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Abstract—Four ortho hydroxy-amino derivatives have been designed based on the structures of flavonoids to explore the effect of
the ortho hydroxy-amino group on the antioxidant properties of molecules, and their bond dissociation enthalpies (BDE), ioniza-
tion potentials (IP), the highest occupied molecular orbitals (HOMO), and spin densities have been calculated. The results reveal
that the ortho hydroxy-amino group plays an important role in promoting the antioxidant properties of molecules because of its
lowering effect on BDE, IP, and spin density. The derivatives with ortho hydroxy-amino group show stronger antioxidant activity
than the derivatives with mono hydroxy or ortho dihydroxy group. Thus, the ortho hydroxy-amino group can be used as another
potential functional group to synthesize novel antioxidants as guessed.
� 2006 Elsevier Ltd. All rights reserved.

Free radicals are ubiquitous compounds in nature and
can be produced from external sources, such as exposure
to X-rays, ozone, cigarette smoking, air pollution and
industrial chemicals.1–4 It has been demonstrated that
free radicals can damage proteins, lipids, and DNA of
bio-tissues, and cause many diseases such as atherosclero-
sis, pneumoconiosis, cardiovascular disease, Alzheimer,
and cancer.5–8 Antioxidants can prevent the damage
caused by free radical for its free radicals scavenging
activity.9,10 Flavonoids, especially those with ortho
dihydroxy group, are widely noticed antioxidants.11,12


The ortho dihydroxy group has been regarded as one
of the important groups because it can improve the
antioxidant activity of flavonoids.13–16 Recently, some
ortho hydroxy-amino coumarin derivatives have been
synthesized and demonstrated to have stronger antiox-
idant activity than the ortho dihydroxy coumarin
derivatives and a-tocopherol.17 Some theoretical and
experimental results reveal that the amino group will
decrease the BDE and IP of phenol, especially ortho
amino,14,18,19 therefore the ortho hydroxy-amino group
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may be another choice for synthesizing novel antioxi-
dants because a low BDE or IP means a higher antiox-
idant activity. The flavonoids are the main antioxidants
in our food,20–23 four modes have been designed based
on their structures, including phenol, phenolic acid, fla-
vonol, and flavone, to check the effect of the ortho hy-
droxy-amino group on the antioxidant properties of
molecular compounds in comparison with the corre-
sponding compounds with the mono hydroxy and
ortho dihydroxy group by checking the BDE, IP,
HOMO, and spin density (Fig. 1).


All investigations were performed by using the Gaussian
03 program.24 The bond dissociation energy (BDE) for
O–H or N–H cleavage was calculated as the sum of total
energy of the formed radical and the hydrogen atom
minus the total energy of the species before hydrogen
atom was dissociated (Eq. 1). A combined method
labeled as ROB3LYP/6-311+G (2d,2p)//AM1/AM1
was employed in this study to provide precise BDE.14


The geometry was optimized by the AM1 method first,
and the zero-point vibrational energy (scaled by a factor
of 0.9730) was obtained by frequency calculation at the
same level. Then, the single-point energy was calculated
at the ROB3LYP/6-311+G (2d,2p) level. The molecular
total energy consisted of the single-point energy and
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Figure 1. The structures of molecules calculated.


W. Chen et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3582–3585 3583

scaled zero-point vibrational energy. IP was calculated
as the total energy of the radical species after the
electron oxidation minus the total energy of the species
before it was oxidized (Eq. 2).


ArOH!ArO�þ + H� BDE = E (ArO�) + E (H�)


�E ðArOHÞ ð1Þ


ArOH!ArOH�þ+e� IP=E (ArOH�þ)�E (ArOH)


ð2Þ


The calculated BDE of phenol is 87.12 kcal/mol, which
is close to the theoretical value of 87.10 kcal/mol14 and
the recommended value of 86.7 ± 0.7 kcal/mol by Mul-
der et al.25 The calculated BDE of catechol is
78.27 kcal/mol, which is also close to the experimental
value of 79.30 kcal/mol.26 Considering the reports that
the N–H bond is easily cleaved,27,28 the N–H BDE in
the modes also have been calculated. However, the cal-
culated results reveal that the N–H BDEs of 2-amino-
phenol, 3-amino-coumaric acid, 3 0-amino-quercetin,
and 3 0-amino-luteolin are 89.94, 91.13, 91.94, and
91.23 kcal/mol, respectively, higher than the lowest O–
H BDEs in the same molecule (Table 1), thus the O–H
BDEs play important roles in the antioxidant activity
of the calculated molecules.


As seen from Table 1, the BDEs of the mono hydroxy
derivatives, including the phenol, the caffeic acid, the
kaempferol, and the apigenin, are all above 84.0 kcal/
mol, so it is difficult for them to donate H-atom. For
the ortho dihydroxy derivatives, the BDEs of four com-
pounds are in the range of 76.00–79.00 kcal/mol, lower
than those of the corresponding mono hydroxy deriva-

tives, but close to the 77.3 kcal/mol29 of a-tocopherol.
The ortho dihydroxy group is reported to be able to
promote the H-atom-donating ability by the intramolec-
ular hydroxy bond, which can decrease the BDE of par-
ent molecule and stabilize the radical formed after H-
atom has been abstracted.13–16 For example, the BDE
of phenol is 87.12 kcal/mol, however, the BDE of cate-
chol is decreased to be 78.27 kcal/mol, the other calcu-
lated compounds also show the same way. One can
find that all the BDEs of derivatives with the ortho
hydroxy-amino group vary in a narrow range, from
74.00 kcal/mol to 75.74 kcal/mol, and not only lower
than these of the derivatives with ortho dihydroxy group
and mono hydroxy group, but also lower than that of
a-tocopherol (77.3 kcal/mol29). Thus, the ortho hydro-
xy-amino group has a large eliminating effect on the
BDE of calculated molecules.


Both IP and HOMO are used to determine the electron-
donating ability of a molecular. A low IP or a high
HOMO reflects a strong ability to donate the electrons.
Based on our calculated results, the IP’s order from low
to high corresponds to the derivatives with hydroxy-
amino group, the derivatives with ortho dihydroxy
group, and the derivatives with mono hydroxy group.
Correspondingly, the HOMO varies in the opposite
way. For example, the phenol has the highest IP and
the lowest HOMO, however, the 2-amino phenol has
the lowest IP and the highest BDE. This indicates that
the derivatives with ortho hydroxy-amino group have
higher electron-donating ability than the other deriva-
tives. The ortho hydroxy group also can improve the
electron-donating ability of the calculated compounds,
but the ability is weaker than that of the ortho hydro-
xy-amino group. There are reports that the substitution
of phenols by electron-drawing groups (e.g., –NH2) will







Table 1. The scaled zero-point vibrational energy (zpve), single-point energy (spe) and O–H BDE of calculated derivatives in gas phase at 298.15 K


Species zpve (Hartree) spe (Hartree) Total energy (Hartree) O–H BDE (kcal/mol)


Phenol 0.106963 �307.569056 �307.464981


Phenol radical 0.093084 �306.919060 �306.828489 87.12


Catechol 0.11127 �382.818979 �382.710714


Catechol radical 0.098376 �382.184060 �382.088340 78.27


2-Amino-phenol 0.123086 �362.944460 �362.824697


2-Amino-phenol radical 0.111145 �362.314497 �362.206353 75.74


Coumaric acid 0.157097 �573.633234 �573.480379


Coumaric acid radical 0.142687 �572.985451 �572.846617 85.41


Caffeic acid 0.161337 �648.882433 �648.725453


Caffeic acid radical 0.147818 �648.249666 �648.105841 76.53


3-Amino coumaric acid 0.174348 �629.010417 �628.840776


3-Amino coumaric acid radical 0.160612 �628.381161 �628.224886 74.20


Kaempferol 0.234288 �1029.293389 �1029.065427


Kaempferol radical 0.220138 �1028.647071 �1028.432877 84.65


Quercetin 0.238486 �1104.542620 �1104.310574


Quercetin radical 0.225177 �1103.910314 �1103.691217 76.37


3 0-Amino-quercetin 0.25152 �1084.670340 �1084.425611


3 0-Amino-quercetin radical 0.237942 �1084.040324 �1083.808806 74.77


Apigenin 0.229733 �954.043672 �953.820142


Apigenin radical 0.215321 �953.393682 �953.184175 86.80


Luteolin 0.233951 �1029.292820 �1029.065185


Luteolin radical 0.220519 �1028.658517 �1028.443952 77.55


3 0-Amino-luteolin 0.246946 �1009.421329 �1009.181051


3 0-Amino-luteolin radical 0.233353 �1008.792533 �1008.565481 74.00
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decrease the IPs of original molecules, and cause reac-
tion with oxygen easily,30,31 but this reaction will happen
only when the IP drops very low. Our calculated results
reveal that all IPs of derivatives with the ortho hydroxy-
amino group are above 160.00 kcal/mol, which is higher
than that of a-tocopherol (154.90 kcal/mol)32 (Table 2).


The spin density is an important parameter to character-
ize the stability of free radicals, because the energy of a
free radical can be efficiently decreased if the unpaired
electrons are highly delocalized through the conjugated
system. Table 3 lists the spin density of O-atom after
the H-atom connected being abstracted in each radical.
The delocalization effect of ortho hydroxy-amino group
is stronger than that of the ortho dihydroxy and mono
hydroxy group, because the spin density of O-atom in
the radical with hydroxy-amino group is lower than that
in the radical with ortho dihydroxy group and mono
hydroxy group.

Table 2. The IP and HOMO of calculated derivatives in gas phase at


298.15 K


Species IP (kcal/mol) HOMO (Hartree)


Phenol 192.29 �0.2337


Catechol 184.40 �0.2232


2-Amino-phenol 166.35 �0.2148


Coumaric acid 194.56 �0.2378


Caffeic acid 181.09 �0.2331


3-Amino coumaric acid 169.78 �0.2187


Kaempferol 174.23 �0.2203


Quercetin 166.53 �0.2190


3 0-Amino-quercetin 160.00 �0.2102


Apigenin 178.40 �0.2331


Luteolin 173.42 �0.22980


3 0-Amino-luteolin 167.87 �0.2196

Based on above analysis, both the hydroxy-amino group
and the ortho dihydroxy group can improve the H-atom
and electron-donating ability of the calculated mole-
cules. It has been reported that the ortho dihydroxy
group can improve the antioxidant activity of flavonoids
by forming an intramolecular hydroxy bond, which can
decrease the BDE and IP of the parent molecule, and in-
crease the stability of radical.13–16 For the ortho hydro-
xy-amino group, there also exists an intramolecular
hydroxy bond, which is weaker than that between the
ortho dihydroxy groups either in the parent molecule
or in the corresponding radical, because it has a longer
bond length and a bigger bond angle (data not show),
so the intramolecular hydroxy bond has a less effect
on antioxidant properties of derivatives with ortho hy-
droxy-amino group. However, the electronic effect of
amino group substituted on the ortho position of phenol
is higher than that of hydroxy group,14 thus the lowering
effect of the ortho hydroxy-amino group on BDE and IP

Table 3. The calculated spin density of O-atom after H-atom


connected being abstracted in each radical in the gas phase at 298.15 K


Species Spin density


Phenol radical 0.309619


Catechol radical 0.268594


2-Amino-phenol radical 0.242568


Coumaric acid radical 0.217164


Caffeic acid radical 0.205983


3-Amino coumaric acid radical 0.187862


Kaempferol radical 0.213535


Quercetin radical 0.206627


3 0-Amino-quercetin radical 0.190283


Aapigenin radical 0.222387


Luteolin radical 0.219775


3 0-Amino-luteolin radical 0.20049
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of molecule contributes to the cooperation of the intra-
molecular hydroxy bond and electronic effect. The anti-
oxidant activity has a functional dependence on the
BDE and IP, thus all derivatives with the ortho hydro-
xy-amino group have a stronger antioxidant activity
than the corresponding mono hydroxy or ortho dihy-
droxy derivatives. Based on above results, the ortho hy-
droxy-amino group can be used as another potential
functional group to synthesize novel antioxidants.
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Abstract—Electron-withdrawing substituents at position 4 of 2,5-dimethoxy-substituted amphetamines increase, whereas
electron-donating substituents decrease the psychotomimetic activity. The origin of this clearly localized effect is discussed. The uses
of modified Hammett substituent scales (r� and r+), and especially the good r+ correlation, strongly suggest that electron-donating
substituents decrease the biological activity through a specific effect relating to the extent of the conjugative electron release from the
5-methoxy group to the phenyl ring.
� 2006 Elsevier Ltd. All rights reserved.
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Hallucinogenic phenethylamines are a topic of continu-
ous study. Amphetamines are known to function as ago-
nists at the 5-HT2 (serotonin-2) receptors. Activation of
the 5-HT2A (serotonin-2A) receptors by an agonist li-
gand has been established as the key pharmacological
action of hallucinogenic drugs.1 2,5-Dimethoxyphenyl-
substituted derivatives form one of the most noteworthy
sets of amphetamines (cf. Structure 1, Scheme 1). Inves-
tigations of structure–activity relationships have demon-
strated that substituents in the para position relative to
the aminopropyl side chain exert a marked effect on
the hallucinogenic activity.2–4 The most active com-
pounds identified to date possess an alkyl, alkylthio or
halogen group at position 4. The potency increases in
the substituent sequence H < OR < SR < R < halogen.
When present at position 2, 3 or 5, the same groups tend
to result in diminished activities. However, the mecha-
nism(s) by which substitution at position 4 of the
aromatic ring affects the biological activity of ampheta-
mines is/are not satisfactorily known. The Hammett
substituent constant, r, is often included in (multipa-
rameter) treatments of biological activities as a descrip-
tor of the electronic effects of the substituents in
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question. We were interested in establishing whether
the use of modified Hammett substituent scales
(r� and r+)5a could advance our understanding of the
marked variation in psychotomimetic activity of
4-substituted amphetamines.2–4


When the substitution at one site of a biologically active
molecule is varied, the electronic framework undergoes
reorganization. This can affect the reactivity, conforma-
tion, and solubility of the molecule, the equilibrium be-
tween the different potential tautomeric forms, the acid–
base properties, the stacking tendency, etc. The better
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the substituent effects influencing the electronic state of
an organic molecule can be understood, the better the
effects of substituents on the medicinal properties of a
molecule under investigation can be predicted. System-
atic analysis of substituent effects on the biological activ-
ity of a molecule is a powerful tool with which to study
the significance of the changes induced in the electronic
state by different substituents.


Although the activity of a molecule is mainly determined
by the functional group(s) participating in the ligand–
receptor interaction in question, it is also influenced by
intramolecular interactions between the functional
groups of the molecule. Certain combinations of substit-
uents attached to the molecular framework can enhance
or diminish the reactivity, that is, the biological activity.
Mechanistic conclusions based on linear free energy
relationships have been extremely fruitful in studies of
the effects of variations in substitution. In this way,
changes in reactivity/activity caused by changes of the
substitution in one series of substituted derivatives can
be compared with the changes caused in the equilibrium
or reactivity/activity in another series by the same
changes of substitution. The most typical and the most
useful linear free energy relationship is the Hammett
equation, which correlates the rates and equilibria of
side-chain reactions of para- and meta-substituted aro-
matic compounds. In its most conventional form, the
Hammett equation is used as shown in Eq. 1, where k
is the rate coefficient for a para- or meta-substituted aro-
matic derivative, k0 is that for the unsubstituted com-
pound, r is the substituent constant for the substituent
in question, and q is the reaction constant.6


log k
log k0


¼ qr ð1Þ

Usually, the substitution at one site of the molecule is
varied and conclusions are drawn on the basis of the
magnitude of the reaction constant. A less widely
studied aspect is how substitution at other parts of the

Table 1. Calculations on 4-substituted phenyl-2,5-dimethoxy amphetamines


Correlation m1 m2


1 A = m1r + k 240 ± 42


2 A = m1r
+ + k 139 ± 10


3 A = m1r
� + k 215 ± 43


4 A = m1rF + m2rR + k 212 ± 57 279


5 A ¼ m1rF þ m2rþR þ k 222 ± 27 327


6 A = m1r
+ + m2r


� + k 116 ± 17 46


7 A = m1r
+ + m2Es + k 144 ± 15 7


8 A = m1[r + m2(r+ � r)] + k 170 ± 20 0.65


9 A = m1r
+ + m2logP + k 137 ± 13 2.4


10 A = m1r
+ + m3pKa + k 134 ± 10


11 A = m1r
+ + m2logP + m3pKa + k 114 ± 12 19


Biological activities A in mescalin units (MU).
a The psychotomimetic activities A expressed in mescaline units (MU) were


following substitutions at position 4 (X) were included (substitution, activity


133, DOC; Et, 75, DOET; I, 133, DOI; Me, 50, DOM; Pr, 80, DOPR; OE


parameter values were obtained from Ref. 5a except the Es values which w


based on the availability of the substituent parameters. logP and pKa valu


Software V8.14 for Solaris (�1994–2006 ACD/Labs) and were obtained fr
b A = (216 ± 55)r + (74 ± 10) (r = 0.7949), if X = SEt, 50, ALEPH-2 and S-i-

molecule influences the sensitivity of the reaction in
question. Use of the Hammett substituent constants
for the prediction of biological activities is a well-estab-
lished procedure and the r values reflecting the electron-
withdrawing/electron-donating (EW/ED) abilities of
substituents have often been included in different (multi-
parameter) correlations. It was earlier recognized that
the correlations obtained with the Hammett substituent
constants r were poor when the substituents in question
were able to conjugate effectively with the reaction cen-
ter. This problem was solved by devising two new sets of
r values.5a The r� scale is useful for cases in which an
EW group interacts with a negative charge. On the other
hand, the r+ scale can be used when an ED group inter-
acts with a positive charge. On conjugation with the sub-
stituent, the positive charge is delocalized. It is
somewhat surprising that publications have not ap-
peared in which these related scales were used instead
of the Hammett substituent scale in studies of the effects
of substituent on the psychotomimetic activities of
amphetamines.


The three single-parameter correlations (1–3 in Table 1)
exhibit characteristic differences. A reasonable psy-
chotomimetic activity (A) versus r correlation clearly
proves that electronic effects are of crucial importance
in the manifestation of psychotomimetic potency. As
the EW character of the 4-substituent increases so does
the biological activity (m1 > 0). Both inductive and reso-
nance effects contribute, but the latter predominates as is
seen from an inspection of the sensitivities of A to rF


and rR=rþR (cf. correlations 4 and 5 Table 1, m2 > m1).
Substitution of the r� values for the r scale does not im-
prove the correlation (3 in Table 1). Interestingly, the A
versus r+ correlation 2 gives an essentially better result
than the A versus r or r� correlations. The analogous
behavior is seen when comparing correlations 4 and 5.
The positive slope of correlation 2 implies that EW sub-
stituents at position 4 increase the biological activity.
EW substituents are able to stabilize negative charge
on the phenyl ring by withdrawing electron density from

with the use of different equations and substituent scalesa


m3 k r n


84 ± 8 0.9074 9b


117 ± 5 0.9822 9


80 ± 10 0.8825 9


± 102 72 ± 24 0.8880 8


± 33 91 ± 8 0.9755 9


± 29 111 ± 6 0.9874 9


± 17 126 ± 21 0.9787 8


± 0.16 111 ± 5 0.9884 9


± 10 111 ± 26 0.9823 9


�38 ± 24 480 ± 230 0.9875 9


± 8 �74 ± 24 772 ± 220 0.9937 9


taken from Ref. 3 originally collected by Shulgin and co-workers. The


, and the designation of the drug in question listed): Br, 150, DOB; Cl,


t, 9, MEM; OMe, 10, TMA-2; SMe, 40, PARADOT. The substituent


ere obtained from Ref. 5b. Substituent sets used for calculations are


es are calculated with Advanced Chemistry Development (ACD/Labs)


om CAS.


