blocking the oxidative metabolism on
the cyclopentyl ring) while maintaining or improving
potency. Such modifications include fusing a ring to,
or adding a substituent at the 4 position of, or inserting
a heteroatom at the 4 position of the cyclopentyl ring.


Indeed, fusing the cyclopentyl core with a phenyl ring
led to diaminoindane analogs. Table 1 shows FXa activ-
ities of enantiopure cis diaminoindanes bearing either a
3-chloroindole or a 5-chlorothiophene P1 group. The
two cis 1,2-diaminoindane enantiomers, compound 6

Figure 2. Overlay of X-ray structures of FXa bound cis-(1R,2S)-


cyclopentyldiamide1and pyrazole bicyclic-based apixaban (4). Created


using PyMol.8

with a cis-up ((1S,2R)-2,3-dihydro-1H-inden-1-yl) con-
figuration and compound 8 with a cis-down ((1R,2S)-
2,3-dihydro-1H-inden-1-yl) configuration bearing a
3-chloroindole group, were potent with FXa Ki less than
1 nM. On the other hand, the corresponding two cis 1,
2-diaminoindane enantiomers 7 and 9 bearing a 5-chlo-
rothiophene P1 group were much less potent. Com-
pounds 11 and 13 with a 2,1-diaminoindane core and
a chlorothiophene P1 had drastically different FXa po-
tency. Compound 11 with a cis-up ((1R,2S)-2,3-dihy-
dro-1H-inden-2-yl) configuration was weakly active;
while compound 13 with a cis-down configuration
((1S,2R)-2,3-dihydro-1H-inden-2-yl) was the most po-
tent (FXa Ki = 0.27 nM) in the diaminoindane series,
having potency similar to the parent cyclopentyl analog
1. Compound 13, however, was extensively metabolized
in HLM (32% remaining after 10-min incubation) pre-
sumably because of the oxidation of the phenyl ring of
the indane core.


Docking studies10 of the 1,2-diaminoindane (com-
pounds 6 and 8) and the 2,1-diaminoindane (compounds
11 and 13) analogs were conducted to gain structural in-
sights into the observed SAR. Figure 3 shows the over-
lay of the top-scoring binding models of compounds 6







Figure 4. Binding model of the 2,1-diaminoindane 13 in the active site


of FXa. Flipping of the cyclopentyl ring results in the reversal of the


axial/equatorial orientations of the P1 and P4 groups with respect to


that observed in the crystal structure of 1 in FXa. Created using


PyMol.8
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and 8, and the X-ray structure of 1 in the active site of
FXa. The corresponding P1 and P4 regions of 6 and 8
overlap very well. However, the two indane cores occu-
py different subsites of the FXa enzyme: the indane ring
in 6 with a cis-up configuration sits above the 42–58
disulfide bridge, near the S1 0 pocket; while the indane
ring in 8 with a cis-down configuration locates in the
vicinity of the 191–220 disulfide in the S1b region.
Compared with compound 1, the sterically demanding
1,2-diaminoindane cores of 6 and 8 tend to pull the mol-
ecules out farther away from the active site. Thus, larger
P1 groups, 3-chloroindole in the case of 6 and 8, are
needed to form necessary interactions with the S1 pock-
et to maintain FXa potency. This also explains the de-
creased FXa potency observed in 7 and 9 bearing a
smaller 5-chlorothiophene P1 group. Interactions in
the FXa S1b and the entrance of the S1 0 region may also
affect FXa potency of diaminoindane compounds, as
suggested by the potency difference between 7 and 9.
Figure 4 shows the proposed binding model of the 2,1-
diaminoindane 13, wherein the inversion of the cyclo-
pentyl ring results in a reversal of the axial/equatorial
orientations of the P1 and P4 groups with respect to that
observed in the crystal structure of 1-FXa. This model
suggests that the core phenyl is projected into solvent
well away from the protein surface, allowing the 5-chlo-
rothiophene to bind deeply in the S1 pocket. Not
surprisingly, a compelling binding model in FXa of
the weakly active 2,1-diaminoindane 11 with optimal
interactions could not be generated.11


Adding a COOMe group on the 4 position of the cyclo-
pentyl core in 1 generated compound 14 with maintained
FXa potency and anticoagulant activity (Table 2).
Reduction of the methyl ester 14 to methyl alcohol 15
led to the same affinity as the unsubstituted cyclopen-
tane 1. The acid 16 and the amides 17–20 had similar
FXa potency and were about three to four times less po-
tent than the methyl ester 14. They were also less potent
in anticoagulant activity. Compound 15, the most po-

Figure 3. Overlay of binding models of two 1,2-diaminoindane


enantiomers 6 (white) and 8 (pink) with the X-ray structure of


cyclopentyldiamide 1 (blue) in the active site of FXa. Created using


PyMol.8

tent analog in the 4-substituted cyclopentyl series stud-
ied, had an improved metabolic stability (100%
remaining after 10 min) compared with 1 (79%
remaining).


Using the 3-chloroindole and the 5-chlorothiophene P1
groups, we investigated the FXa inhibitory activities of
five-membered ring analogs (Table 3). The tetrahydro-
furanyldiamine derivative 23 and the substituted pyr-
rolidinyldiamine derivatives 29 and 31 showed good
FXa potency and anticoagulant activity. Compounds
with a 5-chlorothiophene P1 group were consistently
more potent than those with a 3-chloroindole group
across the five-membered cores studied (4-substituted
cyclopentyl, tetrahydrofuranyl, pyrrolidinyl core series).
This P1 preference was also observed previously be-
tween the cyclopentyldiamine and cyclohexyldiamine

Table 2. SAR of 4-substituted cyclopentyldiamine derivatives


NH
N
H


N


O


O


O


S


Cl


R


Compound R FXa


Ki (nM)


PT EC2x


(lM)