Pr, 32, ALEPH-4 are included (n = 11).
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the ring. ED substituents exert an opposite effect. It can
be concluded, therefore, that a negative charge experi-
enced from a direction other than from position 4 on
the phenyl ring increases the biological activity. The bet-
ter correlation with r+ as compared with r emphasizes
that resonance effects are important in this connection.
The conjugative effects of the ED substituents cause
the induction of negative charge on the phenyl ring this
charge being concentrated in the ortho and para posi-
tions relative to position 4 (Scheme 1). This conjugative
effect decreases the activity. In summary, the negative
induction caused on the phenyl ring by ED 4-substitu-
ents is unfavorable in respect of the biological activity.
The efficient inhibition by ED substituents capable of
resonance (i.e., r+ correlation) suggests that especially
the negative induction at position 5 possessing the meth-
oxy substituent (ortho to position 4) is unfavorable for
psychotomimetic activity (cf. Scheme 1, structure 2).


A potential clue to the effect of 4-substitution is the
change of the binding of the ligand at the receptor site
level. Different theoretical calculations have been per-
formed on amphetamines to elucidate the nature of
the different drug–receptor complexes. Using a homolo-
gy-based model of the 5-HT2A receptor, Chambers and
Nichols suggest that the protonated amino group
undergoes an ionic interaction with Asp155 in the
trans-membrane segment of the seven-helical bundle
that comprises the 5-HT2A receptor.1a The methoxy
substituents at positions 2 and 5 are thought to form
hydrogen bonds with Ser159 and Thr160 in trans-mem-
brane segment 3 and with Ser239 in segment 5,
respectively. A bulky, hydrophobic ligand is believed
to fill a hydrophobic void at the binding site.


Altun et al. investigated the structure–hallucinogenic
activity relationships for phenylalkylamines by using
the electron-conformational method.7 Two electronega-
tive atoms attached to the aromatic ring at positions 2
and 5 exist in all strong activity fragments and the disap-
pearance of either of these electronegative groups abol-
ishes or reduces the hallucinogenic activity. Rupp et al.
developed a pharmacophoric model for 5-HT reuptake
inhibitors.8 One characteristic of the model is that an
electronegative substituent possibly comprising the
region of the charge center is located at a distance of
920 pm from the protonated nitrogen atom. Even if
these points are important in the receptor binding, as
indicated by our results, they do not unambiguously ex-
plain the effect of 4-substitution on the experimentally
observed psychotomimetic activity. For example, the
hydrogen bond acceptor capability of the 2- and/or
5-methoxy groups cannot be assumed to increase in re-
sponse to EW substitutions at position 4. On the con-
trary, EW substituents reduce the electron density at
the methoxy groups, decreasing the probability of this
hydrogen bonding.


It has been proposed that the influence of the substituent
at position 4 is based on its orientation relative to the 5-
methoxy substituent.9 On the other hand, the concept of
the ED resonance of the methoxy group with the
adjacent phenyl ring is well established. This process

increases the planarity. Knittel and Makriyannis deter-
mined the conformation of the 5-methoxy group as a
function of the neighboring substituents (H, Me or
OMe).9a 5-Methoxy groups with two ortho substituents
acquire an out-of-plane conformation, whereas those
with only one or no ortho substituents adopt an in-plane
conformation. Only derivatives with in-plane orienta-
tions exhibit marked psychotomimetic activities. This
orientation is thought to allow easier access of the recep-
tor(s) to this region of the phenyl ring and to the lone
pairs of the 5-methoxy group. Our results support this
concept. As consequence of the contribution of reso-
nance structures 5b–d (Scheme 2), the probability of
the favorable anti-/planar orientation is increased,
resulting in an enhanced biological activity. The contri-
bution of 5b increases in parallel with the EW power of
the substituent at position 4. ED substituents exert
opposite effects. Due to the ED conjugation of the sub-
stituent at position 4 (Scheme 1, structure 2), the elec-
tron-releasing resonance of the 5-methoxy group is
prohibited or at least diminished.


By inductive electron-withdrawal or by resonance EW
substituents can stabilize the negative charge at the aryl
moiety. Via this mechanism they also increase the
psychotomimetic activity. The charge generation repre-
sented by resonance structures 5b–d is in agreement with
the results obtained by the CoMFA analysis of a series
of 4-substituted amphetamines capable to function as
MAO-A inhibitors.10 A marked positive charge favored
area is situated in the vicinity of the 5-methoxy oxygen
in the contour plots. On the contrary, there is a negative
charge favored area close to the aromatic ring in question.


The influence of steric effects is small (cf. correlations 2
and 7). The significance of logP is small, too. According
to Eq. 10 (Table 1) the inclusion of the pKa values slight-
ly improves the r+ correlation. The increase of pKa re-
flects the increase in the basicity of the NH2 group,
that is, the relative amount of the NH3


þ form, which
is considered to participate in the favorable ionic inter-
action described above, increases. The negativity of the
coefficient m3 means that decreasing basicity increases
the activity. This emphasizes the role of the non-ionic
NH2 form in the receptor binding.
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In conclusion, when correlating the psychotomimetic
activities of substituted amphetamines the r+ and/or
r� scales should be tested in addition to the r scale.
An improved understanding of the mechanism of the ef-
fect of 4-substitution was obtained when using the single
parameter r+ correlation (instead of r) or a dual-substi-
tuent parameter correlation with rF and rþR (instead of
rF and rR).
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Abstract—Glycidyl esters upon treatment with a mixture of carboxylic acid anhydride (CAA) and trimethylsilyl halide (TMSX) in
the presence of tetra-n-butylammonium halide (Bu4NX, X = Cl, Br or I) undergo stereospecific and regioselective opening of the
oxirane ring to afford mixed-(or mono)-acid 1,2(2,3)-diacyl-3(1)-halo-sn-glycerols in high yields.
� 2006 Elsevier Ltd. All rights reserved.

Importance of stereochemically pure glycerolipids as
components of biological membranes and physiological
effectors1–4 constitutes a strong justification for
using these compounds and their conjugates in
carbohydrate research,5,6 physiology,7,8 membranology,9


enzymology,10–12 and in rational drug design.13–16


Valuable synthetic precursors for the preparation of
mono-, di-, and triglycerides, and their analogues with
defined stereochemistry are 1,2(2,3)-diacyl-3(1)-halo-sn-
glycerols bearing two acyl moieties in a three-carbon
skeleton. Unfortunately, classical strategies to this class
of compounds that involve lengthy multistep functional-
ization of glycerol starting materials1,2,15,17 are usually
low yielding and require painstaking chromatographic
separations of the isomeric compounds or by-products
at each synthetic stage.


Oxirane derivatives, while finding numerous applica-
tions as versatile synthons in organic synthesis,18,19 have
not been exploited to any significant extent for accessing
such diester C3-building blocks. This is probably due to
the fact that direct cleavage of terminal epoxides having
even a rigid allylic substituent (e.g., alkyl, aryl or ether-
derived moieties) with acyl chlorides (e.g., alone,20 in the
presence of CrO2Cl2,21,22 CoCl2,23 Bu2SnCl2/Ph3P,24 or

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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hexaalkylguanidinium chloride25) or parent haloacylat-
ing agents (e.g., TiCl4/EtOAc/imidazole26) is often limit-
ed by competing rearrangements or incompatibility with
oxidation-/Lewis acid-sensitive substrates,17 and affords
only low reactive O-acylated vicinal chlorohydrins. An
alternative two-step protocol, comprising a SnX2-assist-
ed fission of the oxirane ring with trimethylsilyl halide
(TMSX) followed by acylation of the produced halohy-
drin,27 suffers from erratic yields and extensive acyl
migration.


Finally, acyl bromides alone28 or as in a most recent var-
iant of this method, in which a bromoacylating species
was generated in situ from either LiBr-carboxylic acid
anhydrides4 or LiBr-oleic anhydride-benzyltributylam-
monium bromide,29 has been advocated as method of
choice for haloacylation of glycidyl esters without acyl
migration. The approach, however, seems to be restrict-
ed to the synthesis of the bromo derivatives, and the
reaction conditions do not prevent complete formation
of isomeric products.29


Recently, as part of our program on new synthetic
strategies for glycerolipids,30–32 we developed a
three-component system: Bu4NBr-TMSBr-carboxylic
acid anhydrides (CAA), that efficiently eliminated a
perennial problem of diglyceride chemistry, namely, an
acyl migration, by a direct replacement of an O-silyl
moiety by an acyl group without exposure of a free
hydroxyl function.33
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Herein, we report that the same type of a reagent sys-
tem, that is, CAA-TMSX-Bu4NX (X = Cl, Br or I),
when applied to oxirane derivatives, effects a regiospec-
ific haloacylating ring cleavage of glycidyl esters to pro-
duce under mild conditions configurationally
homogeneous mixed-acid (or mono-acid) 2-O-acylated
vicinal chloro-, bromo-, or iodohydrins of glycerol in
high isolated yields.


To assess efficacy of this new protocol for a direct con-
version of glycidyl esters into the corresponding vicinal
haloesters (Scheme 1), the reaction of representative
glycidyl oleates 1 and 2 was investigated by varying
the experimental conditions (solvents, ratio of reactants,
etc.).


The best results were obtained when a solution of test
substrate 1 or 2 and Bu4NX (2.0 equiv) in chloroform
was treated in a tightly stoppered pressure flask at
80 �C with a mixture of a carboxylic acid anhydride
(3.0 equiv) and TMSX (1.3 equiv) for 30 min to 5 h. This
produced quantitatively and in a highly chemo- and reg-
ioselective manner (>99%, 1H and 13C NMR spectrosco-
py) the expected acylated halohydrin derivatives 3–7,
which were isolated in 90–94% yields after flash column
silica gel chromatography.34 No by-products due to pos-
sible acyl migration or attack of a carboxylate on the
terminal halo-center, as well as side reactions involving
the native olefinic part of oleic acid residue, could be
detected by TLC and 1H/13C NMR spectral analysis.
In all instances, rate of the process was not appreciably
affected by structural or electronic features of the glyc-
idyl derivatives (e.g., acetyl, oleoyl or benzoyl; results
not shown), but it was sensitive to the nature of halogen
in the quaternary ammonium salts, increasing abruptly
from chloride to iodide. The reaction seemed to be rath-
er general as other glycidol conjugates (e.g., linoleoyl,
stearoyl, hexadecyl, or isopropyl; data not shown) also
underwent practically quantitative conversion to the
corresponding 2-O-acylated vicinal halohydrins.


Since treatment of the carboxylic acid anhydrides at
room temperature with TMSX (1.0 equiv) alone, or in
the presence of 2.0–4.0 equiv of Bu4NX (e.g., X = Br,
or I), led to almost instantaneous production of equimo-
lar amounts of the corresponding acyl halides (AcX)
and trimethylsilyl esters (AcTMS),33 mechanistic

OCOR1


OCOR2


X


3 - 7


i) Bu4NX / ('RCO)2O / TMSX, CHCl3, 80 oC / 30 min - 5 h


OCOR1


O


1, 2
Isolated yields: 90 - 94%


3 = 3-halo-sn,  R1 = C17H33, R2 = CH3,   X = Cl
4 = 3-halo-sn,  R1 = C17H33, R2 = C15H31, X = I
5 = 1-halo-sn,  R1 = C17H33, R2 = C15H31, X = Cl
6 = 1-halo-sn,  R1 = C17H33, R2 = C17H33, X = Br
7 = 1-halo-sn,  R1 = C17H33, R2 = CH3,    X = I


1 = S-(+), R1 = C17H33


2 = R-(-), R1 = C17H33


i


Scheme 1.

contribution of these species to the haloacylating fission
of the oxirane ring was examined next.


Model experiments (in CHCl3/80 �C/1–6 h/pressure
tube) supported by 1H and 13C NMR spectroscopy
showed that acetyl bromide (1.5 equiv) by itself or in
combination with acetic anhydride (6.0 equiv), in the
presence or absence of trimethylsilyl acetate (3.0 equiv),
effected cleavage of glycidyl oleate 1 with a predominant
migration of the oleoyl moiety yielding 1-acetyl-2-oleo-
yl-3-bromoglycerol and 1-oleoyl-2-acetyl-3-bromoglyc-
erol in an approximate ratio of 85:15. The use of
acetic anhydride (6.0 equiv) along with TMSBr
(1.5 equiv) gave analogous results, while replacement
of TMSBr by Bu4NBr (4.0 equiv) resulted in a mixture
consisting of unreacted epoxide 1 (�50%), the target 1-
oleoyl-2-acetyl-3-bromoglycerol (�30%), and 1-oleoyl-
2,3-bis(acetylated) glycerol (�20%).


By contrast, haloacetylation of 1 with acetyl bromide
(1.3 equiv) in the presence of Bu4NBr (2.0 equiv) affor-
ded the expected 1-oleoyl-2-acetyl-3-bromoglycerol
regioselectively, but this also produced certain amounts
of 2-oleoyl-1,3-bromoglycerol (�5%). As expected, qua-
ternary ammonium salts (Q+X�) catalyzed a halide ion
exchange with AcX as evidenced by formation of both
1-oleoyl-2-acetyl-3-iodoglycerol and 1-oleoyl-2-acetyl-
3-chloroglycerol in a ratio of 1:2, respectively, upon
treatment of 1 with AcCl (1.3 equiv) in the presence of
Bu4NI (4.0 equiv).


The above observations are consistent with a mechanism
which involves a nucleophilic attack of a halide ion on
the oxirane system, which is activated by AcX as
depicted in Scheme 2.


As an acyl halide, generated in situ from CAA and
TMSX, is expected to be a strong electrophile catalyst
that can coordinate to the epoxide oxygen forming an
intermediate of type A, these two steps, electrophilic
catalysis and the nucleophilic opening of the epoxide
system, are likely to be synchronous. This rationalizes
the fact that acylated halohydrins 3–7 are formed with-
out an adjacent acyl group migration, and since no C–O
bond breaking takes place at the chiral center of the
glycidol, the transformation should be stereospecific
and occur with retention of configuration. In the ab-
sence of carboxylic anhydrides and trimethylsilyl ha-

R1OCO
O X OCOR1
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lides, the oxirane systems studied were completely inert
toward Bu4NX (X = Cl, Br, or I) or AcTMS.


The formation in the investigated reactions of halohy-
drin derivatives 3–7 with defined stereochemistry and
the lack of acyl migration (or generation of by-products
with a carboxylate substituted halo-fragments within the
glycerol unit) are in agreement with the above
mechanism.


In conclusion, we have developed an efficient synthetic
strategy for a direct haloacylating cleavage of glycidol
esters to produce 2-O-acylated vicinal halohydrins using
CAA-TMSX-Bu4NX (X = Cl, Br or I) reagent system.
The main features of this new protocol are: (i) highly
regioselective and stereospecific generation under mild
conditions of 1,2(2,3)-diacyl-3(1)-halo-sn-glycerols as
structurally defined three-carbon units with pre-de-
signed asymmetry; (ii) the reactions are clean and allow
chloro-, bromo-, or iodo-hydrin derivatives to be syn-
thesized by means of the same procedure in high yields;
(iii) the method seems to be general, makes use of com-
mercially available reactants, and can easily be scaled
up.
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1-Oleoyl-2-acetyl-3-chloro-sn-glycerol 3. Obtained from
1 (0.338 g, 1.00 mmol), Bu4NCl (0.556 g, 2.00 mmol),
acetic anhydride (0.284 mL, 3.00 mmol), and TMSCl
(0.164 mL, 1.30 mmol) for 3 h. Yield: 0.375 g (90%,
colorless oil); Rf = 0.62 (pentane–toluene–EtOAc,
40:50:10, v/v/v); ½a�20


D = +1.34 (c 6.37, CHCl3); Anal.
Calcd for C23H41ClO4 (417.02): C, 66.24; H, 9.91; Cl,
8.50%. Found: C, 66.33; H, 9.89; Cl, 8.55%.
1-Oleoyl-2-palmitoyl-3-iodo-sn-glycerol 4. Obtained from
1 (0.338 g, 1.00 mmol), Bu4NI (0.739 g, 2.00 mmol),
palmitic anhydride (1.48 g, 3.00 mmol), and TMSI
(0.177 mL, 1.30 mmol) for 1 h. Yield: 0.655 g (93%,
colorless oil); Rf = 0.80 (pentane–toluene–EtOAc,
40:50:10, v/v/v); ½a�20


D = +3.58 (c 11.40, CHCl3); Anal.
Calcd for C37H69IO4 (704.85): C, 63.05; H, 9.87; I,
18.00%. Found: C, 63.01; H, 9.83; I, 18.07%.
1-Chloro-2-palmitoyl-3-oleoyl-sn-glycerol 5. Obtained
from 2 (0.338 g, 1.00 mmol), Bu4NCl (0.556 g,
2.00 mmol), palmitic anhydride (1.48 g, 3.00 mmol), and
TMSCl (0.164 mL, 1.30 mmol) for 5 h. Yield: 0.552 g
(90%, colorless oil); Rf = 0.69 (pentane–toluene–EtOAc,


40:50:10, v/v/v); ½a�20
D = �2.10 (c 9.31, CHCl3); Anal.
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Calcd for C37H69ClO4 (613.39): C, 72.45; H, 11.34; Cl,
5.78%. Found: C, 72.47; H, 11.32; Cl, 5.82%.
1-Bromo-2,3-dioleoyl-sn-glycerol 6. Obtained from 2
(0.338 g, 1.00 mmol), Bu4NBr (0.645 g, 2.00 mmol),
oleic anhydride (1.64 g, 3.00 mmol), and TMSBr
(0.169 mL, 1.30 mmol) for 1.5 h. Yield: 0.643 g (94%,
colorless oil); Rf = 0.69 (pentane–toluene–EtOAc,
40:50:10, v/v/v); ½a�20


D = �2.84 (c 9.98, CHCl3); lit.[2]
1,2-dioleoyl-3-bromo-sn-glycerol: ½a�20


D = +2.9 (c 10,
CHCl3); Anal. Calcd for C39H71BrO4 (683.88) requires

C, 68.49; H, 10.46; Br, 11.68%. Found: C, 68.50; H,
10.40; Br, 11.40%.
1-Iodo-2-acetyl-3-oleoyl-sn-glycerol 7. Obtained from 2
(0.338 g, 1.00 mmol), Bu4NI (0.739 g, 2.00 mmol), ace-
tic anhydride (0.284 mL, 3.00 mmol), and TMSI
(0.177 mL, 1.30 mmol) for 30 min. Yield: 0.478 g
(94%, colorless oil); Rf = 0.66 (pentane–toluene–EtOAc,


40:50:10, v/v/v); ½a�20
D = �3.91 (c 6.03, CHCl3); Anal.


Calcd for C23H41IO4 (508.47): C, 54.33; H, 8.13; I,
24.96%. Found: C, 54.44; H, 8.10; I, 25.00%.
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Abstract—A new series of antimicrobial oxazolidinones bearing unsaturated heterocyclic C-rings is described. Dihydrothiopyran
derivatives were prepared from the saturated tetrahydrothiopyran sulfoxides via a Pummerer-rearrangement/elimination sequence.
Two new synthetic approaches to the dihydrothiazine ring system were explored, the first involving a novel trifluoroacetylative-det-
rifluoroacetylative Pummerer-type reaction sequence and the second involving direct dehydrogenation of tetrahydrothiopyran S,S-
dioxide intermediates. Final analogs such as 4 and 13 represent oxidized congeners of recent pre-clinical and clinical oxazolidinones.
� 2006 Elsevier Ltd. All rights reserved.

N


Y


O


O
X


S
O


O


N


Y


O


O
X


S
O


a, b

The oxazolidinones, exemplified by linezolid, comprise a
promising new class of antibacterial protein synthesis
inhibitors with activity against methicillin-resistant
Staphylococcus aureus (MRSA) and Staphylococcus
epidermidis (MRSE).1 The clinical and commercial
success of linezolid has inspired the search for second-
generation oxazolidinones with improved antibacterial
potency and/or spectrum. Oxazolidinone analogs 1 and
2 exemplify this new generation of oxazolidinones and
have been the subject of pre-clinical and clinical studies.2


These new oxazolidinones substitute sulfur-containing
heterocycles for the morpholine ring of linezolid and,
in the case of 2, introduce an additional fluorine atom
in the B-ring.
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Structure–activity studies of these new C-ring types


included the examination of oxidized congeners (i.e.,
analogs bearing dihydrothiopyran or dihydrothiazine
ring systems). We considered that these unsaturated
C-ring structures might confer improved activity against
fastidious Gram-negative bacteria as is often observed
for fully unsaturated (i.e., aromatic and heteroaromatic)
C-ring oxazolidinone analogs.3 Here, we describe the
synthesis and antibacterial activity of oxidized conge-
ners of 1 and 2, including a systematic exploration of
B-ring and C-5 SAR. We also report new synthetic
methods to access the dihydrothiazine ring system.


We prepared dihydrothiopyran and dihydrothiazine
ring systems from the saturated precursors using Pum-
merer-type reaction sequence (Schemes 1 and 2).4 The
synthesis of dihydrothiopyran analogs 4a–c began from

NHAcNHAc3a-c 4a-c


a X, Y = H;  b X = F; Y = H;  c X, Y = F


Scheme 1. Reagents and conditions: (a) (CF3CO)2O, N-methylmor-


pholine, CH2Cl2, rt, 20 h; (b) AcOOH, THF, rt (60–80% overall).
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Scheme 2. Reagents and conditions: (a) (CF3CO)2O, N-methylmorpholine, CH2Cl2, rt; (b) mCPBA, CH2Cl2; (c) K2CO3, MeOH, CH3CN, reflux


(30–45% for three steps); (d) DDQ, dioxane, reflux, 22 h (35%); (e) 2.5 equiv LiOt-Bu, 1.3 equiv (S)-ClCH2CH(OH)CH2NHBoc, DMF (71%).
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the sulfoxide analogs 3a–c, which were prepared as
described elsewhere.5 Reaction of 3a–c with trifluoro-
acetic anhydride in the presence of N-methylmorpholine
produced the dihydrothiopyran ring system in a single
step. This conversion presumably proceeds via initial
Pummerer rearrangement followed by elimination of
trifluoroacetic acid from the a-trifluoroacetoxy sulfide
intermediate.6 Oxidation with peracetic acid in THF
then provided sulfone analogs 4a–c. When thiomorpho-
line sulfoxide analogs 5a–b5 were subjected to similar
reaction conditions, the unexpected trifluoroacetyl-
substituted compounds 6a–b were obtained (Scheme 2).
In this case, the initially formed dihydrothiazine interme-
diate reacts with excess trifluoroacetic anhydride in the
reaction mixture, thus generating 6a–b. The trifluoroace-
tyl group in 6a–b could be removed under surprisingly
mild conditions (K2CO3 in refluxing MeOH–MeCN). A
final oxidation step then provided the desired dihydrothi-
azine S,S-dioxide intermediates 7a–b. For the bis-fluoro
B-ring series (i.e., 7c) an alternative protocol was em-
ployed. Thiomorpholine intermediate 85 was oxidized
with DDQ in refluxing dioxane to afford the dihydrothi-
azine 9 directly in modest yield along with recovered 8.
This protocol was only effective with bis-fluorinated inter-
mediates such as 8. The desired bis-fluoro oxazolidinone
intermediate 7c was prepared from 9 using established
procedures.7


The synthesis of analogs of various C-5 side-chain type
was accomplished as shown in Scheme 3, starting from
compounds 4a–c or 7a–c. The C-5 acetamide in 4a–c
was cleaved via acid hydrolysis and the resulting amines
10a–c acylated with anhydride or ester reagents. This
two-step protocol provided dihydrothiopyran analogs
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Scheme 3. Reagents and conditions: (a) for 4a–c: HCl, MeOH, 75 �C, 20 h;


(b) (RC@O)2O, Py, CH2Cl2 (80% overall); (c) CHF2C(O)OEt or Ph2CHCH

12a–k bearing dichloroacetamide, difluoroacetamide,
or difluorothioacetamide8 functionality at C-5.


The synthesis of dihydrothiazine analogs 13a–k pro-
ceeded similarly, starting from Boc-protected amino-
methyl oxazolidinones 7a–c. Removal of the Boc
group in 7a–c was accomplished with TMSOTf in
2,6-lutidine,9 after we discovered that the dihydrothi-
azine ring in 7a–c was sensitive to typical acidic Boc
cleavage conditions. The resulting amines 11a–c were
then converted to dihydrothiazine analogs 13a–k as de-
scribed above for 12a–k (Scheme 3).


The new oxazolidinone analogs were tested against a
panel of Gram-positive and fastidious Gram-negative
bacteria. Minimum inhibitory concentration (MIC, in
lg/mL) values were determined using standard broth
microdilution methods.10 The activities of dihydrothio-
pyran analogs are summarized in Table 1 and those for
the dihydrothiazine analogs are presented in Table 2.
MIC data for the progenitor analogs 1 and 2 are provided
for comparison.


The in vitro activity of dihydrothiopyran analogs was
similar to that of the parent tetrahydrothiopyran analog
1. The acetamides 4a–c had similar Gram-positive activity
as 1 but were generally less active against the Gram-
negative pathogen Haemophilus influenzae. Surprisingly,
the degree of B-ring fluorination had little impact on
overall potency, although a mono-fluoro B-ring does
appear optimal for activity against H. influenzae and
Moraxella catarrhalis. Among the C-5 side chains exam-
ined, the dichloroacetamide variant (e.g., 12a, 12e, and
12i) consistently produced the best Gram-negative activity,
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2CH2OC(S)CHF2, Et3N, MeOH (40–80% overall).







Table 1. Minimum inhibitory concentrations (MICs, lg/mL) for dihydrothiopyran analogs 4a–c and 12a–k against Gram-positive and fastidious


Gram-negative bacteriaa


Compound X Y R Q S. a. MIC S. p. MIC E. f. MIC H. i. MIC M. c. MIC


— Linezolid 4 1 4 16 8


1 PNU-141659 2–4 0.5 2 4–8 2–4


4a H H CH3 O 4–8 1–2 4 8–16 8


12a H H CHCl2 O 2–4 0.5 2 4 4


12b H H CHCF2 O 4–8 1 4 8–16 4–8


12c H H CHCF2 S 2–4 0.5–1 2 8–16 4


4b H F CH3 O 4 1 2 8 2


12e H F CHCl2 O 2–4 0.5 2 4 2–4


12f H F CHCF2 O 2–4 1 2 4–8 4–8


12g H F CHCF2 S 2 0.5 1 8–16 2–4


4c F F CH3 O 4 1 2 8–16 8


12i F F CHCl2 O 2 0.5–1 2 8 4


12j F F CHCF2 O 2 1 2 8–16 8


12k F F CHCF2 S 1–2 0.5 2 16 4


a Strains: S. a. Staphylococcus aureus UC12673, UC9213, ATCC29213, and UC9271; S. p. Streptococcus pneumoniae ATCC6305 and 31573; E. f.


Enterococcus faecium UC12712, vancomycin-resistant; H. i. Haemophilus influenzae 30063 and ATCC31517; M. c. Moraxella catarrhalis 30607 and


30603.


Table 2. Minimum inhibitory concentrations (MICs, lg/mL) for dihydrothiazine analogs 13a–k against Gram-positive and fastidious Gram-negative


bacteriaa


Compound X Y R Q S. a. MIC S. p. MIC E. f. MIC H. i. MIC M. c. MIC


— Linezolid 4 1 4 16 8


2 PNU-288034 2 1 2 4–8 4


13a H H CHCl2 O 4 0.5–1 2 2–4 2–4


13b H H CHCF2 O 4–8 1 2 8–16 4–8


13c H H CHCF2 S 2 0.5 1 4–8 4–8


13d H F CH3 O 4 0.5 2 4 2–4


13e H F CHCl2 O 2–4 0.5 1–2 2–4 2–4


13f H F CHCF2 O 4 0.5–1 2 4 4


13g H F CHCF2 S 1–2 0.5 1 4 4–8


13h F F CH3 O 2–4 0.5–1 1–2 8 4–8


13i F F CHCl2 O 4 0.5–1 1 4–8 4


13j F F CHCF2 O 4 0.5–1 1 4–8 4


13k F F CHCF2 S 1–2 0.25 0.25 4–8 2–4


a Strains: see Table 1.
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while retaining good activity against the rest of the panel.
The novel C-5 difluorothioacetamide analogs 12c, 12g,
and 12k exhibited excellent activity against the Gram-posi-
tive strains, although H. influenzae activity suffered
somewhat.


Dihydrothiazine analogs 13a–k displayed antibacterial
activity comparable or slightly better than the thiomorph-
oline progenitor 2 (Table 2). In comparison to dihydrothi-
opyrans 12a–k, the dihydrothiazine analogs 13a–k were
somewhat more potent in general, and in particular
against H. influenzae strains. The mono-fluoro B-ring
type was optimal with respect to both activity and
spectrum. As in the dihydrothiopyran series, the dichloro-
acetamide side chain provided the best Gram-negative
activity (13a, 13e, and 13i), while the difluorothioaceta-
mide C-5 moiety conferred excellent Gram-positive
activity. For example, the difluorothioacetamide analog
13k was 4- to 8-fold more potent than the saturated
thiomorpholine analog 2 against Streptococcus pneumo-
niae and Enterococcus faecium strains. In total,
five dihydrothiazine analogs displayed improved
Gram-negative activity as compared to the thiomorpho-
line oxazolidinone PNU-288034 (2).

In summary, novel oxazolidinones featuring dihydrothi-
opyran and dihydrothiazine heterocyclic C-rings were
prepared and evaluated for antimicrobial activity.
En route to the dihydrothiazine derivatives, two new
synthetic approaches to this unusual heterocyclic ring
system were explored. These novel unsaturated C-ring
analogs exhibit in vitro antibacterial activity similar
and in some cases superior to that of fully saturated pro-
genitors 1 and 2, and of linezolid. More notable
improvements in potency and spectrum can be realized
through the introduction of various halogenated amide
and thioamide C-5 side-chain moieties.
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Abstract—A simple and efficient synthesis of 2-amino pyrido[2,3-d]pyrimidine derivatives was accomplished via a three-component
reaction under microwave irradiation without catalyst. This method had many dramatic advantages such as the short reaction time,
high yield, and broad substrate scope, as well as convenient operation. We provide new series of potential biologically active
compounds as inhibitors of Cdk4.
� 2006 Elsevier Ltd. All rights reserved.

Since the isolation and characterization of wing pig-
ments of European butterflies at the end of the nine-
teenth century, the pterins have distinguished
themselves as heterocycles of profound chemical and
biological significance.1 The discovery that the pyrazi-
no[2,3-d]pyrimidine core of the pterin pigments was
shared by the vitamin folic acid (I)2 caused a dramatic
increase in interest in this heterocycle in an effort to
understand its role in the prevention of disease.3 Struc-
turally related folate antagonists4 have been shown to
possess a diverse range of biological properties and they
elicit highly species-specific responses as antitumor,5


antibacterial,6 anti-inflammatory,7 and antifungal
agents.8 For the preparation of these complex molecules
large efforts have been directed toward the synthetic
manipulation of uracil derivatives. As a result, a number
of reports have appeared in the literature9 which usually
require long reaction times and complex synthetic path-
ways. Thus, new routes for the synthesis of these mole-
cules have attracted considerable attention in search for
a rapid entry to these heterocycles.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Inhibition of the cell cycle kinase, cyclin-dependent ki-
nase-4 (Cdk4), is expected to provide an effective meth-
od for the treatment of proliferative diseases such as
cancer.10 The pyrido[2,3-d]pyrimidin-7-one template
has been identified previously as a privileged structure
for the inhibition of ATP-dependent kinases, and good
potency against Cdks has been reported for representa-
tive examples.11–13 Obtaining selectivity for individual
Cdk enzymes, particularly Cdk4, has been challenging.
A lot of extensive investigations of the structure–activity
relationships for pyrido[2,3-d]pyrimidin-7-one inhibition
of Cdk4 were initiated. Currently, Vander Wel et al.10


found that remarkable levels of selectivity for Cdk4 ver-
sus other kinases have been achieved by appropriate
substitution at C-5 and C-6 positions of II. Therefore,
to obtain the new potential inhibitors of Cdk4, further
modifications at C-5 and C-6 positions of the scaffold
of pyrido[2,3-d]pyrimidin-7-one should be of great
significance.
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reactions (MCRs) has been recognized and their utility
in preparing libraries to screen for functional molecules
is well appreciated.14–16 Microwave irradiation of organ-
ic reactions has rapidly gained in popularity as it accel-
erates a variety of synthetic transformations.17 The
microwave-enhanced procedures without the use of cat-
alyst are particularly eco-friendly and the protocol has
the advantages of short reaction time and high yield.18


In our continued interest19 in the development of highly
expedient methods for the synthesis of biologically ac-
tive compound libraries, we report in this paper a highly
efficient method for the synthesis of a series of pyri-
do[2,3-d]pyrimidine derivatives under microwave irradi-
ation without catalyst.


When the reaction of aldehyde 1, 2,6-diaminopyrimidin-
4-one 2, and malononitrile 3 was performed in the pres-
ence of glycol under microwave irradiation, 2,7-diami-
no-4-oxo-5-aryl-3,4-dihydropyrido[2,3-d]pyrimidine-6-
carbonitrile derivatives 4 were obtained in excellent
yields (Scheme 1).20 The results are summarized in
Table 1.


Under identical conditions, we performed the reactions
of aldehyde 1, 2,6-diaminopyrimidin-4-one 2, and ethyl
cyanoacetate 5 (Scheme 2).21 As expected, a series of
pyrido[2,3-d]pyrimidine-7-ones 6 were obtained in high
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Table 1. Synthesis of 4 under microwave irradiation


Entry R Time


(min)


Products Yield


(%)


Mp


(�C)


1 C6H5 8 4a 92 >300


2 4-CH3OC6H4 8 4b 93 >300


3 4-NO2C6H4 6 4c 95 >300


4 4-ClC6H4 8 4d 96 >300


5 4-FC6H4 8 4e 99 >300


6 3,4-OCH2OC6H3 7 4f 88 >300


7 CH3CH2 8 4g 74 >300


8 2-C4H3S 7 4h 94 >300

yields. Furthermore, when ethyl cyanoacetate 5 was re-
placed by 2-cyanoacetamide 7 (Scheme 3)21 another ser-
ies of pyrido[2,3-d]pyrimidine-7-ones 8 were obtained
and the dehydrogenation of 6 was realized. The results
are summarized in Table 2.


In order to make the compound libraries more diverse,
1, 2, and Meldrum’s acid 9 were used as starting materi-
al under microwave irradiation, which gave the desired
products 10 in good yields (Scheme 4).22 The results
are summarized in Table 3.


As shown in Table 1, we can see that a series of alde-
hydes bearing either electron-withdrawing or electron-
donating groups perform equally well in the reaction.
Additionally, aliphatic and heterocyclic aldehydes deliv-
er the corresponding pyrido[2,3-d]pyrimidine derivatives
in good yields. In order to search for the optimized con-
dition for its reaction, we tested various temperatures.
We found the reaction performed at 120 �C furnished
the best result. For comparison, we performed the reac-
tion for synthesizing 4a, 6c, 8a, and 10f under both
MWI (120 �C) and classical heating mode (120 �C). As

Table 2. Synthesis of 6 and 8 under microwave irradiation


Entry R Time


(min)


Products Yield


(%)


Mp


(�C)


1 4-FC6H4 8 6a 88 >300


2 4-ClC6H4 8 6b 92 >300


3 4-BrC6H4 6 6c 94 >300


4 CH3CH2 8 6d 73 >300


5 4-FC6H4 8 8a 88 >300


6 4-ClC6H4 7 8b 93 >300


7 4-BrC6H4 8 8c 94 >300


8 4-CH3OC6H4 7 8d 85 >300
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Table 3. Synthesis of 10 under microwave irradiation


Entry R Time


(min)


Products Yield


(%)


Mp


(�C)


1 C6H5 8 10a 93 >300


2 3-CH3O-4–OH–C6H3 8 10b 89 >300


3 4-NO2C6H4 7 10c 92 >300


4 3,4-Cl2C6H3 8 10d 92 >300


5 4-FC6H4 8 10e 93 >300


6 3,4-OCH2OC6H3 9 10f 89 >300


7 CH3CH2CH2CH2 10 10g 78 >300


8 2-C4H3S 10 10h 88 >300
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a result, we found that the reactions were efficiently pro-
moted by MWI and the reaction times were strikingly
shortened and the yields were increased. The reaction
time of 4a was shortened to 8 min from 3 h and the yield
was remarkably increased to 92% from 72%. The reac-
tion time of 6c was shortened to 6 min from 5 h and
the yield was remarkably increased to 94% from 70%.
The reaction time of 8a was shortened to 8 min from
4.5 h and the yield was remarkably increased to 88%
from 72%. The reaction time of 10f was shortened to
9 min from 3 h and the yield was remarkably increased
to 89% from 73%. The mechanism is similar to that
reported earlier.23


In Summary, we have demonstrated a rapid and direct
method that offers a simple and efficient route for the
synthesis of highly functionalized pyrido[2,3-d]pyrimi-
dines of potential biological importance in excellent
yields. Particularly valuable features of this method
included the short reaction time, high yield, and broad
substrate scope, as well as convenient operation. Most
importantly, the series of pyrido[2,3-d]pyrimidine deriv-
atives may be interesting new lead compounds for bio-
logical activity evaluation. Great efforts are underway
to clarify their bioactivity and the results will be report-
ed in due course.
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Abstract—Stereoselective reduction of dehydroalanine double bond in nocathiacin I afforded the primary amide 2. Enzymatic
hydrolysis of the amide 2 provided the carboxylic acid 3, which upon coupling with a variety of amines furnished amides 4–32. Some
of these semi-synthetic derivatives have retained very good antibacterial activity and have improved aqueous solubility.
� 2006 Elsevier Ltd. All rights reserved.

N


N


S


S


N


S


N


NHO


O
NH


O


NH


O
S


N


S
N


NH


O


O


O N
OH


O


OH


O
O


HO


H
N


O
NH2


O


O


O


Antimicrobial resistance to current therapies is increasing
at an overwhelming rate.1 Infections caused by drug-
resistant Gram-positive bacteria such as methicillin-resis-
tant Staphylococcus aureus (MRSA), methicillin-resistant
Enterococcus faecium (MREF), vancomycin-resistant
Enterococci (VRE), and penicillin-resistant Streptococcus
pneumoniae (PRSP), once confined to hospitals, are
spreading among the healthy people in larger communi-
ties. Consequently, there is an unmet medical need to
develop new agents that combat these infections, includ-
ing those caused by resistant bacteria. Preferably, to
overcome the rapid cross-resistance development, these
new agents either work by different mechanism or belong
to a new class of compounds.


In an effort to develop a new antibacterial drug that
would be effective against Gram-positive bacterial infec-
tions, we screened our natural product collections using
multiply antibiotic-resistant strain of Enterococcus
faecium whole cell-based assay. This screen resulted in
the discovery of new class of thiazolyl peptide natural
products known as nocathiacins. Nocathiacin I, a cyclic
thiazolyl peptide antibiotic, was isolated from the
fermentation broth of Nocardia sp. and fungus Amico-
laptosis sp.2 It displays a potent antibacterial activity
against a variety of Gram-positive bacteria, including
a number of multiple drug-resistant strains such as
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MRSA, MREF, VRE, and PRSP.2,3a It works by dis-
rupting the bacterial protein biosynthesis by interacting
directly with the L11 protein and 23S rRNA region of
the ribosome.3 In addition, nocathiacin I has desirable
bactericidal activity against S. aureus and shows in vivo
efficacy in a mouse systemic S. aureus infection model
(Fig. 1).


Although nocathiacin I has an excellent spectrum of
antibacterial activity, its inadequate aqueous solubility

1


N
HO


Figure 1. Nocathiacin I.
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presents formidable challenge for its development as
an intravenous (iv) drug. Therefore, we have under-
taken an investigation to modify nocathiacin I to im-
prove its aqueous solubility while maintaining its
intrinsic biological activity. One of our approaches is
to introduce polar water-solubilizing groups into the
molecule through chemical transformation. In a series
of publications, we have disclosed synthesis and anti-
bacterial activity of several nocathiacin I analogues
by derivatization at the indole and/or pyridine hydrox-
yl groups, and Michael addition of amines and thiols
to the dehydroalanine side chain.4 Most of these
semi-synthetic nocathiacins have improved aqueous
solubility and retained excellent in vitro and in vivo
antibacterial activities of 1. However, several hydrox-
yl-derived analogues suffered from poor stability,
whereas Michael adducts are generated as a mixture
of diastereomers thus increasing the cost of develop-
ment for these adducts.