1 H 0.43 1.7


14 COOMe 0.53 1.8


15 CH2OH 0.56 1.5


16 COOH 1.9 4.7


17 CONMe2 2.1 6.5


18 CONH-Cyclopropyl 1.6 7.1


19 CO-N-Morpholinyl 1.6 4.9


20 CONHCH2CH2OMe 2.9 4.7







Table 4. SAR of R groups of the enantiopure cis-(3R,4S)-pyrrolidinyl


diamine derivatives


N


NH HN


OO


N


O


R


S


Cl


Compound R FXa


Ki (nM)


PT EC2x


(lM)


Microsomal


rate


(nmol/


min/mg)a


25 H 9.5 nd 0.00


28 Fmoc 4.5 nd nd


29 COMe 0.58 0.94 0.00


33 COEt 2.0 3.2 nd


34 COCHMe2 1.3 2.9 0.00


35 CO-t-Bu 1.7 4.5 nd


36 CO-Cyclopropyl 2.1 4.0 nd


37 CO-Phenyl 2.2 9.2 nd


38 COCH2OMe 0.36 3.6 nd


39 COOMe 0.74 3.0 0.00


31 COOEt 0.50 2.1 0.00


40 COOCH2


CH2OMe


0.93 2.8 nd


41 SO2Me 0.44 1.6 0.00


42 SO2Et 0.64 3.1 0.00


43 SO2i-Pr 1.7 3.1 nd


44 CO-N-


Pyrrolidinyl


1.7 6.0 nd


45 CONHMe 1.1 2.4 0.00


46 CONMe2 0.56 1.8 0.00


a Based on % remaining after 10-min incubation in human liver


microsomes.


Table 3. SAR of enantiopure 4-substituted five-membered cyclicdiamine derivatives


X


NH HN


O


P1


O


N


O


Compound X P1 FXa Ki (nM) PT EC2x (lM)


1 CH2 5-Cl-Thiophene-2-yl 0.43 1.7


5 CH2 3-Cl-Indole-6-yl 1.0 5.5


21 CH-COOMe 5-Cl-Thiophene 0.39 1.8


22 CH-COOMe 3-Cl-Indole-6-yl 3.0 nd


23 O 5-Cl-Thiophene-2-yl 2.6 3.2


24 O 3-Cl-Indole-6-yl 2.6 7.1


25 NH 5-Cl-Thiophene-2-yl 9.5 nd


26 NH 3-Cl-Indole-6-yl 18 nd


27 N-Fmoc 5-Cl-Thiophene-2-yl 4.5 nd


28 N-Fmoc 3-Cl-Indole-6-yl 163 nd


29 N-COMe 5-Cl-Thiophene-2-yl 0.58 0.90


30 N-COMe 3-Cl-Indole-6-yl 3.9 nd


31 N-COOEt 5-Cl-Thiophene-2-yl 0.50 2.1


32 N-COOEt 3-Cl-Indole-6-yl 2.8 nd


Comparison of two P1 groups: 5-chlorothiophene and 3-chloroindole.
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derivatives.6 Furthermore, the more sterically demand-
ing the X substituent, the larger the potency difference
is, for example, 25 versus 26 (X = NH), twofold; while
27 versus 28 (X = N-Fmoc), 36-fold.


Using the preferred 5-chlorothiophene P1 group, R sub-
stituents on the nitrogen atom of the pyrrolidinyldia-
mide core were further investigated. Table 4
demonstrates that a variety of substituents were toler-
ated. Neutralization of the pyrrolidine ring in 25 to form
amides, carbamates, sulfonamides, and ureas resulted in
improved FXa inhibitory activity (29, 31, and 33–46).
Among the compounds with amide substituents, the
methyl amide analog 29 (FXa Ki = 0.58 nM, PT
EC2x = 0.98 lM) was three to four times more potent
than those with larger hydrophobic groups such as
COCH2Me, COCHMe2, CO-t-Bu, CO-cyclopropyl,
CO-phenyl. Polar substitution in the amide, such as CO-
CH2OMe, was tolerated, and compound 38 was equipo-
tent to the methyl amide 29 in FXa inhibitory activity,
but slightly less active in the anticoagulant activity.
The methyl and ethyl carbamates 39 and 31 as well as
the methyl and ethyl sulfonamides 41 and 42 were also
potent FXa inhibitors (FXa Ki < 1 nM, PT
EC2x < 3 lM). The dimethyl urea 46 was the most
potent urea analog, having a FXa Ki of 0.56 nM and a
PT EC2x of 1.8 lM. Similar to the amides, sulfonamides
and ureas with larger alkyl groups, such as 43 bearing a
isopropylsulfonamide and 44 with a pyrrolidinyl urea,
were less potent than those with a smaller alkyl group,
such as 41, 42, and 46.


Figure 5 depicts the binding model for pyrrolidinyldi-
amine derivative 31, in which a ring flip similar to that
in 13 (Fig. 4) is proposed, extending the carbamate into







Figure 5. Binding model of the pyrrolidinyldiamide 31 in the active site


of FXa showing the carbamate functionality extended into solvent.


Created using PyMol.8
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solvent,11 supporting the similar FXa binding affinity
observed in compounds 31 and 1.


The in vitro liability profile of the pyrrolidinyldiamine
compounds (Table 4) was generally good. For instance,

Table 5. Selectivity profile of enantiopure 4-substituted cyclopentyldiamine,


Compound FXa Ki


(nM)


FXIa Ki


(nM)


FVIIa


Ki (nM)


Chymotrypsin


Ki (nM)


Plasma


kallikrein


Ki (nM)


15 0.56 nd >11,000 >20,000 >10,800


16 1.9 >11,000 >11,000 >20,000 >6000


23 2.6 >11,000 >11,000 >20,000 nd


29 0.58 10,170 >11,000 >20,000 >6000


31 0.50 7380 >11,000 >20,000 >6000


42 0.64 6680 >11,000 >20,000 >10,800


Table 6. In vitro and dog PK profiles of representative five-membered cyclic


HN


X


NH
O


S


Cl


R


Compound X R FXa


Ki (nM)


PT EC2x


(lM)


Microsomal


rate


(nmol/min/mg)


1 CH2 — 0.43 1.7 0.063


23 O — 2.6 3.2 0.031


29 N COMe 0.58 0.90 0.000


31 N COOEt 0.50 2.1 0.000


42 N SO2Et 0.64 3.1 0.000


a Based on % remaining after 10-min incubation in human liver microsomes
b iv dose: 0.5 mg/kg.
c po dose: 0.2 mg/kg.

all the compounds tested were very weak against all
P450 isozymes (except for the basic pyrrolidinyl 25
showing low lM activity for CYP3A4), non-cytotoxic
in the cytotoxicity assay with IC50 > 100 lM, and weak
against hERG channel (most compounds had hERG
flux IC50 > 80 lM).12 Importantly, all the compounds
tested in HLM incubation showed improved metabolic
stability (100% remaining after 10 min) compared with
the cyclopentyl analog 1.


Table 5 illustrates the selectivity profile of example com-
pounds bearing the 4-substituted cyclopentyldiamine,
the tetrahydrofuranyldiamine, and the N-substituted
pyrrolidinyldiamine cores. In general, these compounds
were highly selective against other serine proteases.


Table 6 illustrates the pharmacokinetic properties of
selected compounds in dogs. All showed low to moder-
ate Vdss. Compared with the corresponding cyclopentyl
analog 1, the tetrahydrofuran 23 and the pyrrolidinyl
analogs 29, 31, and 42 had increased HLM stability,
but higher in vivo clearance. This may be due to a
non-metabolic clearance mechanism, such as renal or
biliary clearance in vivo, and/or species differences in
metabolism. Changing the cyclopentyl core in 1 to the
tetrahydrofuran core in 23 improved bioavailability.

tetrahydrofuranyldiamine, and 3,4-pyrrolidinyldiamine derivatives


Trypsin


Ki (nM)


Thrombin


Ki (nM)


aPC


Ki (nM)


Plasmin


Ki (nM)


tPA


Ki (nM)


Urokinase


Ki (nM)


>5000 nd >21,000 >22,000 >21,000 >14,000


>5000 >12,000 >21,000 >22,000 >21,000 >14,000


>5000 >12,000 >21,000 >22,000 >21,000 >14,000


>5000 5440 >21,000 >22,000 >21,000 >14,000


>5000 4020 >21,000 >22,000 >21,000 >14,000


>5000 3950 >21,000 >22,000 >21,000 >14,000


diamines containing phenylpyridone P4 residue


O


N
O


a


Caco-2 Pc


(nm/s)


Cl


(L/Kg/h)b


Vdss


(L/Kg)b


iv t1/2


(h)


po t1/2


(h)c


F%c


92 0.7 0.8 0.7 0.7 60


— 1.6 1 1.2 1.2 97


<15 1.8 2.4 0.8 0.8 5


25 2.6 2.4 1.4 2.7 25


<15 1.5 1.1 0.7 1.3 16


.







Table 7. Detailed kinetic parameters for 31a,b


Human Factor Xa


parameter


31 Parameter


value


25 �C Ki (tripeptide substrate) 0.73 nM


37 �C Ki (tripeptide substrate) 2.6 nM


25 �C Ki (prothrombin) 7.5 nM


37 �C Ki (saturating prothrombin) 30 nM


25 �C Association rate constant 3.2 · 107 M�1 s�1


25 �C Dissociation rate constant 2.3 · 10�2 s�1


37 �C Association rate constant 2.3 · 107 M�1 s�1


37 �C Dissociation rate constant 6.1 · 10�2 s�1


a Ki’s measured with purified human enzymes and averaged from


multiple determinations (n P 2).
b Prothrombinase inhibition, association and dissociation rate con-


stants were obtained as described in Ref. 13.
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The ethyl carbamate 31 was the only pyrrolidinyldi-
amine analog having detectable cell permeability
(Caco-2 Pc 25 nm/s). As anticipated based on permeabil-
ity, 31 showed the best oral bioavailability of the pyr-
rolidinyldiamine compounds (F% = 25%) and a slightly
prolonged t1/2 of 1.4 h (iv) and 2.7 h (po) in dogs.

NH
N
H


N


O
O


N O


S


Cl


N


HO N3


N


HO NHBoc


H
N


Fmoc Fmoc
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N
HO


HN


S


Cl


a,b,c,d e f


i,j k


48 49


51


N N
Cr


Cl
OO


HH


(S,S)-47


Scheme 2. Reagents and conditions: (a) Fmoc–Cl, DIEA, CH2Cl2, 95%; (b) m


89%; (d) 10-CSA (cat.), MeOH, 85%; (e) H2, 10% Pd–C, (Boc)2O, EtOAc, 91%


�78 �C to rt; (g) H2, 10% Pd–C, EtOH; (h) 4-(2-oxopyridin-1(2H)-yl)benzoic


5-Cl-thiophene-2-carboxylic acid, BOP, NMM, THF, 93% for two steps; (k


h


N
H


N


O


O


BocHN


H2N OH BocHN OH


a,b,c d,e


Boc


g


Scheme 1. Reagents and conditions: (a) (Boc)2O, Et3N, THF, 99%; (b) p-N


MsCl, Et3N, CH2Cl2, 0 �C, 95%; (e) NaN3, DMSO, 100 �C, overnight, 47%


acid, BOP, NMM, DMF, 1 h, 96%; (h) TFA, CH2Cl2, rt, 1 h, 61%; (i) 3-Ch

Compound 31 was selected for detailed mechanistic
studies and the key kinetic parameters are summarized
in Table 7. As predicted for a reversible inhibitor bind-
ing in the active site, 31 exhibits competitive inhibition
versus a tripeptide chromogenic substrate, but exhibits
mixed-type inhibition (with ca. fourfold lower affinity
for the ES complex) versus prothrombin, the physiolog-
ical substrate, which interacts with FXa primarily at
exosites.13,14 An advantageous consequence of this inhi-
bition mechanism is that 31 is a potent inhibitor at both
sub-saturating and saturating levels of prothrombin.
Substrate-dependent inhibition mechanisms have also
been reported for other FXa inhibitors.13,15 At both
25 �C and 37 �C the second-order rate constant for asso-
ciation of 31 with FXa, determined by stopped-flow
spectrofluorimetry, is rapid and approaches the diffusion
controlled limit. Rapid onset of inhibition of blood
coagulation is preferable and has been observed for
optimized thrombin16 and FXa inhibitors.13,15b,c,17