Consequently, we embarked upon developing an
alternative route which could provide stable and
diastereomerically pure analogues. To this end, we
envisioned that stereoselective reduction of dehydro-
alanine double bond in 1 would provide the (S)-ala-
nine amide 2 which could be hydrolyzed to
carboxylic acid 3. Then, coupling of 3 with amines
would produce desired diastereomerically pure
amides. Herein, we report the results of synthesis
and antibacterial activities of stable and diastereomer-
ically pure nocathiacin I analogues.


Semi-synthetic nocathiacin derivatives 4–32 were
synthesized in three steps as shown in Scheme 1. We
surveyed several catalysts for the asymmetric hydroge-
nation of dehydroalanine double bond to afford 2 and
found that the rhodium-based homogeneous catalyst
(R,R)-(�)-1,2-bis[(o-methoxypheny)(phenyl) phosphi-
no]ethane(1,5-cyclooctadiene)rhodium(I) tetrafluorobo-
rate ([Rh(COD)(R,R-DIPAMP)]+ BF4


�) consistently
provided the primary amide 2 in >95% de and in
quantitative yield.5 We are gratified that the hydrolysis
of the amide 2 to the carboxylic acid 3 took place
uneventfully with an orange peel enzyme in aqueous
solution.6 This conversion was highly stereospecific
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Scheme 1. Reagents and conditions: (a) catalytic [Rh(COD)(R,R-


DIPAMP)]+ BF4
�, H2 (60 psi), Pd/C; (b) orange peel enzyme/water/


34 �C; (c) R1R2NH, EDC, PyBOP or DPPA, DMF.

and provided a single (S)-isomer. 1-[3-(Dimethylami-
no)propyl]-3-ethylcarbodiimide hydrochloride (EDC),
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP) or diphenylphosphoryl
azide (DPPA)-mediated coupling of the carboxylic
acid 3 with a variety of amines furnished amides 4–
32 in good yields.7


The semi-synthetic nocathiacin I derivatives having
diverse neutral, basic, and acidic polar functional
groups were evaluated for their in vitro and in vivo
antibacterial activity and results are summarized in
Table 1. The semi-synthetic nocathiacins 4–11 having
neutral polar groups such as hydroxyl, ether, and
phosphonate have retained potent in vitro antibacte-
rial activity of 1. Furthermore, the in vivo potency
of these compounds is comparable with that of
the parent 1. Interestingly, the amides derived from
amines containing two or more hydroxyl groups
have suffered from reduced in vitro and in vivo
antibacterial activity. In particular, derivatives 15
and 16 derived from aminoalkyl-sugars are 100- to
1000-fold less potent than the parent against all
strains tested.


Although analogues 18 and 19 with amino polar
groups have reduced activity compared with 1, still
they possess good potency. As expected phosphate
prodrug 20 has substantially reduced in vitro activity
but maintained the in vivo potency of the parent 4.
However, introduction of non-cleavable acidic
groups, derivatives 21–23, had detrimental effect on
the activity. Compound 24 derived from 4-hydroxy-
benzylamine has retained in vitro potency of the
parent but has slightly reduced in vivo efficacy. Ana-
logue 25 derived from 3,4-dihydroxybenzylamine has
very good in vitro activity but has lost the in vivo
potency compared with 1. However, compound 26
derived from 3,5-dihydroxybenzylamine has signifi-
cantly reduced activity. In addition, compounds de-
rived from phenethylamines displayed similar trend.
Analogue 27 derived from 4-hydroxy phenethylamine
is as potent as 1, whereas derivatives 28 and 29
have only moderate activity. Moreover, these deriva-
tives have suffered from reduced in vivo potency
too. 4-Aminoethylpyridine derivative 30 has moder-
ate in vitro and in vivo activity, whereas analogues
31 and 32 with acidic groups have considerably re-
duced activity.


In summary, the desired diastereomerically pure semi-
synthetic analogues containing polar functional groups
were synthesized in three steps from the nocathiacin I
by asymmetric hydrogenation, enzymatic hydrolysis,
and amide bond formation. Several of these synthetic
nocathiacins have very good antibacterial activity and
improved water solubility. Analogues derived from
amines containing single neutral polar groups have
maintained very good potency, whereas those derived
from amines containing two or more neutral polar
groups or acidic functional groups have substantially
reduced activity.







Table 1. In vitro and in vivo antibacterial activity of nocathiacin I analogues


Compound NR1R2 MICa (lg/mL) PD50
b


(mg/kg)


Solubilityc


mg/mL (pH)
S. aureus A15090


(MSSA)d


S. pneumo A28272


(PRSP)


E. faecalis A20688


(MSEF)d


1 — 0.007 0.002 0.03 0.8 0.34 (4.0)


2 NH2 0.25 0.06 2 1.65 0.7 (3.1)


4 HN
OH 0.03 0.001 0.5 1.44 1.3 (3.1)


5 N
OHMe 0.06 0.003 0.03 1.65 2.3 (3.1)


6 HN OH 0.06 0.007 0.03 1.25 2.7 (2.8)


7 HN
O


OH 0.03 0.015 0.25 1 >2.9 (3.1)


8 HN
O


OMe
3


0.06 0.003 0.5 ND ND


9 N
OH


0.03 0.015 0.25 2.18 2.2 (3.1)


10 N OH 0.007 0.003 0.06 4.35 1.1 (3.2)


11 N P
OMe


OMe


O
0.015 0.015 0.03 ND >3.0 (3.3)


12 N
OHHO 0.25 0.25 0.5 >10 >1.2 (3.4)


13
HN OH


OH
0.25 0.03 0.25 5 >2.2 (3.1)


14
O


HN


HO


OH


OH


OH
1 0.06 0.5 >10 >2.2 (3.1)


15


HN O O


HO OH
OH


OH


4 1 8 ND >2.0 (2.8)


16
HN


O O


HO OH
OH


OH
6


4 1 8 ND >3.7 (2.9)


17 Me
N


OH


OH OH


OHOH


0.125 0.015 0.5 ND >2.4 (3.2)


18 HN
NMe2


0.125 0.125 0.25 ND >2.4 (3.5)


19 HN N 0.25 0.25 0.5 ND >2.6 (3.3)


20 HN
O


P
ONa


O
ONa 8 0.5 16 1.65 >4.8 (7.4)


21 HN PO(OH)ONa 8 0.25 32 ND >1.7 (8.1)


22 HN
SO3H 0.25 0.03 0.25 >10 >2.1 (8.4)


23
HN


CO2H
CO2H


16 0.25 16 ND ND


(continued on next page)
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Table 1 (continued)


Compound NR1R2 MICa (lg/mL) PD50
b


(mg/kg)


Solubilityc


mg/mL (pH)
S. aureus A15090


(MSSA)d


S. pneumo A28272


(PRSP)


E. faecalis A20688


(MSEF)d


24
HN


OH
0.007 0.007 0.03 4.35 0.48 (3.1)


25
HN


OH


OH


0.03 0.007 0.06 >10 0.02 (2.9)


26
HN


OH


OH


1 0.25 2 ND <0.0003 (3.8)


27
HN


OH


0.003 0.0005 0.007 >10 0.12 (3.2)


28
HN OH


OH


0.25 0.125 0.5 >10 0.007 (3.0)


29


HN OH


OH


0.25 0.06 0.5 >10 0.02 (3.0)


30
N


HN
0.125 0.015 0.06 3.3 >3.4 (3.0)


31
HN


PO3H2
1 0.25 2 >10 >2.6 (7.4)


32


HN


SO3H
0.5 0.125 1 >10 >1.2 (8.7)


ND means not determined.
a MICs (minimum inhibitory concentration): lowest concentration of drug that inhibits visible growth of the organism.8


b PD50 determined by mouse systemic lethal S. aureus infection model.9


c Equilibrium water solubility was determined with amorphous powders.
d MSSA, methicillin-sensitive S. aureus; MSEF, methicillin-sensitive E. faecalis.
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Abstract—N-(Phenethyl)piperazinyl quinolone derivatives that bear a methoxyimino-substituent have been synthesized and evalu-
ated for antimicrobial activity against Gram-positive and Gram-negative microorganisms. In addition, to define structure–activity
relationships, ciprofloxacin derivatives containing 2-oxo-2-phenylethyl or 2-hydroxyimino-2-phenylethyl moieties at N-4 position of
piperazine ring were prepared and tested. Ciprofloxacin derivatives, containing a N-(chloro-substituted phenethyl) residue, showed
in vitro Gram-positive and Gram-negative activity generally comparable or superior to that of reference quinolones.
� 2006 Elsevier Ltd. All rights reserved.

Quinolones are synthetic antibacterial compounds based
on a 4-quinolone skeleton. Fluoroquinolones have been
clinically successful and are used to treat bacterial
infections in both community and hospital settings.
Quinolones target bacterial type II topoisomerases, gen-
erally DNA gyrase in Gram-negative bacteria and DNA
topoisomerase IV in Gram-positive bacteria.1–3 Most of
the quinolones currently on the market or under
development have only moderate activity against many
Gram-positive cocci, including Staphylococci and
Streptococci.4,5 This insufficient activity has not only
limited their use in infections caused by these organisms,
such as respiratory tract infections, but has also been
believed to be one of the reasons for the rapidly develop-
ing quinolone resistance. Therefore, recent efforts have
been directed toward the synthesis of new quinolone
antibacterials that can provide improved Gram-positive
antibacterial activity, while retaining good Gram-nega-
tive activity.4,5
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The synthesis and evaluation of over 10,000 quinolone
derivatives resulted in thorough knowledge of the
structure–activity relationship for many quinolone sub-
stituents.6 The most intensive structural variation has
been carried out on amines at the 7-position, partially
due to the ease of their introduction through a nucleo-
philic aromatic-substitution reaction on the correspond-
ing halide.7,8 Piperazine, aminopyrrolidine, and their
substituted derivatives have been the most successfully
employed side chains, as evidenced by the compounds
currently on the market.7,8 Originally, the newer fluoro-
quinolones arose with the development of 7-piperazinyl
quinolones, such as norfloxacin 1, ciprofloxacin 2, and
enoxacin 3 (Fig. 1), which combined structural features
of flumequine (C-6 fluorine atom) and pipemidic acid
(C-7 piperazine side chain).8–12


According to the inhibition mechanisms of the
quinolones, proposed by Shen et al.,13–15 the site near
the C-7 substituent is regarded as drug–enzyme interac-
tion domain. In addition, Klopman et al. also concluded
that the cell permeability is dominantly controlled by
C-7 substituent.16 The piperazine moiety of 7-piperazi-
nyl quinolones possesses enough structural flexibility
to allow product optimization. In addition, the C-7 sub-
stituent affects the interaction with the target, and both



mailto:aforoumadi@yahoo.com





X N


O


R1


COOH


R7


F


R5


1, Norfloxacin; R1= ethyl, R5= H, R7= piperazin-1-yl, X= CH
2, Ciprofloxacin; R1= cyclopropyl, R5= H, R7= piperazin-1-yl, X= CH
3, Enoxacin; R1= ethyl, R5= H, R7= piperazin-1-yl, X= N


Figure 1. Common pharmacophore of fluoroquinolones and structure


of three piperazinyl quinolones.
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the activity spectrum and kinetic profile can be
controlled at C-7.17,18


Recently, as part of an ongoing program to find potent
and broad-spectrum antibacterial agents that display
strong Gram-positive activity, we have focused our
attention on modification of the C-7 basic group of
the quinolone.19–21 Therefore, our strategy to achieve
a better antimicrobial profile has focused on introduc-
ing new functionality on the piperazine ring. From our
research in C-7 piperazine modifications of the
quinolones,19–21 we were able to identify a series of
N-substituted piperazinyl quinolones in which the
N-4 hydrogen of piperazinyl group of norfloxacin 1,
ciprofloxacin 2, and enoxacin 3 is replaced with various
2-oxoethyl or 2-oxyiminoethyl moieties and displays
in vitro microbiological activity against Gram-positive
organisms comparable or higher than respective parent
quinolones. However, the improved activity against
Gram-positive bacteria was generally at the expense
of activity against Gram-negative bacteria (specially
against Pseudomonas aeruginosa). Moreover, when we
exchanged oxime with a bulky O-benzyloxime group,
the synthesized compounds did not maintain activity
against both Gram-positive and negative bacteria.19–21


Since our goal was the discovery of new quinolone
antibacterial agents with both strong Gram-positive
and Gram-negative bacteria, we designed novel
N-substituted piperazinyl quinolones 5a–l (Fig. 2) and
related compounds 5m–r that possessed a methoxyimi-
noethyl substituent in the piperazine ring. These

X N


O


R


COOH


NN


F
NOCH3


5a-l


R1
R2


4, Gemif


N
N


F


H2N


H3CO


R1


X= CH or N
R= cyclopropyl or ethyl


R1& R2= H, Cl, F


Figure 2.

modifications were made on the basis of gemifloxacine
4, a well-known quinolone antibacterial agent possess-
ing methoxyimino group attached to the pyrrolidine
ring at C-7 position (Fig. 2).22


The N-[2-aryl-2-methoxyiminoethyl]piperazinyl quino-
lone analogues 5a–n were prepared by the synthetic
route diagrammed in Scheme 1. We have previously
reported our synthesis of the versatile a-halooxime inter-
mediates, which allowed us to vary the aromatic ring
and the center oxime for our structure–activity relation-
ship studies.19–21 In this case, a-chloroketone 6 was con-
verted to a-chloro-O-methyloxime intermediate 7 by
stirring with excess of methoxyamine hydrochloride in
methanol at room temperature. Reaction of piperazinyl
quinolones (1, 2 or 3) with a-chloro-O-methyloxime 7 in
DMF, in the presence of NaHCO3 at room temperature,
afforded N-[2-aryl-2-methoxyiminoethyl]piperazinyl
quinolone analogues 5a–n as a mixture of (E)- and
(Z)-isomers.


Preliminarily, compounds 5a–l (Table 1) were evaluated
for their antibacterial activity against Gram-positive
(Staphylococcus aureus ATCC 6538p, Staphylococcus
epidermidis ATCC 12228, and Bacillus subtilis ATCC
6633) and Gram-negative (Escherichia coli ATCC 8739,
Klebsiella pneumoniae ATCC 10031, and P. aeruginosa
ATCC 9027) bacteria using a conventional agar-dilution
method.23 The MIC (minimum inhibitory concentration)
values were determined and compared to norfloxacin 1,
ciprofloxacin 2, and enoxacin 3 as reference drugs.


Table 1 reveals that compound 5j followed by 5d–g are
superior in inhibiting the growth of Staphylococci
(MIC = 0.39–6.25 lg/mL), while the remaining com-
pounds are statistically equivalent in antibacterial
activity against these microorganisms with moderate
activity (MIC = 12.5–25 lg/mL). Most tested com-
pounds had respectable in vitro activity against B. sub-
tilis, but were less active than the reference drugs.
Generally, most compounds showed moderate to good
activity against Gram-negative bacteria, with the
exception for P. aeruginosa. Compound 5j was the

loxacin
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7
6a: R1=R2= H
6b: R1=F, R2=H
6c: R1=F, R2=F
6d: R1=H, R2=Cl
6e: R1=Cl, R2=H
6f: R1=Cl, R2=Cl


a


b


Scheme 1. Synthesis of the compounds 5a–n. Reagents and conditions: (a) O-methylhydroxylamine hydrochloride, MeOH, rt; (b) DMF, NaHCO3,


rt.


Table 1. Structures and in vitro antibacterial activities of compounds 5a–l against selected strains (MICs in lg/mL)


X N


O


R


COOH


NN


F
NOCH3


R1
R2


Compound X R R1 R2 S. aureus S. epidermidis B. subtilis E. coli K. pneumoniae P. aeruginosa


5a CH Cyclopropyl H H 12.5 12.5 6.25 6.25 3.13 100


5b CH Ethyl H H 25 25 6.25 12.5 12.5 >100


5c N Ethyl H H 25 25 12.5 12.5 12.5 >100


5d CH Cyclopropyl F H 6.25 6.25 6.25 3.13 3.13 50


5e CH Ethyl F H 6.25 1.56 3.13 3.13 0.78 100


5f N Ethyl F H 12.5 6.25 6.25 6.25 1.56 100


5g CH Cyclopropyl F F 6.25 6.25 0.78 1.56 0.78 12.5


5h CH Ethyl F F 12.5 12.5 1.56 25 12.5 >100


5i N Ethyl F F 25 25 1.56 50 25 >100


5j CH Cyclopropyl Cl Cl 0.39 0.39 0.025 0.025 0.012 1.56


5k CH Ethyl Cl Cl 12.5 12.5 1.56 12.5 6.25 >100


5l N Ethyl Cl Cl 25 25 3.13 12.5 6.25 50


1 Norfloxacin 0.78 0.78 0.049 0.049 0.049 3.13


2 Ciprofloxacin 0.39 0.39 0.025 0.025 0.025 0.78


3 Enoxacin 1.56 0.78 0.098 0.098 0.098 6.25
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most potent against P. aeruginosa, with MIC value of
1.56 lg/mL. Its activity was found to be comparable
to reference drugs.


Indeed, all compounds (Table 1) are less active than
reference drugs with the exception of 5j. Compound 5j
with a cyclopropyl substituent at N-1, a CH at the posi-
tion-8 and a 2,4-dichlorophenyl group (R1 = R2 = Cl)
exhibited the most potent inhibitory activity against both
Gram-positive and Gram-negative bacteria. The MIC
values of this compound were relatively equivalent to that
of reference drug ciprofloxacin and were lower than other
standard quinolones (norfloxacin and enoxacin).


We have briefly investigated the SAR of the methoxy-
imino-functionalized piperazinyl quinolones and the
basic molecule has been modified at the N-1 position,
with different groups added to the side-chain phenyl
ring, and position 8. These modifications result in
changes in the potency and antibacterial activity profile

of the quinolones and indicate that only introduction of
2-(2,4-dichlorophenyl)-2-methoxyiminoethyl residue at
the N-4 position of piperazine ring in ciprofloxacin
molecule is well tolerated in terms of activity against
both Gram-positive and Gram-negative bacteria.


As can be deduced from these data, the impact of the
2,4-dichloro- on the phenethyl side chain is highly
dependent on the type of substituents at N-1 and
position-8. In view of the results obtained with 2-(2,4-
dichlorophenyl)-2-methoxyiminoethyl residue at the
N-4 position of piperazine ring in ciprofloxacin molecule
(compound 5j), we proceeded to survey the impact of
methoxyimino-moiety and chloro-substituent at 2- and
4-positions of phenethyl moiety. For this purpose we
prepared several new N-phenethyl ciprofloxacin
derivatives 5m–r according to our previously described
method,19–21 and evaluated their antibacterial activity
(Table 2). In addition, this series of compounds were
tested in vitro against two clinically isolated strains of







Table 2. Structures and in vitro antibacterial activities of compounds 5j and 5m–r against selected strains (MICs in lg/mL)


N


O
COOH


NN


F
Y


R1
R2


Compound Y R1 R2 S. aureus MRSAa I MRSA II S. epidermidis B. subtilis E. coli K. pneumoniae P. aeruginosa


5j NOCH3 Cl Cl 0.39 0.39 0.39 0.39 0.025 0.025 0.013 1.56


5m NOCH3 H Cl 0.39 0.39 0.39 0.195 0.049 0.025 0.013 6.25


5n NOCH3 Cl H 0.78 0.39 0.39 0.39 1.56 1.56 0.78 >100


5o O H Cl 0.39 0.39 0.39 0.195 0.049 0.098 0.025 6.25


5p O Cl H 0.39 0.39 0.39 0.195 0.049 0.025 0.013 1.56


5q NOH H Cl 0.39 0.39 0.39 0.195 0.78 0.78 0.025 25


5r NOH Cl H 0.39 0.195 0.098 0.195 0.78 0.78 0.049 100


1 0.78 0.78 0.78 0.78 0.049 0.049 0.049 3.13


2 0.39 0.39 0.39 0.39 0.025 0.025 0.025 0.78


a MRSA, methicillin-resistant S. aureus.
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methicillin-resistant S. aureus (MRSAs I and II). To
determine the effect of adding 2,4-dichloro-substitu-
tions, we prepared both the ortho- and para-chloro
derivatives 5m and 5n. When compared to 5j, both com-
pounds had similar in vitro activities against Staphylo-
cocci, but the susceptibility against Gram-negative
bacteria was reduced in 4-chloro-derivative 5n. More-
over, the susceptibility against P. aeruginosa was lost
in 5n and maintained in 5m. Finally, for investigating
the importance of methoxyimino-moiety in ciprofloxa-
cin series, we compared compounds 5m and 5n with
oxime containing compounds 5q and 5r, and also with
ketones 5o and 5p. All these compounds had potent
activities against Staphylococci. 4-Chloro-oxime ana-
logue 5r was the most potent compound against
MRSAs, while its activity against P. aeruginosa was lost
similar to 4-chloro-O-methyloxime derivative 5n. Most
of the new N-phenethyl ciprofloxacin derivatives (5j
and 5m–r) containing a chloro-substituent on phenyl
ring showed potent antibacterial activity and modifica-
tion of the ketone, oxime, and O-methyloxime on chlo-
rophenethyl side chain produced only relatively minor
changes in activity. Thus, in the N-phenethyl ciproflox-
acin series, antibacterial activity can be positively
modulated through the introduction of chlorine atom
and the functionality on the ethyl spacer in combination
with the chloro-substitution pattern is important for
activity against P. aeruginosa.