Binding of 31 to FXa proceeds by a simple one-step
mechanism or by a two-step mechanism with a very
weak initial complex (i.e., initial Ki� 5000 nM), since

N
H


N


O


N


N3 NHBoc


ON


BocHN


Fmoc Fmoc


N


O


O


NH
N
H


N


O
O


N O


S


Cl


O
O


31


g,h


l


50


-CPBA, NaHCO3, CH2Cl2, 60%; (c) TMSN3, (S,S)-47 (5 mol%), Et2O,


; (f) NaN3, H2SO4, H2O/toluene, 0 �C, then PPh3, DEAD, HN3, THF,


acid, BOP, NMM, THF, 44% for three steps.; (i) 30% TFA, CH2Cl2; (j)


) 10% piperidine, THF, 90%; (l) ClCOOEt, Et3N, THF, 80%.


,i
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BocHN NH2


HN
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HN N3


f


O2C6H4COOH, DEAD, PPh3, 57%; (c) NaOMe, CH3OH, 59%; (d)


; (f) H2, Pd–C (5%), EtOH, 94%; (g) 4-(2-oxopyridin-1(2H)-yl)benzoic


loro-1H-indole-6-carboxylic acid, BOP, NMM, DMF, 37%.
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plots of the observed rate constants versus inhibitor
were linear up to 5000 nM. Dissociation rate constants
could thus be calculated from the relationship,
Ki = kdissoc/kassoc, and account for the higher Ki’s at
37 �C. These results are similar to those obtained with
both razaxaban and apixaban.13


Scheme 1 illustrates the synthesis of enantiopure diamin-
oindane derivatives using 8 as an example following the
similar sequence as that for compounds 1.6


The synthetic route for enantiopure cis-3,4-diamino-
pyrrolidine core is outlined in Scheme 2 using the prep-
aration of compound 31 as an example. The 12-step
synthesis involved two key reactions. One is the synthe-
sis of the Fmoc protected hydroxylazide pyrrolidine 48
via stereospecific ring opening of the meso epoxide with
TMS azide catalyzed by Jacobsen’s chiral (salen)chro-
mium(III) catalyst 47.18 The Fmoc group was chosen
as the amino protecting group because it allows high
ee and easy monitoring of the reaction progress. The
other key transformation is from the trans Boc-pro-
tected amino alcohol 49 to the cis Boc-protected azide
50. Normal azide formation via sodium azide displace-
ment of the corresponding mesylate in either DMF or
DMSO at either room temperature or elevated temper-
ature to 80 �C generated undesirable products, presum-
ably due to the initial Fmoc decomposition followed by
other reactions. However, treatment of alcohol 49 with a
freshly prepared HN3 toluene solution under Mitsunobu
condition led to the desired cis Boc-protected amino
azide 50. Reduction of the crude azide 50, and then
coupling the resulting amine with 4-(2-oxopyridin-
1(2H)-yl)benzoic acid, followed by deprotection and a
subsequent amide formation with 3-chloro-1H-indole-
6-carboxylic acid afforded the Fmoc protected diamino-
pyrrolidine 51. Deprotection of Fmoc group followed by
carbamate formation provided compound 31. Using
similar strategies, the tetrahydrofuranyldiamides 23
and 24 were also prepared with an ee >97% measured
by chiral analytical HPLC.


In summary, to improve the metabolic stability of the
cyclopentyldiamine derivative 1 while maintaining the
sub-nanomolar FXa potency, we synthesized several
enantiopure five-membered cyclicdiamine series: the
4-substituted cyclopentyldiamine, the tetrahydrofura-
nyl-diamine, and the pyrrolidinyldiamine derivatives.
Compared with 1, those compounds having a similarly
high FXa potency had an improved metabolic stability
in HLM (90–100% remaining after 10 min). The tetrahy-
drofuranyldiamide 23 had an improved bioavailability
in dogs. The ethyl carbamate 31 in the (3R,4S)-pyr-
rolidinyldiamine series, having excellent potency and
selectivity, and an HLM stability better than 1, was
the best overall compound with a bioavailability of
25% and a t1/2 of 2.7 h in dogs.
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Abstract—An esterase-triggered probe 2 derived from a cyanine-based pH sensitive dye was developed for cell labeling. Permeation
of probe 2 into cells and subsequent hydrolytic activation by cellular esterases result in a bright fluorescent intracellular signal.
� 2007 Elsevier Ltd. All rights reserved.

Most biological and physiological processes in develop-
ment and disease rely on extensive cellular migration,
yet reliable methods to study these important processes
in real-time in vivo have been lacking.1 With recent ad-
vances in microscopy, cell movement now can be moni-
tored in real time.2–4 Specific recent examples include
stem cell homing,5,6 lymphocyte trafficking,7 and metas-
tases formation.8 In order to study cell migration
in vivo, cells are often labeled with fluorescent reporters
to distinguish them from background.


Esterase sensitive fluorescent probes have been widely
used as a means of cell labeling.9 Comparing to the
unmodified fluorescent dyes, ester-derivatives often
show better cellular permeation presumably due to
shielding of hydrophilic groups. Following cellular
internalization, the ester bonds can then be hydrolyzed
by intracellular esterases. Hydrolysis often results in
conversion of the masked non-fluorescent ester-deriva-
tives into fluorescent forms that are retained by cells
with intact plasma membrane.10 In some cases, hydro-
lyzed products further react with other intracellular
components, forming irreversible labels.11,12 Besides cell
labeling, esterase sensitive probes have been applied to
studies of cell viability, cytotoxicity, and adhesion using
a variety of cell types.9 Most reported esterase sensitive
fluorescent probes have been derivatives of fluorescein13


or rhodamine.14 Recognizing the usefulness of the ester-
ase-sensitive probes, new probes emitting fluorescence in
a different optical window would be extremely useful for
multi-channel cellular imaging. Herein, we report the
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development of a new cyanine dye-based esterase sensi-
tive imaging probe. We show that the imaging probe
was taken up efficiently by cells, and that labeled cells
became brightly fluorescent.


A cyanine dye 1@O was recently reported to have a dra-
matic pH sensitivity with pKa of 4.5 (Scheme 1)15 Dur-
ing the pH shift from 7 to 4, dye 1@O changed from a
keto to an enol form, dye 1AOH. With the structural
changes, their absorbance and fluorescence maxima shift
significantly, due to disruption of the conjugating system
across the molecule. Dye 1@O has excitation and emis-
sion maximum at 535 and 625 nm, respectively, in meth-
anol; while dye 1AOH has excitation and emission
maximum at 710 nm and 731 nm, respectively. We rea-
soned that this unique optical change could be applied
to construct an esterase sensitive probe. Capping the hy-
droxyl group on 1AOH with an acetyl group would pre-
serve the conjugated structure even at physiological pH.
Upon esterase-assisted hydrolysis, the hydrolytic prod-
uct would exist in the keto or enol form, depending on
the local pH. Although 1AOH and 1@O are inter-
changeable, the optimal pH condition for esterase in
cytoplasm is neutral; thus the hydrolytic product is ex-
pected to be dye 1@O in biological systems. This ex-
pected shift in optical properties upon esterase
cleavage would result in more than 100 nm shifts in both
excitation and emission spectra.

Scheme 1. Structure of dyes 1@O and 1AOH. The pKa is 4.5.
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Scheme 2. Synthesis of probe 216 and its enzymatic hydrolysis.


Figure 2. Photostability of probes 1@O and 2. The remaining emission


intensities of the probes as a function of irradiation time. Probes 1@O


and 2 were excited at 530 nm and 775 nm, respectively.
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The esterase sensitive probe 2 was synthesized by acylat-
ing dye 1AOH with acetic anhydride at room tempera-
ture (Scheme 2). Dye 1AOH was prepared as
previously reported from a commercially available
1ACl.15 Figure 1 illustrates the excitation and emission
spectra of dye 1@O and probe 2 in methanol. The exci-
tation and emission maxima of dye 1@O are in the vis-
ible region, kex = 535 nm and kem = 625 nm. Probe 2
displays both excitation and emission maxima in the
near-infrared region, kex = 773 nm and kem = 796 nm.
The absorption and emission spectra of dye 1@O exhibit
strong solvatochromism (for example, kmax, abs = 500 nm
in water, and 535 nm in MeOH; kmax, em = 597 nm in
water, and 625 nm in MeOH), whereas the absorption
spectra of probe 2 were identical regardless of solvent
used. The extinction coefficient of probe 2 was
180,000 M�1cm�1 in water with 1% DMSO and its
quantum yield was 0.11 in MeOH.


Photostability studies of dye 1@O and probe 2 were per-
formed by continuous irradiation of the dyes using a
450 W steady-state Xe lamp as the light source (slit
width = 10 nm) under aerobic conditions in MeOH.
Probes having the same optical density (0.15 ± 0.02
OD) at their absorption maximum were irradiated at
530 nm for dye 1@O and 775 nm for probe 2. The pho-
toinduced bleaching was quantified by monitoring the
decrease in fluorescence intensity as a function of time
(Fig. 2). The fluorescence intensity of probe 2 was only

Figure 1. Normalized absorption (solid line) and emission spectra


(dotted line) of compounds 1@O and 2 in MeOH. Dye 1@O was


excited at 530 nm (kmax, abs = 535 nm, kmax, em = 625 nm). Probe 2 was


excited at 770 nm (kmax, abs = 774 nm, kmax, em = 796 nm).

slightly attenuated after 30 min of irradiation, whereas
the fluorescence signal from dye 1@O decreased rapidly.
Less than 15% of the initial fluorescence intensity re-
mained after irradiation of dye 1@O for 30 min. In a
separated control experiment, it was found that probe
2 remained stable after irradiation at 530 nm for
30 min (data not shown).


In addition to photostability, chemical stability of probe
2 was studied in various buffer conditions. Such studies
are critical to ascertain that a probe does not spontane-
ously hydrolyze in aqueous media, thus raising back-
ground fluorescence levels. No hydrolysis of probe 2
was observed following incubation in aqueous buffers
ranging from pH 3 to 9 at 37 �C for 1.5h. However,
probe 2 underwent rapid hydrolysis at pH less than 1
or greater than 10. The chemical stability of probe 2
over this broad pH range suggests that it is suitable
for investigation of biological events.