The physicochemical properties of quinolones (e.g., rel-
ative hydrophobicity, charge or molecular mass) are
important for penetration into bacterial cell and have
a different role in Gram-negative and Gram-positive
bacteria. Increasing molecular mass and bulkiness of
substituent at C-7 position hinder penetration of quino-
lones into Gram-negative organisms through the porin
channels.24–26 Therefore, the size and lipophilicity of
the substitution on the phenethyl moiety were consid-
ered to be key factors in determining antibacterial activ-
ity. Halogens, like chlorine or fluorine, are very useful to
modulate the electronic effects on phenyl rings of drugs.

Moreover, these atoms may also influence the steric
characteristics and the hydrophilic–hydrophobic bal-
ance of the molecules. On the other hand, carbonyl
related functional groups (ketone, oxime, and O-meth-
yloxime) have different steric, electronic, and lipophilic
characteristics. Thus, these structural modifications of
the N-phenethylpiperazinyl quinolones were expected
to allow modulation of the physical properties of the
corresponding quinolones, while retaining the strong
biological activity of the piperazinyl quinolones (espe-
cially ciprofloxacin).


In conclusion, we have designed and synthesized novel
quinolone agents bearing a methoxyiminoethyl substitu-
ent or related residues in the 4-position of the piperazine
ring. It was found that chloro-substituted phenethyl
group attached to piperazine ring served as promising
C-7 substituents for piperazinyl quinolone antibacteri-
als. Among these compounds, ciprofloxacin derivatives
5j and 5p provided in vitro Gram-positive and Gram-
negative activity generally comparable or superior to
that of reference quinolones.
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Cell permeation of a Trypanosoma brucei aldolase inhibitor:
Evaluation of different enzyme-labile phosphate protecting groups
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Abstract—A series of four prodrugs directed against Trypanosoma brucei aldolase bearing various transient enzyme-labile phosphate
protecting groups was developed. Herein, we describe the synthesis and evaluation of cell permeation of these prodrugs. The
oxymethyl derivative was the most efficient prodrug with a good recovering of the free drug (IC50 = 20 lM) and without any
measurable cytotoxicity.
� 2006 Elsevier Ltd. All rights reserved.
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Trypanosomiases, parasitic diseases, are endemic in
many countries of Africa and South America.1 Besides
the animal form, two human forms of the disease
occur: Trypanosoma cruzi in South America and
Trypanosoma brucei in Africa. These parasites have
developed resistance to chemotherapy and there is
an urgent need for the development of new drugs.2,3


It was found that the bloodstream form of the African
trypanosome is exclusively dependent on glycolysis for
energy production and therefore this metabolic path-
way represents a good target for the development of
new inhibitors.4–6


In this field, our group has developed a mechanism-based
inhibitor of fructose-1,6-bisphosphate aldolase.7–9


Incubation of the glycolytic enzyme in the presence of
various dihydroxybenzaldehyde phosphate derivatives
resulted in a slow-binding inhibition of the aldolase.8,10


Interestingly, we observed that 2-hydroxybenzaldehyde-5-
phosphate inhibited the aldolase from T. brucei more
efficiently than the aldolase from mammalian origin.
The selectivity toward T. brucei was also observed for
an hydroxynaphthaldehyde phosphate inhibitor synthe-
tized in our group.11 Unfortunately, the benzaldehyde
derivative, bearing a phosphate group which is negatively
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charged at physiological pHElsevier Ltd, did not readily
undergo passive diffusion across cellular membranes.
Accordingly, the inhibitor presented no activity on para-
sitic cultures.


This kind of problem has been widely studied during the
last twenty years, and various approaches were devel-
oped in order to enhance cell permeation of these poten-
tial drugs.12–17 Our interest focused on the use of
enzyme-labile transient phosphate protecting groups,
which mask the negative charges of the phosphate by
esterification, giving triester derivatives with increased
lipophilicity.18–20 This modification is known to facili-
tate the passive diffusion of the prodrug through the cell
membrane, followed by the delivery of the active form
of the drug by taking advantage of intracellular enzymes
such as the widely present esterases, phosphodiesterases
or reductases (Fig. 1).

1 2


Figure 1. Protection of the phosphate group allows for passive


diffusion through the cell membrane (arrow 1), before deprotection


by suitable cytosolic enzymes (arrow 2).
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Herein, we report the synthesis of selected enzyme-labile
phosphate protecting groups and their evaluation for
their ability to liberate the active drug in the presence
of suitable enzymes or parasite cell extracts. Studies on
parasite cultures are also reported. The different protect-
ing groups under study are indicated in Figure 2.


Prodrugs 1 and 2, bearing a bis(acyloxymethyl) protect-
ing group,21,22 are sensitive to esterases which are
present in the targeted parasite. Prodrug 3, which incor-
porates the S-acyl 2-thioethyl protecting group, is sensi-
tive to the same kind of enzyme, but releases an
episulfide instead of formol as a by-product.23 Finally,
prodrug 4 incorporates the S-[(2-hydroxyethyl)sulf-
idyl]-2-thioethyl group as a reductase-labile phosphate
protection.24–28


Two different synthetic pathways have been developed
to obtain compounds 1–4. Prodrugs 1, 2, and 4 were
synthesized by the reaction sequence described in
Scheme 1. Selective protection of 2,5-dihydroxybenzal-
dehyde (2,5-DHBA) on position 2 was achieved by using
pivaloyl chloride in the presence of sodium hydride.29


Subsequent phosphorylation on position 5 by using
triethylphosphite in the presence of iodine gave
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Figure 2. Structure of the compounds with four different phosphate


protecting groups, studied herein.
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Scheme 1. Synthesis of the potential prodrugs 1, 2, and 4. Reagents and co
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Scheme 2. Synthesis of compound 9. Reagents and conditions: (a) Ac2O, DIP


reflux, 12 h.

compound 5 in a good yield.30 Phosphate deprotection
with trimethylsilylbromide was followed by hydrolysis
of the pivaloic ester, thus affording compound 6 in quan-
titative yield. The silver salt of derivative 6 was prepared
by using silver nitrate. Then the phosphate derivative
was allowed to react with compounds 9–11 (Scheme 2)
to afford compounds 1, 2, and 4 in reasonable yields.


Whereas the synthesis of compound 10 was described
elsewhere,23,31–33 an original synthesis has been devel-
oped for compound 9, as shown in Scheme 2.


The first step is the mono-acetylation of dithioethanol
using acetic anhydride to afford derivative 7, which
was subsequently tosylated, leading to the new ester 8.
Nucleophilic substitution of the tosylate group by iodine
afforded precursor 9, which was used directly for the
next step (Scheme 1).


Scheme 3 describes the synthesis of the S-acyl 2-thioethyl
derivative 3.
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Scheme 3. Synthesis of compound 3. Reagents and conditions: (a)


NaH, Et2O, 3 h, 0 �C then Piv-Cl, 3 h, 78%; (b) PCl3, 1-H tetrazole,


pyridine, 3 h, then 12, pyridine, 12 h, then H2O, 30 min, 0 �C, 52%; (c)


2,5-DHBA, CCl4, DIPEA, DMAP, acetonitrile, 15 min, 0 �C, then 13,


10 min, 0 �C, 55%.







Table 2. IC50 (lM) determined in the presence of different parasitic


systems with compounds 1–435


Compound


6c 1 2 3 4


T.ba >50 20 >50 16 >50


T.ca >50 >50 >50 15 >50


L.ia >50 >50 >50 25 >50


P.fa >50 >50 >50 12 >50


Cytotoxicityb >50 >50 >50 6 >50


a Abbreviation: T.b: Trypanosoma brucei; T.c: Trypanosoma cruzi; L.i:


Leishmania infantilis; and P.f: Plasmodium falciparum.
b The cytotoxicity is determined on MRC-5 cells.
c Control.
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The first step is the selective esterification of mercap-
toethanol using pivaloyl chloride and sodium hydride
to afford compound 12.24 Reaction of phosphorus tritet-
razolide (formed in situ) with the thioester 12 afforded
the H-phosphonate derivative 13. The last step was the
condensation of derivative 13 with 2,5-dihydroxybenzal-
dehyde through a Todt reaction to obtain the expected
prodrug 3, in good yield.34


The stability of the prodrugs 1–4 was assessed in 50 mM
TEA–HCl buffer, 5% DMSO at pH 7.0 and 37 �C. The
degradation of these compounds (monitored by UV–vis
spectroscopy, data not shown) is ascribed to the forma-
tion of the mono-protected form of the free drug.23 The
half-lives for hydrolysis of compounds 1–4 were exam-
ined. Compound 2 is the most sensitive prodrug, with
an half-life of 28 h. The second oxymethyl type prodrug
1 is slightly more stable, with an half-life of 32 h. Even
though it is a sensitive protecting group, it is enough
to be used to deliver the drug into cell.


The thioester derivative 3 appears to be much more sta-
ble, with an half-time of 49 h. Finally, compound 4 is the
most stable and only the hydrolysis of the ester group is
observed (half-time of 45 h) without formation of the
free drug.


The drug release efficiency of compounds 1–3 sensitive
to esterases (and then also to phosphodiesterases, see be-
low) was subsequently tested and monitored by HPLC.
Relative peak integrations permitted the estimation of
fully and mono-protected compounds present in the
mixture, the half-lives are summarized in Table 1. As
it is not possible to normalize these data, these experi-
ments give us an insight about the relative efficiency of
the prodrug for the release of the free drug. Compounds
1–3 were tested with a mixture of commercially available
pig liver esterase and crotale venom phosphodiesterase
II. Compounds 1 and 2 gave the same pattern, with an
accumulation of the mono-protected drug, before the
concentration of free drug increased. These profiles are
consistent with the proposed mechanism where a first
deprotection step catalyzed by an esterase is followed
by a second deprotection by phosphodiesterase or
esterase.16 Compound 2 releases the free drug at a higher
rate, probably because the cleavage site for esterase is
distant from the first created charge, allowing a second
attack by esterase. Compound 3 presents a slightly
different profile. No accumulation of the mono-
protected compound was observed, suggesting that the

Table 1. Half-life time of the release of the mono-protected drug (diester) an


phosphodiesterase (mixed enzymes) or in the presence of Trypanosoma bruc


Compound: 1


Mixed enzymes Diester 35 min


Free drug 8 h 10 min


Cell extract Diester 8 h 20 min


Free drug >25 h


a [1–4] = 500 lM, in 50 mM TEA–HCl, pH 7, at 37 �C; PLE: 80 UI; crotale v
b nd, not determined.

phosphodiester intermediate is a very good substrate
for a phosphodiesterase.


Different behaviors occurred in the presence of the
T. brucei cell extract. Table 1 summarizes these results.
Compounds 1 and 2 released the active form of the drug,
while compound 3 was not fully enzymatically degraded
(data not shown). Indeed, we observed that the depro-
tection reaction stopped after around 20% of mono-
deprotected compound formation. This suggests that
the by-product (episulfide) may act as an inhibitor of
the esterase of the parasite. Since compound 4 was un-
able to release the free drug in the in vitro assay, it is
concluded that it was not a proper substrate of the
reductases found in the T. brucei cell extract.


Finally, the prodrugs were tested in vitro, against differ-
ent parasitic systems (Table 2). Compound 2 did not
present any activity. This could stem from the nature
of the protection: poor stability in the serum used for
the assay on the one hand, and high aromaticity, leading
to a stacking effect in the membrane on the other hand.
Compound 1 was active only against T. brucei and
showed no cytotoxicity. This means that this system is
able to release the drug into the cell and that the formol
(the by-product of the deprotection reaction) is not toxic
for the human cell for tested concentrations. This result
is consistent with the fact that in this study only
T. brucei grows in a free-macrophage medium. With
the other parasites, the prodrug has to diffuse across
two cellular membranes (at the level of the macrophage
and of the parasite) to be efficient. The second step is not
made possible by the activity of the enzymes of the mac-
rophage. Compound 3 was active against both T. brucei
and the other systems studied, and was cytotoxic at the

d of the free drug in the presence of a mixture of standard esterase and


ei (cell extract)a


2 3 4


10 min 4 h 40 min ndb


1 h 30 min 5 h ndb


2 h 30 min >25 h Stable


20 h >25 h Stable


enom phosphodiesterase II: 0.5 UI; T. brucei cells: 0.2 · 1019 per assay.
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concentration used. This system of drug delivery is then
useful only if the drug is active at lower concentration
(typically at the nanomolar range).12 Finally, compound
4 presented no effect; the disulfide bridge was probably
not reduced in the cells, due to the strong specificity of
the intracellular reductase, as expected from previous
experiments.


In this paper, we report the first study concerning the
cell permeation of an inhibitor directed against the
aldolase of T. brucei using four different enzyme-labile
phosphate protecting groups. We show that the pivaloyl
oxymethyl protection (compound 1) is especially suit-
able for the T. brucei parasite, with a good recovery of
the free inhibitor, without measured cytotoxicity. How-
ever, in the presence of a cell extract (Table 1), half of
the free drug was delivered in more than 8 h with com-
pound 1, while the doubling time of the parasite popula-
tion was about 7 h. Future work will then be the
optimization of the prodrug, by varying the pivaloyl
moiety, to enhance the recognition of the system by
the T. brucei esterase.
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Abstract—Electron rich 6-[(dimethylamino)methylene]amino uracil 1, undergoes [4+2] cycloaddition reactions with various in situ
generated glyoxylate imine and imine oxides 6 to provide novel pyrimido[4,5-d]pyrimidine derivatives of biological significance, after
elimination of dimethylamine from the (1:1) cycloadducts and oxidative aromatisation. This procedure provides a convenient meth-
od for the direct synthesis of pyrimido[4,5-d]pyrimidines in excellent yields when carried out in the solid state and under microwave
irradiations.
� 2006 Elsevier Ltd. All rights reserved.

The versatility of uracil derivatives for the synthesis of
nitrogen-containing heteroaromatic species of biological
significance has been well documented.1 Pyrimidopyr-
imidines, pyrazolopyrimidines, pyridopyrimidines and
xanthine derivatives have all been prepared by function-
alization of these important heterocyclic building
blocks.2 Among them, pyrimido[4,5-d]pyrimidines and
pyrido[2,3-d]pyrimidines are an important class of
annulated uracils of biological importance3 because of
their connection with purine pteridine systems.4 Several
patents have been reported for the preparation of these
fused heterocycles, derivatives of which are useful as
bronchodilators,5 vasodilators,6 antiallergic,5,7 antihy-
pertensive8 and anticancer5 agents. Most of these prep-
arations rely on cyclocondensation reactions from
pyrimidine or pyridine intermediates. However, this
type of stepwise synthetic strategy limits the synthetic
flexibility. Recently pyrimido[4,5-d]pyrimidine ana-
logues of folic acid have been screened for anti-tumour
activity.9 Therefore, with the aim of the preparation of
these complex molecules, there has been remarkable
interest in the synthetic manipulations of uracils10,
although the synthetic exploitation of the nucleophilic
double bond of uracil is an undeveloped field in view
of a great variety of potential products.11 4-Deazatoxa-
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flavin, a member of the pyrimido[4,5-c]pyridazines,
inhibits the growth of Pseudomonus 568 and also binds
to herring sperm DNA.12 Another approach to the syn-
thesis of pyrimido[4,5-d]pyrimidines reported by Wam-
hoff and Muhr13 is the aza-Wittig type reaction of
iminophosphoranes of 5-amino uracils leading to func-
tionalized pyrimido[4,5-d]pyrimidines. Our synthetic
strategy utilizing three- and two-component reaction
of various glyoxylate imines (generated in situ) and dia-
ryl imine oxides with 6-[(dimethylamino)-methy-
lene]aminouracil affords regiospecific one-pot synthesis
of pyrimido[4,5-d]pyrimidines in excellent yields when
carried out in the solid state under microwave irradia-
tions based on [4+2] cycloaddition strategy. In the past
a cycloaddition approach has had little appeal since the
dienophilic nature of the pyrimidine ring is rather limit-
ed, and the diene properties of vinylpyrimidines had not
yet been established.14 It was postulated that if a vinyl-
pyrimidine system were appropriately substituted with
strong electron-donating groups, cycloaddition might
occur with electron-deficient dienophiles. In a report,
the diene character of furan was enhanced by incorpo-
ration of a dimethylhydrazino group15 and 1-(dimeth-
ylamino)-3-methyl-2-azabutadiene16 to function as
azadienes suggests that the dienic character of vinylpyr-
imidines would be increased by similar substituents and
which is also supported by HOMO calculations.17 In
continuation to our studies18 on uracil analogues, we
report herein the combination of solid state and
microwave technique to synthesize various novel
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Table 1. Physical characteristics of pyrimido[4,5-d]pyrimidines 4a–f


and 7a–d


Product Ar Mp (�C) Reaction


time (min)


Yielda (%)


4a C6H5 104–06 3.5 95


4b p-ClC6H4 130–32 4.0 85


4c p-MeC6H4 121–23 3.5 86


4d p-MeOC6H4 129–31 3.0 95


4e p-NO2C6H4 145–46 4.5 84


4f p-BrC6H4 140–42 4.0 83


7a C6H5 156–58 3.5 90


7b p-ClC6H4 212–14 3.0 88


7c p-MeC6H4 240–41 3.5 82


7d p-MeOC6H4 223–25 3.0 87


7e p-NO2C6H4 203–05 3.5 85


7f p-BrC6H4 230–32 3.5 80


a Yields refer to the isolated pure compounds.
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pyrimido[4,5-d]pyrimidine derivatives in excellent yields
within minutes time. In recent years, the multicompo-
nent one-pot condensation constitutes an attractive syn-
thetic strategy for rapid and efficient library generation
due to the fact that products are formed in a single step
and the diversity can be achieved simply by varying the
reacting components.19 The reaction can be performed
within minutes time and in excellent yields when carried
out in a Prolabo Synthwave Microwave Reactor under
solvent-free conditions in a three-component one-pot
system (Scheme 1).