The viability of probe 2 was further investigated by sub-
jecting it to esterase-mediated cleavage. Enzymatic as-
says were conducted by adding esterase to probe 2 in
phosphate buffer solution (pH 7.8) containing 1%
DMSO at 25 �C. The assays were followed by monitor-
ing changes in absorption at 500 nm and fluorescence at
597 nm, which are the absorption and fluorescence max-
ima of dye 1@O and the hydrolysis product of probe 2,
in phosphate buffer, respectively (Fig. 3). In addition,







Figure 3. Esterase assisted probe activation. (a) Hydrolysis of probe 2 (1.9 lM) with and without esterase (10 U) at 25 �C. (b) Observed absorption


changes at 500 nm after treating probe 2 with different amounts of esterase for different time periods (0, 5, 15, and 30 min) at 25 �C. (c) Fluorescence


intensity changes at 597 nm after treating probe 2 with increasing amounts of esterase (0, 1, 2, 4, 6, 8, and 10 U) after 30 min at 25 �C.17
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the analysis of MS spectra of assay solution confirmed
that end product of esterase reaction of probe 2 is dye
1@O (Fig. 4). Probe 2 hydrolyzed rapidly in the presence
of esterase, in contrast to its demonstrated stability un-
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Figure 4. ESI-MS spectra of probe 2 (a) without enzyme treatment, (b)


after treating with esterase (10 U) for 10 min at 25 �C (c) after treating


with esterase (10 U) for 60 min at 25 �C. MWs of probe 2 and 1@O are


563 and 521, respectively.

der identical conditions in the absence of added esterase
(Fig. 3a).


As shown in Figure 3b, the absorption intensity of
dye 1@O increased as the concentration of esterase
and incubation times are increased. The fluorescence
intensity at 597 nm also increased, indicating forma-
tion of dye 1@O, as the concentration of esterase is
raised. A 10-fold higher fluorescence intensity at
597 nm was observed when 10 U of esterase was
added (Fig. 3c).


The cell labeling potential of probe 2 was then evalu-
ated in cell culture using a human breast cancer cell
line, BT-20. Following incubation of BT-20 cells with
probe 2 (10 lM) for 30 minutes, the cells were washed
with fresh medium, then observed by fluorescence
microscopy. The fluorescence signal of dye 1@O and
probe 2 could be conveniently distinguished using rho-
damine and Cy5.5 filter sets, respectively. Dual chan-
nel fluorescence microscopy clearly shows strong
fluorescence in the Cy5.5 and rhodamine channels
(Fig. 5). The fluorescence signal in the Cy5.5 channel
indicates intracellular accumulation of non-hydrolyzed
probe 2, whereas the fluorescence signal in the rhoda-
mine channel indicates the presence of the hydrolyzed
product 1@O. For comparison, BT-20 cells were also
incubated with unmodified dye 1@O under identical
conditions. In contrast to the bright signals observed
after incubation with probe 2, dye 1@O treated cells
show only minimal staining in the rhodamine channel,
suggesting low uptake of the unmodified dye 1@O.
These images support the hypothesis that probe 2 is
taken up by cells efficiently and the internalized probe
is activated in the cytoplasm. In summary, we devel-
oped an esterase sensitive probe 2 as a potential
cell-labeling agent. By acetylating dye 1@O, the cell-
permeability and photophysical properties are im-
proved significantly. In the absence of esterase, the es-
ter bond on probe 2 is stable under physiological
conditions. Once probe 2 permeates into the cells, it
is transformed into dye 1@O by intracellular esterases.
The developed fluorescent probe 2 holds promise for
use in a wide variety of cell imaging and cellular
assays.







Figure 5. Fluorescence microscopy images of BT-20 cells incubated with 10 lM of probe 2 (top) or 1@O (bottom) for 30 min at 37 �C. (Left)


Transmitted light images of the cells. (Middle) Fluorescence images of the cells monitored with Cy5.5 filters (Filters: Ex = 670/20 nm, Em = 700LP)


representing permeated probe 2. (Right) Fluorescence image of the cells monitored with rhodamine channel (Filters: Ex = 550/30 nm, Em = 615/


45 nm) representing deacetylated dye 1@O.18
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Abstract—We have tested a computational protocol based on molecular mechanics-Poisson–Boltzmann surface area (MM–PBSA)
free-energy calculations to examine the detailed microscopic structures and binding free energies for the pyruvate dehydrogenase
multienzyme complex (PDHc) E1 binding with its ligands (cofactor and inhibitors). The calculated binding free energies are all
in good agreement with available experimental data, with an average absolute deviation of �0.7 kcal/mol, suggesting that the com-
putational protocol tested may be valuable in future rational design of new, more potent inhibitors of PDHc E1.
� 2007 Elsevier Ltd. All rights reserved.

As the initial member of the pyruvate dehydrogenase
multienzyme complex (PDHc), PDHc E1 plays a pivotal
role in cellular metabolism to convert the product of gly-
colysis (pyruvate) to acetyl-CoA.1 The later is one of the
two compounds needed for condensation to citrate and
required for tricarboxylic acid (Krebs, or citric acid)
metabolic cycle:


Pyruvateþ coAþNADþ


! acetyl-coA þ CO2 þNADHþHþ ð1Þ
PDHc E1, using thiamin diphosphate (ThDP) and Mg2+


as its cofactors, catalyzes the first step of the multistep
reaction process. In all thiamin-dependent enzymes, as
depicted in Figure 1, the catalytic reaction is initiated
by the formation of a covalent adduct between the sub-
strate and cofactor ThDP through the C2 atom of the
thiazolium ring. For this reason, blocking this site by
replacing the proton on C2 with an oxygen atom as in
thiamine thiazolone diphosphate (ThTDP), with a sul-
fur atom as in thiamine thiothiazolone diphos-
phate (ThTTDP), or with methylacetylphosphonate
(PLThDP), inactivates the enzyme.2,3 Depicted in Fig-
ure 2 are the molecular structures of these three inhibi-
tors and the cofactor.
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Nemeria and Jordan et al. reported Ki values for these
three inhibitors, that is, 0.003 lM for ThTDP,
0.064 lM for ThTTDP, and 6.69 lM for PLThDP.3,4