A mixture of 6-[(dimethylamino)methylene]amino-1,3-
dimethyl uracil 1 with an equimolar amount of ethyl gly-
oxylate 2 and aniline 3 (Ar = C6H5) in a reaction vessel
is placed in a Prolabo Synthwave Microwave Reactor
and irradiated at 110 �C for 3.5 min, which gave, after
elimination of dimethylamine from the 1:1 cycloadduct
and tautomerism, the pyrimido[4,5-d]pyrimidine 4a as
the only product in 95% yield. But the reaction is less
effective and takes 5 h to complete when carried out in
DMF under reflux and the corresponding pyrimi-
do[4,5-d]pyrimidine derivative 4a was obtained in 63%
yield.20 The structure of product 4a as a pyrimido[4,5-
d]pyrimidine derivative was assigned on the basis of its
elemental and spectral analysis. The diagnostic signal
for the azomethine (formed in situ) proton at d 8.25
was absent in the cycloadduct, whilst upfield shift of this
proton from d 8.25 to d 5.45 showed that the cycloaddi-
tion had occurred at the C@N bond of the glyoxylate
imine. Also, the 1H NMR spectrum showed the absence
of the H-5 proton of the uracil 1 and the presence of two
methyl groups from the cycloadduct 4a at d 3.20 (s, 3H,
CH3) and at 3.62 (s, 3H, NCH3), and other peaks at 1.20
(t, 3H, OCH2OCH3), 4.14 (q, 2H, OCH2CH3), 6.85–7.42
(m, 5H, ArH) and 7.75 (s, 1H, CH@N–). The mass spec-
trum of 4a revealed a strong molecular ion peak at m/z
342. Similarly, other pyrimido[4,5-d]pyrimidines 4b–f
were prepared in 83–95% yields and their characteristics
are recorded in Table 1. Notably, the reaction is also less
effective and takes 10–15 min in 60% conversion when
glyoxylate imines were reacted directly with 1 in a
two-component system in lieu of a three-component sys-
tem. To enhance the yield, further increase of reaction
time did not yield any fruitful results rather decomposi-
tion of starting material occurred. This three-component
one-pot reaction yields only the pyrimido[4,5-d]pyrimi-
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dine derivatives 4 and we did not observe the formation
of any Michael type of products 5. Our this finding is in
contrast to an earlier report21 where Sandhu et al. have
obtained simple Michael adducts and failed to prepare
fused pyrimidines from the reactions of a,b-unsaturated
nitro compounds with 6-amino, 6-hydroxylamino and
6-hydrazino-1,3-dimethyluracils. The 1H NMR spectra
of 4a show the absence of the –CH proton in the a-car-
bon atoms (characteristic peak for Michael adduct) and
the presence of a –CH@N– proton at d 7.75 which rules
out the formation of any Michael adduct. The high reg-
iospecificity observed in these reactions is consistent
with the electron-donating effect of the dimethylamino
substituent increasing the nucleophilicity of the C-5 po-
sition. Although, we could not isolate any intermediates
from the reaction mixture, a reasonable mechanism for
the formation of the product would involve initial elec-
trophilic attack of the in situ generated glyoxylate imine
at the C-5 position of the amidine 1 to give the Michael
adduct which suffers a subsequent nucleophilic attack on
the imino carbon atom eliminating dimethylamine to
give product 4. However, further work is in progress
to understand the mechanism in detail.


To further investigate the synthetic scope of this cycload-
dition reaction, we reacted various diaryl nitrones 6 with
amidine 1 under microwave irradiation in the solid state
and isolated the corresponding pyrimido[4,5-d]pyrimi-
dines 7, after elimination of 1,3-dimethylamine from
the 1:1 cycloadduct and aromatisation, in 80–90% yields,
and there was no evidence for the formation of any
Michael adducts (Scheme 2). The structure of product
7 as pyrimido[4,5-d]pyrimidine was assigned on the basis
of its elemental and spectral analysis.22 The 1H NMR
spectrum showed the absence of the H-5 proton of the
uracil 1 and two methyl groups from the cycloadduct
7a at d 3.32 (s, 3H, NCH3), 3.55 (s, 3H, NCH3). The reac-
tion is found to be less effective when carried out in
refluxing DMF for 6 h under thermal condition and
the corresponding pyrimido[4,5-d]pyrimidines were ob-
tained in only 50–60% yields. Further increase of reflux-
ing time did not yield any encouraging results. To
generalise this reaction, we reacted various substituted
diaryl nitrones 6b–f with amidine 1 and isolated the cor-
responding pyrimido[4,5-d]pyrimidine derivatives 7b–f in
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a one-pot synthesis (Table 1). The reaction is effective
with non-conjugated nitrones and when we employed a
conjugated nitrone like cinnamaldehyde nitrone or furfu-
ral nitrone in lieu of diaryl nitrones and irradiated under
MW for 10 min, the reaction did not proceed. Also in an
attempt to perform this reaction in a three-component
one-pot system, that is, by irradiating a mixture of equi-
molar quantities of amidine 1, b-phenylhydroxyl-amine
and aromatic aldehyde in the solid state under micro-
wave energy for 10 min it did not proceed effectively
and the corresponding pyrimido[4,5-d]pyrimidine deriv-
atives 7 were obtained in poor yields. The high regiospec-
ificity observed in these reactions is consistent with the
electron-donating effect of the dimethylamine substitu-
ent increasing the nucleophilicity of the C-5 position
and the established reactivity of the olefins.


In conclusion, our results demonstrate a new, simple
and efficient synthesis of novel complex pyrimido[4,5-
d]pyrimidine derivatives of biological significance in al-
most excellent yields. These results also illustrate that
the title compound 1 is a useful substrate for the gener-
ation of an array of fused nitrogen heterocycles. When
conventional thermal methods require a considerable
reaction time, microwave irradiation can substitute clas-
sical methods allowing easy and rapid access to hetero-
cycles of biological significance, reducing the reaction
times from hours to minutes with improved yields.
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Abstract—The synthesis and preliminary structure–activity relationship of a series of pyrrolidinones are described. These pyrrolid-
inones have been characterized as novel non-nucleoside reverse transcriptase inhibitors (NNRTIs) which are highly potent against
wild-type and drug-resistant human immunodeficiency viruses (HIV-1).
� 2006 Elsevier Ltd. All rights reserved.
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Highly active antiretroviral therapy (HAART) combina-
tion regimens have dramatically decreased the morbidity
and mortality among patients with HIV infections.1


Four main classes of antiretroviral drugs are currently
available for the treatment of HIV infection. Non-nucle-
oside reverse transcriptase inhibitors (NNRTIs) have be-
come the key components in the combination regimens.
NNRTIs bind to an allosteric site of reverse transcriptase
(RT) in a noncompetitive manner which causes distor-
tion of the three-dimensional structure of the enzyme
and inhibits its catalytic function.2 Currently, three
NNRTIs (see Fig. 1) have been approved for the treat-
ment of HIV infection, namely nevirapine (1),3 delavir-
dine (2),4 and efavirenz (3).5 Due to the low genetic
barrier to resistance for these marketed NNRTIs, the ra-
pid emergence of resistance to NNRTIs, and cross resis-
tance within this class, has become a major drawback in
the clinic for NNRTIs. As the reverse transcriptase is
essential to the life cycle of the virus, many research
activities in this field have been focused on searching
for novel NNRTIs with high potency against wild-type
(WT) and drug-resistant viruses.


We have initiated a program to identify novel small
molecule inhibitors of HIV infection by screening our
in-house library using a cell-based HIV infection
inhibition assay.6 Approximately 230,000 compounds
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were screened and several lead scaffolds were discovered
with anti-HIV activity. Among these lead scaffolds, a
series of N-aryl pyrrolidinones represented by 4
(Fig. 2) were identified as novel NNRTIs. For the
convenience of discussion, the rings of this compound
are designated as ring A, B, C, and D as described in
Figure 2. This compound showed an EC50 of 125 nM
against WT HIV reporter virus in the 293T target cells.6


It also has an IC50 of 2 lM in a RT inhibition enzymatic
assay. Efavirenz showed an IC50 of 0.8 lM in the same
ELISA. A systematic SAR study is then undertaken and
the preliminary results are reported herein.
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Figure 2. Structure of HTS hit 4.
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The synthesis of hit 4 is shown in Scheme 1. Following
the literature protocol,7 condensation of aldehyde 5 with
nitromethane gave nitro olefin 6. Michael addition of
oxazolidone 7 to olefin 6 afforded 8 in 75% yield and
98% ee after a single re-crystallization. Reduction of
the nitro group followed by intramolecular cyclization
provided lactam 9 in 88% yield. Lactam 9 was coupled
with 3-iodo-nitrobenzene catalyzed by CuI8 in the pres-
ence of a diamine as ligand, and the resulting product 10
was subjected to hydrogenation to furnish the desired
product 4.


In order to explore the SAR of D ring, different groups
were attached to lactam 9 (Scheme 2). Direct alkylation
of 9 with substituted benzyl bromides gave N-alkylated
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analogs 11a–c. Simple N-acyl analogs 12a and 12b were
made by treating lactam 9 with acyl chlorides in pyri-
dine. Following the N-arylation protocol for the prepa-
ration of 10, a series of N-aryl analogs 13a–z were
synthesized.


To further define the SAR around the aniline group as
well as substitutions on aromatic D ring, additional
amine derivatives of 4 were made for biological evalua-
tion (Scheme 3). Thus, reductive amination of 4 with
different aldehydes provided amines 14a–d. Direct cou-
pling of 4 with different acyl chlorides in pyridine affor-
ded amides 15a–d. Finally, treatment of 4 with
substituted sulfonyl chlorides in pyridine gave a series
of sulfonamides 16a–s. All final products were purified
either by normal phase silica gel column chromatogra-
phy or reverse-phase preparative LC–MS.9 All analogs
that passed QC by analytical LC–MS were tested in
the biological assays.


The antiviral activities of these analogs were evaluated
by a cell-based single cycle replication assay.6 In general,
this series of analogs did not show cytotoxicity up to
10 lM.10 Table 1 summarizes the antiviral activities of
analogs 4, 11a–c, 12a,b, and 13a–z. The antiviral activity
of 4 was confirmed to possess an EC50 of 125 nM, and
nevirapine (NVP) was included for comparison. As
shown in Table 1, replacement of the aromatic D ring
with simple alkyl groups gave analogs 11a–c which
exhibited no antiviral activity up to a 10 lM concentra-
tion. Likewise, simple acyl analogs 12a,b and the
N-des-aryl analog 13a are not active. Therefore, further
efforts were then focused on the modification of the aro-
matic D ring. To assess the contribution of the amino
group to the antiviral activity, analogs 13b–j were eval-
uated. It is clear that this amino group plays a critical
role in the antiviral activity of the pyrrolidinones. This
was supported by the fact that the simple removal of
the amino group resulted in analog 13b with 20-fold
reduction in the antiviral activity. At the same time,
the N-methyl analog 13d showed an approximately
40-fold loss in activity. This indicated that the amino

MeO
O


N


O NH2


4


MeO
O


N


O HN


14a-d


MeO
O


N


O HN


15a-d


MeO
O


N


O HN


16a-s


a


b


c


R


R


O
S


R


O
O


Scheme 3. Reagents and conditions: (a) RCHO, DMF,


NaB(O2CCH3)3H, 62–90%; (b) RCOCl, Py, 82–91%; (c) RSO2Cl,


Py, 86–92%.







Table 2. Antiviral activity of 14, 15 and 16 against WT HIV-1 virus6


Compound R WT-EC50


(lM)


CC50


(lM)


14a Tetrahydrofuran-3-yl-methyl 1.024 >10


14b Furan-3-yl-methyl 1.963 >10


14c 3-Phenyl propyl 7.902 >10


14d Butyl 6.960 >10


15a 3-Methoxy benzoyl 0.502 >10


15b 3-Dimethylamino-benzoyl 0.124 >10


15c Thiophene-2-carboxyl 0.502 >10


15d Acetyl 5.786 >10


16a 3-Methoxyphenyl 0.025 >10


16b 4-Methoxyphenyl 0.256 >10


16c 3-Trifluoromethoxyphenyl 0.800 >10


16d 2,5-Dimethoxyphenyl 0.104 7.587


16e 2-Methoxy-5-methyl-phenyl 0.033 >10


16f 2-Methyl-3-chloro-phenyl 0.020 >10


16g 2-Chlorophenyl 0.042 >10


16h 3-Chlorophenyl 0.025 >10


16i 2-Fluorophenyl 0.064 >10


16j 3-Fluorophenyl 0.043 >10


16k 4-Fluorophenyl 0.102 >10


16l 2,6-Difluorophenyl 0.048 >10


16m 2-Bromophenyl 0.042 >10


16n 3-Bromophenyl 0.071 >10


16o 3-Trifluorophenyl 0.067 >10


16p 2-Methylphenyl 0.024 >10


16q 3-Methylphenyl 0.046 >10


16r


S
Cl


Br


0.046 >10


16s N
N
Me


Cl


Br


0.053 >10


NVPa 0.050 >10


a NVP, nevirapine.


Table 1. Antiviral activity of 6, 11, 12 and 13 against WT HIV-1 virus6


Compound R WT-EC50


(lM)


CC50


(lM)


4 3-Amino-phenyl 0.125 >10


11a 3-Cyano-phenyl >10 >10


11b 3-Amino-phenyl >10 >10


11c 3-Nitro-phenyl >10 >10


12a Methyl >10 >10


12b Phenyl >10 >10


13a H >10 >10


13b Phenyl 2.280 >10


13c 3-Hydroxy-phenyl 1.780 >10


13d 3-Dimethylamino-phenyl 4.710 >10


13e 3,5-Diamino-phenyl >10 >10


13f 3-Amino-4-methyl-phenyl 0.196 >10


13g 3-Amino-2-methyl-phenyl >10 >10


13h 2-Amino-phenyl >10 >10


13i 4-Amino-phenyl 1.860 >10


13j 3-Amino-5-fluoro-phenyl 0.080 >10


13k 2-Cyano-phenyl >10 >10


13l 3-Cyano-phenyl 0.520 >10


13m 4-Cyano-phenyl 0.660 >10


13n 2-Methyl-phenyl >10 >10


13o 3-Methyl-phenyl 0.419 >10


13p 4-Methyl-phenyl 3.260 >10


13q 2-Trifluoromethyl-phenyl >10 >10


13r 3-Trifluoromethyl-phenyl 2.950 >10


13s 4-Trifluoromethyl-phenyl 3.620 >10


13t 2-Pyridyl 2.630 >10


13u 3-Pyridyl 2.370 >10


13v 4-Pyridyl 0.11 >10


13w 3-Methanesulfinyl-phenyl >10 >10


13x 4-Methanesulfinyl-phenyl 0.040 7.51


13y 3-Methanesulfonyl-phenyl >10 >10


13z 4-Methanesulfonyl-phenyl 0.180 >10


NVPa 0.050 >10


a NVP, nevirapine.
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group likely makes an H-bond interaction with amino
acid residues inside the binding pocket and functions
as an H-bond donor. For comparison, the correspond-
ing phenol analog 13c showed much lower antiviral
activity. The diamino analog (13e) showed diminished
antiviral activity, probably due to the interference of
the other amino group on binding to the enzyme. Based
on this result, substituted aromatic D ring analogs with
an amino group were studied in detail. Surprisingly,
analogs 13f and 13g showed a dramatic difference in
their antiviral activity. The 2-Me analog 13g lost its anti-
viral activity completely, while its positional isomer 13f
possessed similar antiviral activity compared to 4. To
further explore the SAR in this region, analogs 13h–s
were tested. It was found that a substitution at the posi-
tion 2 abolished the antiviral activity as observed for
13h, 13k, 13n, and 13q. All these analogs were inactive
against HIV replication up to 10 lM concentration.
Analogs possessing substituents at the 3 or 4 position
showed low micromolar to sub-micromolar antiviral
activities (13i, 13j, 13l, 13m, 13o, 13p, 13r, and 13s). It
is most likely that a substituent at the 2 position changes
the conformation between the C and D rings which led
to the diminished antiviral activity.


Further exploration of the SAR in this region led to
interesting results. Analogs possessing an H-bond

acceptor at the 4 position of D ring, including analogs
13v, 13x, and 13z, demonstrated good antiviral activity.
Shifting the H-bond acceptor to a different position
resulted in a loss of activity by more than 20-fold (13t,
13u, 13w, and 13y), supporting the notion that specific
H-bond interactions in this region play a critical role.


Aniline derivatives were also evaluated (Table 2). As
indicated in Table 2, simple N-alkyl analogs of aniline
14a–d showed decreased activity, while N-acylation
was somewhat tolerated. Fortuitously, the sulfonamide
analogs displayed a range of antiviral activity (16a–s).
In this series, many aryl sulfonamides showed improved
antiviral activity. In general, substitutions at the 2 or 3
position were well tolerated and many analogs exhibited
improved antiviral activity as indicated by analogs 16a,
16e–j, and 16l–q which displayed EC50’s in the low
nanomolar range. Some heterocyclic sulfonamides (16r
and 16s) also showed good antiviral activity.


Analogs with low nanomolar EC50’s were tested against
a panel of mutant viruses. The results are presented in
Table 3. NVP and efavirenz (EFV) were included for
comparison. NNRTI-specific mutant viruses K103N,
Y181C, L100I, and K103N/L100I were selected for
testing based on their prevalence in patients failing the







Table 3. Antiviral activity of selected pyrrolidinones against mutant HIV-1 viruses


Compound WT (lM) K103N (lM) Y181C (lM) L100I (lM) K103N/L100I (lM)


16a 0.025 0.656 (26)a 0.990 (40) 0.033 (1.3) 0.076 (3)


16e 0.033 0.172 (5.2) 0.507 (15) 0.023 (0.7) 0.033 (1)


16f 0.020 0.162 (8.1) 0.389 (19) 0.008 (0.4) 0.010 (0.5)


16g 0.042 0.170 (4) 0.557 (13) 0.019 (0.45) 0.028 (0.67)


16h 0.025 0.689 (27) 2.320 (93) 0.040 (1.6) 0.056 (2.2)


16i 0.064 0.269 (4.2) 1.496 (21) 0.034 (0.53) 0.041 (0.64)


16j 0.043 0.261 (6) 0.684 (16) 0.020 (0.46) 0.026 (0.6)


16l 0.048 0.451 (9.4) 1.305 (27) 0.068 (1.4) 0.052 (1)


16m 0.042 0.292 (6.9) 0.794 (19) 0.016 (0.38) 0.022 (0.52)


16n 0.071 0.923 (13) 2.263 (32) 0.053 (0.74) 0.083 (1.1)


16o 0.067 1.157 (17) 2.163 (32) 0.091 (1.3) 0.148 (2.2)


16p 0.024 0.117 (4.9) 0.246 (10) 0.010 (0.42) 0.017 (0.7)


16q 0.046 0.158 (3.4) 0.284 (6.2) 0.014 (0.3) 0.019 (0.41)


16r 0.046 0.542 (12) 0.753 (16) 0.039 (0.84) 0.095 (2)


NVPb 0.050 5.053 (101) >10 (>200) 0.164 (3.2) 4.386 (88)


EFVc 0.0005 0.032 (64) 0.001 (2) 0.010 (20) 2.526 (5000)


a The numbers in parentheses are the fold changes compared to wild type.
b NVP, nevirapine.
c EFV, efavirenz.
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NNRTI-containing regimen. In general, with the excep-
tion of 16a, 16h and 16o, these compounds only suffered
moderate loss of activity against K103N, L100I and
K103N/L100I mutant viruses compared to NVP and
EFV. Most of the compounds lost significant activity
(10- to 90-fold) against the Y181C mutant virus. How-
ever, 16q was only 6-fold less potent against the
Y181C virus while remaining much of its activity against
the other mutant viruses. For comparison, NVP suffered
a greater loss in potency against 4 of 5 mutant viruses
while EFV exhibited a greater than 5000-fold loss in
potency against the K103N/L100I double mutant virus
(Table 3).


In summary, a novel class of NNRTI was discovered
with potent antiviral activity. The SAR of the D ring
region was established. This class of pyrrolidinones
demonstrated distinct antiviral activity profiles against
mutant viruses. In particular, it is worthy of note that
analogs in this class showed potent antiviral activity
against the K103N and K103N/L100I mutant viruses,
which are prevalent in patients failing NNRTI regimens.
Further investigations shall be focused on improving the
antiviral activities of this class of compounds against
WT virus as well as additional drug-resistant viruses.
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Abstract—Several b-amino tetrazole analogs of gabapentin 1 and pregabalin 2 were prepared by one of two convergent, highly
efficient routes, and their affinity for the a2–d protein examined. Two select compounds with potent affinity for a2–d, 8a and
16a, were subsequently tested in vivo in an audiogenic seizure model and found to elicit protective effects.
� 2006 Elsevier Ltd. All rights reserved.