These data show that the binding affinities of ThTDP
and ThTTDP are three- or two-orders of magnitude
higher than that of cofactor ThDP (Kd � KM =
1.58 lM),3 whereas the binging affinity of PLThDP is
close to that of ThDP. ThTDP and ThTTDP have been
considered as ‘transition state’ analog (TSA)-type inhib-
itors of the ThDP-dependent decatboxylations. Their
structures and bond polarization are similar to those
of the 2a-hydroxylethylidene-ThDP (the enamine) inter-
mediate and the transition state involved in the chemical
reaction. PLThDP is a stable structural analog of the
covalently bound, pre-decarboxylation reaction inter-
mediate and it mimics the structure of the reactive tetra-
hedral intermediate a-LThDP in the decarboxylation
step of the PDHc E1 reaction. The X-ray crystal struc-
tures have recently been reported for Escherichia coli
PDHc E1 binding with ThDP,5 ThTDP,6 and
PLThDP.7 The reported X-ray crystal structures dem-
onstrate some important structural features of the en-
zyme-ligand binding. It has been recognized that the
hydrogen bonding in the vicinity of the cofactor-binding
site is a crucial factor affecting the relative binding affin-
ities between PDHc E1 and its ligands.


For rational design of more potent inhibitors of PDHc
E1, it is essential to establish a reliable computational
protocol capable of predicting the relative binding
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Figure 1. Schematic representation of the reaction pathway relevant to the function of PDHc E1. The initial steps involve formation of the ylide


(deprotonation at C2) and the pyruvate adduct, lactyl-ThDP (LThDP). Decarboxylation of LThDP results in the enamine carbanion intermediate,


which proceeds to form C2-acetyl-ThDP (2-AcThDP).
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Figure 2. Schematic representation of thiamin diphosphate (ThDP), thiamine thiazolone diphosphate (ThTDP), thiamine thiothiazolone


diphosphate (ThTTDP), and methylacetylphosphonate (PLThDP).


Y. Xiong et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5186–5190 5187

affinities of PDHc E1 binding with its ligands. Based on
the available X-ray crystal structures, a computational
protocol has been examined to model the detailed
microscopic structures and binding free energies for
the PDHc E1 binding with ThDP, ThTDP, ThTTDP,
and PLThDP. The calculated binding free energies are
in good agreement with available experimental data,
suggesting that the computational protocol used in this
study may be useful in future rational design of new
inhibitors of PDHc E1.


To model PDHc E1 binding with the ligands, the
crystal structures of the E. coli PDHc E1-ThDP-Mg2+


complex (1L8A),5 E. coli PDHc E1-ThTDP-Mg2+


complex (1RP7),6 and E. coli PDHc E1-PLThDP-
Mg2+ complex (2G25).7 were used to build the initial
structures of the PDHc E1 binding with ThDP, ThTDP,
and PLThDP. The initial structure of the PDHc

E1-ThTTDP-Mg2+ complex was built from the X-ray
crystal structure of PDHc E1-ThTDP-Mg2+ complex
by changing an oxygen atom in the PDHc E1-ThTDP-
Mg2+ complex to a sulfur atom. The standard proton-
ation states at physiological condition (pH � 7.4) were
set to all ionizable residues of the protein. The initial
structures were energy-minimized by using the Sander
module of Amber8 program suite.8 The non-bonded
model was used for the metal ion Mg2+ with the default
parameters in the program (e.g., the point charge was
+2). The partial atomic charges used for the non-stan-
dard residues (i.e., the ligands ThDP, ThTDP,
ThTTDP, and PLThDP) were calculated by using the
restricted electrostatic-potential (RESP) fitting protocol
implemented in the Antechamber module of the Amber8
program following electrostatic potential (ESP) calcula-
tions at ab initio HF/6-31G* level. Each aforementioned
initial structure was neutralized by adding counter ions
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and was solvated in a rectangular box of TIP3P water
molecules with a minimum solute-wall distance of
10 Å. The PDHc E1 including Mg2+ ion has a very large
negative charge of �44e, and the net charges of ligands
ThDP, ThTDP, ThTTDP, and PLThDP are �2e, �3e,
�3e, and �3e, respectively. So 46 Na+ were added to
neutralize the solvated system PDHc E1-ThDP-Mg2+


complex and 47 Na+ were added to neutralize the other
three solvated systems, that is, the PDHc E1-ThTDP-
Mg2+, PDHc E1-ThTTDP-Mg2+, and PDHc
E1-PLThDP-Mg2+ complexes. The total number of
atoms in each solvated protein structure for the energy
minimization was larger than 200,000, although the
total number of atoms of each enzyme-ligand complex
was only about 25,000.


For the energy minimization on each solvated complex,
the particle mesh Ewald (PME) method was used to
treat long-range electrostatic interactions.9 Ten ang-
strom was used as the none-bonded cutoff during the en-
ergy minimization. First of all, the protein (including
Mg2+) and ligand were frozen and the solvent water
molecules with the counter ions were allowed to move
during a 2000-step energy minimization process. Then,
only the added hydrogen atoms were energy-minimized
for 2000 steps. Finally, all the atoms were allowed to re-
lax by a 2000-step full energy minimization.


The binding free energies were calculated by using a
molecular mechanics-Poisson–Boltzmann surface area
(MM–PBSA) free-energy calculation method.10 In the
MM–PBSA method, the Gibbs free energy of the inhib-
itor binding, DGbind, is obtained from the difference be-
tween the free energies of the receptor-ligand complex
(Gcpx) and the unbound receptor (Grec) and ligand (Glig)
as following:


DGbind ¼ Gcpx � ðGrec þ GligÞ ð2Þ
The molecular structures used in the free energy calcula-
tions were obtained from the aforementioned energy-
minimized systems. The binding free energy (DGbind)
was evaluated as a sum of the changes in the MM gas-
phase binding energy (DEMM), solvation free energy
shift (DGsolv), and entropy contribution (�TDS). The
MM binding energies were calculated by using the San-
der module of Amber8 program without using the cutoff
following the energy minimization with the cutoff, as we
did in our recent MM–PBSA calculations on other
receptor-ligand binding systems.11–13