Recently, we described the preparation and biological
activity of a series of analogs of gabapentin 1, in which
the carboxylate had been replaced with various bioisos-
teres.1 When the replacement employed for 1 was tetra-
zole, binding to the a2–d protein was conserved, as was
the in vivo anticonvulsant activity. Binding to a2–d
appears to attenuate calcium currents in synaptic
terminals,2 leading to a reduction in the release of neu-
rotransmitters, including norepinephrine, substance P,
and glutamate.3–5 Mindful that pregabalin 2 has shown
more potent and robust activity than gabapentin 1 in
various models of epilepsy, neuropathic pain, and anxi-
ety,6 we were interested in subjecting 2 to a similar strat-
egy. However, when the carboxylic acid of 2 was
replaced by tetrazole, no significant binding of 3 to the
a2–d protein was observed. To address this issue, we re-
called that a series of constrained b-amino acid analogs
of pregabalin 2 demonstrated good potency for the a2–d
protein.7 As a result, we were intrigued at the possibility
of replacing the carboxylate of b-amino acid analogs
of pregabalin 2 with a tetrazole8 and examining the
pharmacological consequences.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In 1995, workers at Novartis showed that 5-lithiotet-
razoles added to a variety of electrophiles, including
aldehydes, ketones, enones, amides, iodine, and dieth-
yl chlorophosphate.9 Although they found that no
addition to benzyl bromide, N-methyl benzylidene-
amine, or propylene oxide took place, nitroolefins
were not examined as a possible electrophilic partner
for this useful reagent. We noted that if such an
addition were feasible, it might serve as a key step
toward a general preparation of b-amino tetrazoles,
potentially useful bioisosteres of b-amino acids
(Fig. 1, path a).


To initiate the sequence, 1-benzyltetrazole 4 was meta-
lated with n-butyllithium at low temperature, and with-
out allowing the mixture to warm, nitroolefin 5 in THF
was added (Scheme 1). It had been reported previously
that the lithiated tetrazole underwent decomposition
with extrusion of N2 at temperatures above �70 �C. In
fact, we observed that a portion of lithiated N-benzyl-
cyanamide was formed under the reaction conditions
which also added to the nitroolefin to give cyanamide
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Scheme 1. Reagents and conditions: (a) n-BuLi, THF, �78 �C; (b) H2,
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Figure 1. Convergent routes to access b-amino tetrazoles.
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7. Fortunately, this byproduct could be easily removed
from the desired adduct 6 by chromatography. Hydro-
genation of 6 in the presence of acid afforded the target
aminotetrazole 8 in just two steps from the nitroolefin.
The added acid was essential to effect debenzylation of
the azole. Although this route proved very efficient, we
decided to examine an alternate approach owing to the
fact that nitroolefin preparation, although routine,
nevertheless required 2–3 steps.


Guided by the Knoevenagel condensation approach to
b-amino acids,10 it was envisioned that a modification
using a cyanotetrazole in place of cyanoacetate would
afford the desired framework (Fig. 1, path b). An inspec-
tion of the literature found that this type of reagent had
indeed been previously prepared and its reactivity exam-
ined.11 Hence, it was reported that N-alkyl or N–aryl
cyanotetrazoles not only underwent condensation with
aldehydes, but also SN2 addition to alkyl halides and
Michael addition to ynones. With the ability to perform
alkylations as well as condensations, this versatile
reagent seemed highly attractive for our purposes.
Reaction of malononitrile 9 with sodium azide and
ammonium chloride at 80 �C, followed by regioselective
tritylation,12 afforded the appropriately protected cya-
nomethylated tetrazole 10 (Scheme 2). Direct nitrile
reduction of 10 under acidic conditions proceeded with
concomitant trityl group cleavage to furnish the tetraz-
olyl b-alanine derivative 11.13 Mild condensation of 10
with aldehydes could be carried out under phase-trans-
fer conditions as outlined previously.11 However, to
effect condensations with ketones or substitutions of

alkyl halides, direct deprotonation (NaH) was found
to be required. If performing an SN2 displacement, it
was found that the sequence could be repeated to form
quaternary cyanotetrazoles 12. The unsaturated cyano-
tetrazoles 13 and 14 were somewhat sensitive but could
be adequately purified by expedient (plug) chromatogra-
phy on silica gel. Exhaustive reduction under acidic con-
ditions resulted in 1,2- and 1,4-reduction of the nitrile
and detritylation as for 11 to furnish the desired amino-
tetrazoles 15 or 16.


As an extension of this method, we found that the
unsaturated cyanotetrazoles could also be cyclopropa-
nated using a sulfur ylide. Hence, treatment of crude
condensation products 13 with the sodium anion of
trimethylsulfoxonium iodide at ambient temperature
followed by hydrogenation afforded the cyclopropa-
nated aminotetrazole 18 (Scheme 3). Alternately, the
unsaturated cyanotetrazoles could be directly reduced
and deprotected in one pot to give 17. The alde-
hyde-derived unsaturated cyanotetrazoles of type 14
also underwent smooth cyclopropanation by this
method.


Unlike the SAR trends observed previously for modifi-
cations of the pregabalin backbone, subtle modifications
in the b-amino tetrazole series did not have a dramatic







Table 2. a2–d Binding affinity of cyclopropyl tetrazoles


NH2


N
N


N
NH


R1


R2


Entry Compound R1 R2 a2–d Binding


(Ki, lM)


1 18a CH(CH3)2 H 0.19 ± 0.019


2 18b CH(CH2CH3)2 H 4.0 ± 0.15


3 18c –CH2CH2CH2CH2CH2– 0.033 ± 0.007
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effect on a2–d binding using pig brain membranes7 in the
aliphatic series. Noteworthy is the fact that unsubstitut-
ed aminotetrazole 11 did not bind to a2–d. The direct
pregabalin analog 8a was found to be equipotent to pre-
gabalin 1, and the truncated structure 8b was fourfold
less potent (entries 3 and 4). However, when the methyls
on the isobutyl side chain of 8a were extended to a (2-
ethyl)-butyl group, the most potent compound was ob-
tained (cf. 16a, 11 nM). In the aromatic series, a more
predictable SAR was observed with respect to distance
of the phenyl ring from the pharmacophore. Until the
ring was separated from the aminotetrazole by at least
three methylene units, only micromolar affinity was ob-
tained (entries 12–17). A well seemed to be reached at
the four methylene unit distance. Finally, in the quater-
nary series the optimal combination of substituents was
found to be methyl and benzyl, optimally substituted on
the ring with an electron-withdrawing group as in 15d
(entries 18–22) (Table 1).


In the case of the cyclopropyl series, the SAR tracked
closely with the amino acid series reported previously.
For instance, it was found that the binding of spiro-
fused bicyclic tetrazole 18c to a2–d correlated with the
corresponding amino acid,7 however with somewhat re-
duced potency. In the case of pregabalin-like substrates
18a–b, only marginal potency was achieved. This obser-
vation was in accordance with the amino acid series,
where it was found that the opposite relative orientation
about the cyclopropyl ring (alkyl and carboxylate cis)

Table 1. a2–d Binding affinity of b-amino tetrazolesa


NH


N
N


R1


R2


Entry Compound R1


1 2 —


2 11 H


3 8a14 CH2CH(CH3)2


4 8b CH(CH3)2


5 8c CH2CH2CH(CH3)2


6 8d CH2(CH2)4CH3


7 16a CH2CH(CH2CH3)2


8 16b15 CH2CH(CH2CH2CH3


9 17a c-C5H9


10 17b c-C6H11


11 16c CH2-c-C6H11


12 8e Ph


13 16d CH2Ph


14 16e CH2CH2Ph


15 16f CH2CH2CH2Ph


16 16g CH2(CH2)2CH2Ph


17 16h CH2(CH2)3CH2Ph


18 15a CH3


19 15b CH2Ph


20 15c CH2–m,p-di-F–C6H3


21 15d CH2–m-CF3–C6H4


22 15e CH2Ph


aFor clarity, R1 and R2 have been modified to fit the generic structure above
bData reported as means ± SEM (N = 4 experiments).

was required to obtain low nanomolar a2–d potency.
Not surprisingly, from the sulfur ylide the thermody-
namic products containing the alkyl group cis to the
nitrile (and subsequently the aminomethyl group) were
obtained.16 (Table 2)


Finally, the in vivo activity of this series of heterocyclic
derivatives was examined. It was found that, like pre-
gabalin 2 (but unlike c-amino tetrazole 3), protection
of DBA/2 mice against audiogenic seizures could be
achieved after oral dosing with 8a and 16a17 (Table 3).


In summary, a series of heterocyclic carboxylate replace-
ments of pregabalin 2 were prepared via two highly con-
vergent routes. The first route employed the addition of

2


N
NH


R2 a2–d Binding (Ki, lM)b


— 0.019 ± 0.003


H >10


H 0.017 ± 0.004


H 0.13 ± 0.016


H 0.21 ± 0.058


H 0.33 ± 0.058


H 0.011 ± 0.001


)2 H 0.28 ± 0.040


H 0.018 ± 0.003


H 0.15 ± 0.009


H 0.57 ± 0.072


H >10


H 7.6


H 3.1


H 2.1 ± 0.25


H 0.13 ± 0.019


H 0.50 ± 0.13


CH3 >10


CH3 0.90 ± 0.18


CH3 0.52 ± 0.089


CH3 0.16 ± 0.020


CH2Ph >10


the table. The compound number only reflects method of preparation.







Table 3. Anticonvulsant activity of 2, 3, 8a, and 16a


Compound a2–d Binding


(Ki, lM)


DBA/2 anticonvulsant assay


(% protection)a


t = 1 h t = 2 h


2 0.019 100 100


3 0.38 0 0


8a 0.017 40 80


16a 0.011 60 100


a % protection is the fraction of DBA/2 mice (N = 5 animals) protected


from audiogenically induced tonic seizures by a 30 mg/kg po dose of


the test compound.
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a metalated tetrazole to a nitroolefin, followed by
reduction to yield b-amino tetrazoles in two steps. Alter-
nately, a Knoevenagel-type condensation of a malononit-
rile-derived cyanotetrazole with carbonyl compounds
afforded an intermediate that could be hydrogenated to
the desired target structures. This second method obviat-
ed the need for nitroolefin preparation, and could be
extended to give quaternary substituted aminotetrazoles
through double alkylation. A wide range of substitution
on the b-aminotetrazole template was tolerated by the
a2–d protein, and two representative substrates 8a and
16a were also found to have in vivo protective activity
against seizures.
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Abstract—Substituted N-alkyl-4-hydroxyquinolon-3-yl-benzothiadiazine sulfamides were investigated as inhibitors of genotype 1
HCV polymerase. Structure–activity relationship patterns for this class of compounds are discussed.
� 2006 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) is a common pathogen that can
lead to cirrhosis, hepatocellular carcinoma (HCC), and
liver failure. It is estimated that 170 million people were
infected worldwide by the year 2000, and that the virus
is responsible for at least 10,000 deaths annually in the
United States alone.1 HCV has six major genotype clas-
ses, with genotypes 1 and 2 being most prevalent in the
United States, Europe, and Japan.2 Currently combina-
tion drug treatment of genotype 2 or 3 is more successful
than treatment of genotype 1 infection.3,4 Moreover,
existing therapies are hampered by drug-related toxici-
ties. Therefore, there is a particular need for new thera-
pies directed toward genotype 1 HCV infection. Our
group has been pursuing inhibition of the HCV NS5B
RNA-dependent RNA polymerase (RdRp) enzyme by
hydroxyquinolon-3-yl-benzothiadiazines.5 Other groups
have reported nucleoside as well as other non-nucleoside
inhibitors of this viral enzyme.6


We have recently shown that the addition of a methyl
sulfonamide group to the 7-position of the D-ring of
the benzothiadiazine core (compound 1, IC50 = 2.4 nM)
dramatically improved the potency of the series.7 In an
effort to further probe the thiadiazine binding site and
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possibly obtain even greater potency against the RdRp,
we sought to extend more functionality away from the
methyl sulfonamide. An attractive strategy for accom-
plishing this endeavor was to synthesize a number of di-
verse thiadiazine sulfamide derivatives (Fig. 1).


A variety of sulfamide carbamates were synthesized
according to the protocol shown in Scheme 1. Chloro-

substituted sulfamides


Figure 1. Substituted sulfamide analog strategy.
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Scheme 2. Reagents and conditions: (a) chlorosulfonic acid, CH2Cl2
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Scheme 1. Reagents and conditions: (a) primary alcohol, CH2Cl2, 1 h,


100%; (b) compound 4, Et3N, CH2Cl2, 22 h, rt, 40–80%.
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sulfonyl isocyanate was treated with a wide variety of
primary alcohols to provide the requisite intermediate
sulfonyl chlorides (3), which were allowed to react with
thiadiazine aniline 47 to provide the desired sulfamide
carbamate analogs 5–15. The biochemical activities of
these compounds measured against the genotype 1a
HCV polymerase are shown in Table 1.8 For the most
part the analogs displayed similar potencies regardless
of the hydrophobic or hydrophilic functionality append-
ed to the sulfamide group. The primary amine 11 was
the most potent analog in this initial series
(IC50 = 21 nM).


A series of phenyl-substituted sulfamides were also con-
structed according to the conditions shown in Scheme 2.
Substituted anilines (16) were treated sequentially with
chlorosulfonic acid and phosphorus pentachloride to
provide phenyl-substituted chlorosulfonamides (17).
Subsequent reaction with thiadiazine aniline 4 provided
the desired ester analogs 18, 22, and 26. These

Table 1. Biochemical potency of sulfamide carbamate derivatives 5–15


Compound R 1a IC50
a (nM)


5 CH3 63


6 CH2CH2Cl 189


7 CH2CHCH2 88


8 CH2CCH 72


9 CH2CH2CN 35


10 CH2Ph 58


11b CH2CH2NH2 21


12 CH2CO2CH2CH3 61


13 CH2CH2OCH3 87


14 CH2CH2OCH2Ph 96


15c CH2CO2H 50


a IC50 values in all tables are means of at least two independent


determinations, standard deviation ± 10%. Detailed protocols can be


found in Supplementary data.
b Prepared from the cleavage of the Boc-protected primary amine.
c Prepared from the hydrolysis of compound 12.


Table 2. Biochemical potency of phenyl sulfamide derivatives 18–26


Compound X Y Z 1a IC50


(nM)


18 H H CO2Me 48


19 H H CO2H 20


20 H H CONHMe 43


21 H H CONH2 18


22 H CO2Et H 132


23 H CO2H H 115


24 H CONH2 H 43


25 H CONHCH2CONH2 H 43


26 CO2Me H H 129

,


,


,


compounds were converted to the corresponding
primary amides and substituted amide analogs. The
para-substituted analogs (18–21) as a class were
generally more potent than the corresponding
ortho- (26) and meta- (22–25) substituted analogs, as
shown in Table 2. However, there were few discernable
structure–activity relationships among the para-
substituted analogs 18–21, and all displayed roughly
equivalent potencies.


Several other substituted benzothiadiazine sulfamides
(compounds 28–40) were prepared by primary amine
displacement of the oxazolidinone ring from compound
2 as shown in Scheme 3.9 This method was less efficient
for cyclic secondary amines, thus sulfamides 41–43 were
prepared by reaction of the corresponding sulfamyl
chlorides with thiadiazine aniline 4 (Scheme 4). Most
of these sulfamide analogs (Table 3) demonstrated sim-
ilar potencies when compared to the sulfamide carba-
mates (Table 1) and phenyl sulfamides (Table 2). The
exception was benzyl derivative 29, with an IC50 of
5.5 nM.
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Scheme 3. Reagents and conditions: (a) excess Et3N, CH2Cl2, rt, 6 h,


82%; (b) primary amines, CH2Cl2, CH3CN, 70 �C, 24 h, 25–50%.


Table 3. Biochemical potency of sulfamide derivatives 28–43


Compound R1 R2 1a IC50 (nM)


28 H CH2CH2Ph 18


29 H CH2Ph 5.5


30 H Ph 41


31 H CH2CH2OH 107


32 H Cyclohexane 67


33 H Cyclopentane 39


34 H CH2CH2NH2 10


35 H 4-Piperidine 32


36 H CH2CH2CONH2 20


37 H CH2(4-OMe–Ph) 10


38 H CH2(3-OMe–Ph) 15


39 H CH2(2-OMe–Ph) 57


40 H CH2(3-NO2–Ph) 13


41 Piperidine 51


42 Pyrrolidine 27


43 Azetidine 24
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Scheme 4. Reagents and conditions: (a) sulfuryl chloride, CH2Cl2,


�20 �C, then 0 �C for 2 h, 20–35%; (b) compound 4, Et3N, CH2Cl2, rt,


18 h, 25–45%.
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Scheme 5. Reagents and conditions: (a) TMS–diazomethane, THF, rt,


16 h, 15%; (b) MeOH, 10% Pd/C, H2 gas, 1 atm, rt, 3 h, 70–80%.


Table 4. Biochemical and cell culture potency of selected compounds


Compound IC50 (nM) 1b EC50
a,b


(nM)


1b EC50
a,c (nM)


(40% serum)
1a 1b


1 2.4 6.0 3.0 1310


9 35 6.7 98 —


28 18 37 1266 —


29 5.5 44 398 —


41 51 45 940 —


44 121 — — —


45 9.0 2.8 17 —


46 14 — — —


48 5.2 0.4 3.0 81


49 8.7 — 11 420


a EC50 values in this table are means of at least two independent


determinations, standard deviation ± 10%. Detailed protocols can be


found in Supplementary data.
b Assay run with 5% fetal calf serum.
c Assay run with 40% human serum.
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Simple unencumbered sulfamides 45 and 46 were
prepared from the benzyl carbamate 10 (Scheme 5).
These two analogs were nearly as potent as the methyl
sulfonamide (1) against genotype 1a HCV polymerase
(Table 4). In addition, two unencumbered sulfamides
from a different thiadiazine series5 were prepared and
tested (Scheme 6).


In general, the SAR in Tables 1–4 suggest that larger
sulfamide derivatives do not offer any extra binding
interactions with the polymerase binding site over the
unsubstituted sulfamide 45. Rather, it is likely that the
sulfamide substituents in many cases either project into
solvent or undergo hydrophobic collapse to produce flat
SAR trends.
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The biochemical activities of several analogs were
measured against the genotype 1b HCV polymerase
as shown in Table 4. The analogs displayed similar
activities against the 1a and 1b virus strains. Many
of these analogs were also tested in a replicon cell
culture assay based on the 1b virus genotype (Table
4).10 Consistent with the biochemical results, larger
substituted sulfamide analogs displayed weaker
activities. The primary sulfamide (48) and methyl sul-
famide (49) derivatives potently inhibited HCV repli-
cation, with EC50 values in the single digit nanomolar
range. In addition, the activity of compound 48 was
attenuated to a lesser extent than that of compound
1 (81 vs 1310 nm) when the cell culture assay was
run using 40% human serum versus 5% fetal calf
serum.


In summary, we synthesized a number of substituted
benzothiadiazine sulfamide analogs and assessed their
inhibitory potency against genotype 1 HCV polymerase.
Overall we observed that the simple methyl and unsub-
stituted benzothiadiazine sulfamides displayed the most
potent biochemical and cell culture activities.


Detailed biological protocols for biochemical IC50


determinations and cell culture replicon assay EC50


determinations are available in Supplementary data.

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.bmcl.2006.
04.015.
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Abstract—A series of lysine sulfonamide analogues bearing Ne-acyl aromatic amino acids were synthesized using an efficient
synthetic route. Evaluation of these novel protease inhibitors revealed compounds with high potency against wild-type and
multiple-protease inhibitor-resistant HIV viruses.
� 2006 Elsevier Ltd. All rights reserved.

Protease inhibitors (PIs) along with reverse transcriptase
inhibitors (RTIs) are the basis of the highly active
anti-retroviral therapy (HAART), which has led to a
significant reduction in HIV-associated morbidity and
mortality since its widespread availability in 1996.1


HIV-1 protease is an excellent therapeutic target since
its inhibition prevents proteolytic processing of the
Gag and Gag-Pol polyproteins, thereby blocking viral
maturation.2–4 Unfortunately, long-term use of
HAART often leads to the development of a high
proportion of drug resistance in AIDS patients.5,6 One
of the highest priorities in anti-retroviral drug research
today is the development of new HIV inhibitors for
the treatment of patients infected by multi-resistant viral
strains through combination therapy.