DGbind ¼ DEbind � TDS ð3Þ
DEbind ¼ DEMM þ DGsolv ð4Þ
DEMM ¼ DEele þ DEvdw ð5Þ


We note that the DEMM value calculated by using Eq.
(5) is actually the gas phase internal change in the stan-
dard thermodynamics. DHbind (gas) = DEMM when the
binding process does not change the volume under con-
stant temperature (T) and pressure (P). DEMM is ex-
pected to be very close to DHbind (gas) as the volume
change during the binding process should be negligible.
In addition, DGsolv � DEsolv under the usual standard
states (without any change on the temperature, pressure,

or concentrations). The electrostatic solvation free ener-
gies used to evaluate DGPB were calculated with the fi-
nite-difference solution to the Poisson–Boltzmann (PB)
equation as implemented in the Delphi program.14,15


The default van der Waals radii were used for all atoms,
except for Mg2+ ion. The missing van der Waals radius
for Mg2+ was set to 1.55 Å in all of our solvation calcu-
lations. The dielectric constants used in the solvation
calculations are 1 for the solute and 80 for the solvent
water. Further, the entropy contribution, �TDS, to
the binding free energy was calculated according to the
empirical method developed by Bardi etc.16


The energy minimizations were performed on a HP
Superdome, at the Center for Computational Sciences,
University of Kentucky. The other computations were
carried out on SGI Fuel workstations and a 34-proces-
sors IBM · 335 Linux cluster in our own lab.


Our modeled structures provide more detailed binding
information. The previous X-ray crystal structures of
PDHc E1 binding with ThDP, ThTDP, and PLThDP,
despite of the fact that the positions of the hydrogen
atoms were not available due to the limitation of the
X-ray diffraction approach, demonstrated some impor-
tant hydrogen bonds between PDHc E1 and the ligand
(ThDP, ThTDP, or PLThDP).5–7 Not surprisingly, our
energy-minimized microscopic binding structures of
the all-atom systems (including the coordination sphere
of Mg2+) are all consistent with the corresponding X-ray
crystal structures. In addition, the energy-minimized
structures also help us to more clearly observe all of
the hydrogen bonds between PDHc E1 and its ligand,
including some hydrogen bonds (with His640 and
Val192) that have not been mentioned in previous pub-
lications.5–7 In both the PDHc E1-ThDP and PDHc E1-
ThTDP binding complexes (Fig. 3), the protonated N
atom of His640 side chain forms a hydrogen bond with
N40 of the ligand and the carbonyl oxygen of Val192
backbone forms a hydrogen bond with N40 to H40 of
the ligand. Our energy-minimized structure of the PDHc
E1-ThTTDP binding complex is very similar to the X-
ray crystal structure of the PDHc E1-ThTDP binding
complex. The only difference is that a water molecule
formed a hydrogen bond with the carbonyl oxygen of
ThTDP in the PDHc E1-ThTDP complex. Such a
hydrogen bond is lost when the carbonyl oxygen in
ThTDP is replaced by a sulfur atom in ThTTDP.


Summarized in Table 1 are the energetic results obtained
from the MM–PBSA calculations, in comparison with
the available experimental data. As seen in Table 1,
the individual DEMM and DGsolv values calculated for
PDHc E1 binding with different ligands are quite differ-
ent. However, the sum of these two terms always gives a
DEbind value ranging from �19.68 to �24.70 kcal/mol.
So, the gas phase interaction energies are balanced with
the corresponding solvation free energy energies. Further
including the entropy contribution to the binding free en-
ergy, the calculated DGbind values are �9.0, �12.5, �9.5,
and �7.7 kcal/mol for the PDHc E1 binding with ThDP,
ThTDP, ThTTDP, and PLThDP, respectively. The
calculated binding free energies are in good agreement







Figure 3. The energy-minimized geometries of the PDHc E1 binding with ligands. The ligand and Mg2+ are represented by the balls. The sticks refer


to the key residues interacting with the ligand. The residues coordinating with Mg2+ and the residues that have common hydrogen bonds with the


P2O6
2� group or H10 atom in all of the four complexes are not shown in order to make other important interactions clear. (A) PDHc E1-ThDP


complex; (B) PDHc E1-ThTDP complex; (C) PDHc E1-ThTTDP complex; (D) PDHc E1-PLThDP complex.


Table 1. Binding free energies (kcal/mol) calculated by using the MM–


PBSA method for PDHc E1 binding with its ligands in comparison


with available experimental data


ThDP ThTDP ThTTDP PLThDP


DEMM
a �154.48 197.52 213.13 �80.06


DGsolv
a 134.8 �222.22 �235.80 59.48


DEbind
a �19.68 �24.70 �22.68 �20.59


�TDSa 10.67 12.18 13.16 12.89


DGbind
a �9.0 �12.5 �9.5 �7.7


Expt. DGbind
b �7.9 �11.6 �9.8 �7.1


Expt. KM or Ki
b (lM) 1.58 0.003 0.064 6.69


a The results determined by the MM–PBSA calculations.
b The experimental DGbind values were derived from the experimental


KM and Ki values reported in Refs. 3 and 4.
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with the corresponding experimentally-derived binding
free energies, �7.9, �11.6, �9.8, and �7.1 kcal/mol
for the PDHc E1 binding with ThDP, ThTDP, ThTTDP,
and PLThDP, respectively. Qualitatively, no matter

whether the calculated or experimental binding free ener-
gies are used, the order of the binding affinities of the li-
gands with the enzyme is always ThTDP > ThTTDP >
ThDP > PLThDP (from the highest binding affinity to
the lowest). Quantitatively, the average absolute devia-
tion of the calculated binding free energies from the
corresponding experimental values is �0.7 kcal/mol.
The good agreement between the computational results
and the experimental data suggests that the computa-
tional protocol tested in this study may be valuable in
future rational design of new, more potent inhibitors of
PDHc E1.
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