During the course of our research, we established that a
novel scaffold base on lysine sulfonamides could
generate potent compounds for both enzyme inhibition
and anti-viral effects.7 Furthermore, cross-resistance
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studies of one such compound suggested that this class
of molecules was promising.8 We had noted from our
previous studies that potent inhibitors could be obtained
through the acylation of the e-terminal amine of the ly-
sine scaffold with a second amino acid moiety, in partic-
ular those with aromatic side chains. We further
ventured to develop more potent compounds based on
this scaffold through a rational approach consisting of
modulating the e-terminal acylated aromatic amino
acid9 (Fig. 1).


Using (S)-a-amino-caprolactam 1 as starting material
(Scheme 1), reductive alkylation followed by sulfonami-
dation of the free amine gave excellent yields of enantio-
merically pure crystalline intermediate lactam. A novel
and mild procedure was developed in order to effect a
reductive cleavage of the lactam quantitatively and with-
out any detectable racemization. Reaction of the inter-
mediate diamide with Boc2O/DMAP in acetonitrile10


gave a quantitative conversion to the bis–boc intermedi-
ate 2. Reduction of the resulting activated lactam was
effected by NaBH4 in EtOH, yielding a bis–boc-protect-
ed lysinol derivative 3. This procedure concomitantly

N
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N
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S
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Figure 1. General Structure of lysine sulfonamide HIV protease


inhibitors.
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Table 1. Inhibition constants of compounds for HIV aspartyl protease


and whole-cell anti-viral inhibition


N
(CH2)4


CH2OH


N
H


S


O


N


R1


R2


O O


H2N


O


O


CH3


Compound R1 R2 IC50
a (nM) EC50


a,b


(nM)


5 H C6H5CH2 12 2000


6 H Ph >300 NR


7 H C6H5CH2CH2 40 9000


8 CH2– C6H4CH (TIC) 130 NR


9 CH3 C6H5CH2 6.5 1000


10 H Naphthyl-1-CH2 1.2 120


11 H Naphthyl-2-CH2 1.2 258


12 H Biphenyl-2-CH2 0.521 200


13 H (C6H5)2CH 0.500 16


a Mean of at least two experiments.
b Anti-viral activity using the molecular clone HIV-1 NL4-3 in MT-4


cells.
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Scheme 1. Reagents and conditions: (a) i-PrCHO, STAB, DCM 89%; (b) 4-(AcNH)PhSO2Cl, TEA, EtOAc 88%; (c) Boc2O, MeCN, DMAPcat.
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3460 B. R. Stranix et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3459–3462

removed the acetyl group protecting the aniline moiety.
An acidic deprotection of the Boc groups liberated the
free amines. The amino alcohol obtained could be
selectively acylated with a variety of activated substituted
amino acids. Acylation of the pendant aniline was not
observed. The N-substituted amino acids 4 were
obtained by Schotten–Baumann type acylations of com-
mercially available amino acids with commercial anhy-
drides, acid chlorides or active esters. The biphenyl
derivatives were obtained by the reaction of 2-Br Phe
derivatives with phenyl boronic acids through Suzuki-
type coupling. The final products 5–40 were then sub-
jected to a preparative RPHPLC purification followed
by LC/MS and NMR characterization.9 The products
were then evaluated as protease inhibitors in an in vitro
enzyme assay11 and in cell based assays.12 The effect of
spacer length between the e-amide and a phenyl group
has been discussed previously,7 along with the effect of
an a-amino group. The encouraging results prompted
us to examine more closely the effects of the phenyl
group’s distance and geometry using non-natural amino
acids. Table 1 describes the inhibition constants (IC50)
of the compounds 5–13 on the activity of purified HIV
protease, and their anti-viral activity (EC50) determined
in whole-cell cytopathic assay.


The Moc-Phe derivative 5, closely related to a
compound from a previous article, gave a respectable
IC50 of 12 nM and some moderate anti-viral activity in
whole-cell assays of 2 lM. As in our previous approach
the spacer length between the phenyl and e-amide was
varied in the amino acid series using Moc-Phg 6, placing
the phenyl directly on the carbon and Moc-HomoPhe, 7
increasing the distance by one methylene unit. The effect
of decreasing or increasing the distance was similar in
that a marked decrease in anti-protease and anti-viral
activity was noted. In order to explore the conforma-
tional preference of the phenyl moiety, we synthesized
a conformationaly locked phenylalanine analogue using
a Moc-Tic 8, which places the phenyl in a (-g) gauche
position.13 This resulted in a >10-fold decrease in
enzyme inhibition potency. Conversely, favouring the
trans conformation by placing a methyl group onto
the a 0-amino group (Moc-N-Me-Phe) 9 increased the
potency �2-fold with respect to the Moc-Phe. Increasing

the bulk of the R2 group in the terminal amino acid also
gave significant increase in IC50 potency. Both 1 and 2
naphthylalanines (10 and 11) gave similar results in
IC50, 1.2 nM and a very potent 100–200 nM in the
whole-cell anti-viral assay. Our strategy then focused
on combining both the geometric aspect and the hydro-
phobic bulk by using an o-biphenyl alanine 12 and a
diphenylalanine 13. This approach, using the steric bulk
of the second phenyl group to enrich the trans confor-
mation population, yielded highly potent compounds
with an IC50 of 0.5 nM, and anti-viral EC50 values of
200 and 16 nM for both compounds, respectively.
Encouraged by an impressive activity of 16 nM for
compound 13 we addressed the stereochemistry of the
diastereomeric compound. We synthesized the stereoiso-
mers through similar chemistry as discussed using the
commercially available DD-amino acids, and tested the
purified compounds 13SR, 13RR and 13RS (>97% puri-
ty, de >95%) against the purified enzyme and in whole-
cell anti-viral assay. We confirmed the S,S stereoisomer
13 to be the most active compound as shown in Table 2.







Table 2. The effect of stereoisomers on the inhibition constants of


compounds for HIV aspartyl protease and whole-cell anti-viral assays


N
(CH2)4


CH2OH
N
H


S


O
N
H


O O


H2N
PhPh


O


O


CH3
(R,S)


(R,S)


Compound Absolute configuration IC50
a EC50


a,b


13 S,S 0.500 16


13SR S,R 25 3,000


13RR R,R > 300 > 100,000


13RS R,S 13 850


a Mean of at least two experiments.
b Anti-viral activity using the molecular clone HIV-1 NL4-3 in MT-4


cells.
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We also explored the effect of various acyl groups on the
a 0-amino of the LL-diphenylalanine portion of the mole-
cule (Table 3). Both IC50 and Ki were assessed experi-

Table 3. Inhibition constants of compounds 13–40 for HIV aspartyl proteas


N
(C


CH2OH


S


O O


H2N


Compound R1 IC50
a (nM) Ki


a,c (nM))


13 CH3O–CO 0.50 0.04


14 H 0.50 0.56


15 Ac 1.5


16 Cyclopropyl-CO 0.43 0.45


17 Cyclohexyl-CO <3.8


18 (CH3)3CO–CO 0.40 0.50


19 (CH3)2N–CO 0.44 0.58


20 4-Morpholine-CO 0.51 0.55


21 Pyrazine-CO 0.52 0.60


22 Pyrrole-2-CO 0.43 0.47


23 2-Pyridyl-CO 0.46 0.44


24 3-Pyridyl-CO 0.68 0.55


25 4-Pyridyl-CO 0.65 0.66


26 2-CH3-3-pyridyl-CO 0.40 0.40


27 6-CH3-3-pyridyl-CO 0.40 0.50


28 3-HO-2-pyridyl-CO 0.90 0.70


29 6-H2N-3-pyridyl-CO 0.40 0.50


30 6-HO-3-pyridyl-CO 0.50 0.40


31 3-Picolyl-CO 0.24 0.34


32 2-Picolyl-O-CO 0.12 0.40


33 3-Picolyl-O-CO 0.48 0.36


34 4-Picolyl-O-CO 0.39 0.02


35 2-HO-phenyl-CO 0.63 0.58


36 3-HO-phenyl-CO 0.40 0.40


37 4-HO-phenyl-CO 0.53 0.47


38 3-HO-4-NO2-phenyl-CO 0.33 0.33


39 4-HO-3-NO2-phenyl-CO 0.56 0.48


40 4-HO-3-CH3O-phenyl-CO 0.5 0.45


a Mean of at least three experiments.
b Anti-viral activity using the molecular clone HIV-1 NL4-3 in MT-4 cells.
c The Ki is determined using XLfit3 software (Version: 3.0.3 Build: 09)


{((K + x � E)2 + 4 * K * E)0.5 � (K + x � E)}; where Y is the enzyme rate


maximum rate (initial rate measured from 200 to 600 s) (RFU/min), E is t
d 4596; 46I, 82T, 84V, 10R, 63P.
e SaqR; 48V, 90M.

mentally in order to evaluate the impact of the
changes at the enzyme inhibition level. IC50 values were
determined from a dose–response curve, whereas Ki val-
ues were obtained by fitting initial rates to a tight-bind-
ing inhibition equation.14 Also, EC50 were determined
for laboratory adapted wild-type strain NL4-3, multi-
PI-resistant strain 4596 and Saquinavir-resistant strain
(Saqr strain)15–19 to assess their potential against
resistant viral strains.


The non-acylated compound 14 (obtained by acid catal-
ysed Boc deprotection of 18) gave an IC50 of 0.5 nM and
an excellent anti-viral activity of 44 nM against NL4-3
strain. Small alkyl amides such as acetyl (15) and cyclo-
propyl (16) were first examined. The acetyl gave a reduc-
tion in enzyme inhibition but retained a potent 66 nM
on the wt whole-cell assay. Cyclopropyl amide was more
potent with a Ki of 0.45 nM and EC50 of 25 and 46 nM
for wt and 4596 strains, respectively. A more bulky
amide bearing a cyclohexyl ring (17) showed a decrease
in potency for both enzymatic and whole-cell assays. A

e and anti-viral assays


H2)4 N
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N
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H


13-40
PhPh


EC50
a,b (nM) NL4-3 EC50


a,d (nM) 4596 EC50
a,e (nM) Saqr


16 38 19


44 43


66 66


25 46 17


93 186


41 290


62 56


78


19 46


34 51


68 161


39 25


32 26


42 36


24 34


153 186


84 72


> >


194 128


17 18 14


18 18


20 13 4


64 134


64 30


88 34


16 10


55 35


14 23


according to the following equation (Inhibition)14: Y = Vo/(2 * E)


(RFU/min), x is the concentration of the compound (gM), Vo is the


he protease concentration (gM) and K is the Ki of the compound.
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similar pattern was observed for terminal carbamates
and ureas, where smaller moieties were more potent
than bulky groups. This is exemplified in the case of car-
bamate compounds Moc (13) and Boc (18), Ki 0.04 and
0.5 nM, EC50 wt 16 and 41 nM, respectively. Similar Kis
were obtained for both dimethyl and morpholyl ureas 19
and 20. However, a slight increase is noted for the
dimethyl urea whole-cell EC50 value. Heterocyclic
amides and phenolic amides were introduced as R1 in
order to assess the influence of H-bond acceptors and
donors at this position. 2-pyrrole carboxamide 22, 2-
pyridyl and pyrazinoyl amides (23 and 21) gave very po-
tent compounds with the pyrazinoyl compound showing
EC50s for NL4-3 and 4596 strains of 19 and 46 nM,
respectively. The nicotinoyl and 4-picoloyl derivatives
24 and 25 were added and a small regiomeric effect
was observed, especially significant on the 2-pyridyl
derivative 23, where a significant drop in potency was
observed in the whole-cell assays. The addition of sub-
stituents CH3, NH2 and OH to the nicotinamide and
picoloyl amide moieties (26–30) showed some influence
on EC50. Increasing the distance between the terminal
amine and the heterocycles was assessed by compounds
3-picolyl-CO 31 (2 atoms) and carbamates 32–34 (3
atoms). Of these, the three carbamates 32–34 gave high-
ly potent compounds with EC50s of 17–20 nM for NL4-
3 and 13–18 nM for the multi-resistant strain 4596. The
Ki of compound 34 gave an excellent 0.02 nM on the
purified enzyme. Phenolic amides 35–37 were synthe-
sized and very similar Kis were obtained for the 2, 3
and 4 OH regiomers, with the 3 0-OH derivative 36 show-
ing the best activity in the whole-cell assays. Increasing
the acidity by addition of a nitro group to the phenyl
ring had the effect of lowering both the Ki and EC50


for the 3 0-phenol 39. Addition of an electron-withdraw-
ing group or an electron-donating group to the 4 0-OH
(38 and 40) did not affect the Ki however a marked
improvement was noted on the whole-cell assay with
an excellent 14 nM being recorded for compound
OCH3. Also tabulated in Table 3 are results for whole-
cell assays for strain Saqr. Only 4 compounds (13, 16,
32 and 34) were evaluated which in all cases showed a
similar or greater potency on this strain than on the
wild-type strain.


The results shown in Table 3 suggest that the acylation
with differing acyl groups of the LL-diphenylalanine moi-
ety yielded a library of compounds with a narrow range
of biochemical and anti-viral activities. Most notably,
the potencies are retained when comparing wild-type
and mutated virus in the whole-cell assays.


In summary, the acylation of the e-amine of N-isobu-
tyl-N-aminophenylsulfonamido lysinol with substituted
aromatic amino acids yields potent HIV protease
inhibitors. In particular, compounds bearing the vari-
ous N-acylated diphenylalanine moieties display excep-
tional enzyme inhibitory potencies and anti-viral
activities in vitro on wild type and selected mutant
viral strains. These compounds provide a versatile
platform for the selection of orally dosed pre-clinical
candidates.
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Abstract—S-Aryl-S-DABO derivatives, a novel subclass of S-DABO anti-HIV-1 agents, were synthesized via Ullmann type reaction
starting from the corresponding 2-thiouracils by the aid of microwave irradiation. The results of their evaluation as inhibitors of RT
are reported together with their antiviral activity in cellular assays.
� 2006 Elsevier Ltd. All rights reserved.
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The reverse transcriptase (RT) of the human immunode-
ficiency virus type 1 (HIV-1 RT) is one of the main tar-
gets of drugs used in the treatment of AIDS.1,2 Several
RT inhibitors have been developed and approved by
the FDA and are currently in clinical use. In particular,
the non-nucleoside RT inhibitors (NNRTIs)3–5 are high-
ly effective drugs with few side effects. However, RT
mutations rapidly emerge that confer resistance to all
known NNRTIs, including the clinically established
drugs, such as nevirapine and efavirenz (Chart 1), thus
reducing their effectiveness.6,7 Therefore, new NNRTIs
that are effective against the existing drug-resistant viral
strains are urgently needed.


In line with these requirements, new classes of NNRTIs
have been recently described, among which DAPY
derivatives, such as TMC125,8 show high inhibitory
potency against several clinically relevant mutant
strains. According to Arnold et al.,9 this aspect is due
to their high structural flexibility that allows for multiple
binding conformations and hence confers the capability
of targeting the RT of different mutants.
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During the course of our investigations on potential
inhibitors of RT, we became involved in the preparation
of a number of dihydro-alkylthio-benzyl-oxopyrimi-
dines (S-DABOs)10,11 of general structure 1,12 character-
ized by the presence of an arylalkylthio substituent at
position 2 which was widely varied both in terms of sub-
stitution pattern and length of the alkyl spacer. Some of
these compounds displayed potent RT inhibiting
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activity and antiviral properties on cell lines infected
with either wild type or mutant HIV-1.


As an extension of our research, we planned to investi-
gate the antiviral properties of new compounds of struc-
ture 2 which, bearing an aromatic/heteroaromatic ring
directly linked to the sulfur atom, can be regarded as hy-
brids between DAPY and S-DABO compounds.13


The target compounds 2 can, in principle, be obtained
according to two different approaches: the condensation
between an S-arylthiourea and a b-ketoester, or aryla-
tion of the appropriate 2-thiouracil. The first approach,
used on a model reaction, gave no positive results. In-
deed, when S-phenylisothiourea14 was treated with the
highly reactive 4-chloroacetoacetate in a range of differ-
ent conditions,15,16 complex reaction mixtures were al-
ways obtained, accompanied by decomposition of the
starting material in alkaline media17 (Scheme 1).
According to this result, we decided to prepare first dif-
ferently 6-substituted 2-thiouracils,12,13 and then to
introduce an aromatic or heteroaromatic substituent in
position 2.


To this aim, the arylation via diazonium salts18 was
compared to an Ullmann type reaction19–21 on a model
substrate. Commercially available 2-thio-6-methyluracil
was thus reacted in parallel with (a) the diazonium salt
of p-chloroaniline and (b) phenylboronic acid in the
presence of Cu(OAc)2ÆH2O under microwave irradiation
(Scheme 2).


In the first reaction the corresponding 2-arylthiopyri-
midinone 3 was obtained in 25% yield after a laborious
chromatographic purification followed by crystalliza-
tion from EtOH. Analogous results in terms of yield
were obtained following the second approach and using
TMEDA as a base and 1,2-DCE as the solvent in the
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presence of molecular sieves. This time, compound 4
could be obtained in 23% yield after chromatographic
purification. Despite the low yield, the Ullmann type
condensation was selected as the best methodology for
a number of reasons: (i) its high reproducibility; (ii)
the availability of a large number of arylboronic acids,
much easier to handle than the diazonium salts of the
corresponding anilines; (iii) the dramatic reduction of
reaction times by the use of microwave irradiation.


Having chosen this procedure for the synthesis of com-
pounds of interest, we proceeded with the optimization
of the reaction conditions. The use of 1,10-phenantro-
line22 instead of TMEDA and an excess (3 equivalents)
of the arylboronic acid instead of a stoichiometric
amount resulted to be particularly fruitful. Also the
purification step, which proved to be particularly trou-
blesome because of the similar chromatographic behav-
iour of the arylboronic acids and the target compounds,
needed some adjustments.


In particular, a filtration on Celite� of the reaction mix-
ture followed by treatment with an alkaline solution to
remove the excess of arylboronic acid gave compounds
2a–d in acceptable purity; conversely, for compounds
2e–i, a rapid filtration on silica gel of the reaction mix-
ture, followed by recrystallization, gave the best results.


In order to verify the influence of the reaction tempera-
ture and, in particular, microwave irradiation, we per-
formed the reaction between 5a (Scheme 3) and
phenylboronic acid under different conditions. When
the reaction was carried out at room temperature, com-
pound 2b was obtained in 50% yield after 24 h; working
at reflux temperature, the reaction time was reduced to
30 min with a dramatic loss in reaction yield (27%).
Thus, the irradiation with microwaves at 85 �C proved
to be the best option, providing the highest yield
(64%) of 2b in the shortest reaction time (10 min).


Accordingly, compounds 2a–i were obtained in accept-
able to good yield by the use of this copper-mediated
arylation procedure23 starting from 2-thiouracils 5a,b
and arylboronic acids 6 (Scheme 3 and Table 1). In spite
of some attempts, the yield of compound 2a could not
be improved over 30%.


To the best of our knowledge, this is the first example of
the synthesis of S-arylpyrimidinones by the use of an
Ullmann type reaction. In fact, only a single example
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Table 1.


Compound R1 R2 R3 X Mpa (�C) Yield


(%)


2a F F F CH 193–194 30


2b F H H CH 178–179 64


2c F Cl H CH 208–210 88


2d F OCH3 H CH 201 (dec) 85


2e Cl OCH3 H CH 220–221 49


2f Cl H H CH 208–209 73


2g Cl F F CH 223–224 59


2h Cl CN H CH 233–234 51


2i Cl OCH3 H N 222–223 76


a After recrystallization from MeOH.
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of C–S coupling catalyzed by Cu(OAc)2 on a 2-phenyl-
thio-1,4-dihydropyrimidine21 has been reported in the
literature so far.


However, when applied to 5b and 2,6-difluoro-4-meth-
oxyphenylboronic acid, the reaction gave unexpected re-
sults (Scheme 4).


In fact, the bicyclic compound 7 was obtained instead of
the expected S-arylpyrimidinone as a result of alkylation
of the sulfur atom by DCE, used as the reaction solvent,
followed by cyclization. Attempts to obtain the S-aryl-
pyrimidinone by reacting 5b and 2,6-difluoro-4-meth-
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Table 2.


Compound ID50
a,b (lM)


wt K103N Y181I NL4-3 wt


2a 30 nae na 0.31


2b 32 na na 0.09


2c 22 na na 0.10


2d na na na 0.67


2e na na na 26.5


2f 36.0 na na 1.80


2g 10.0 na na 3.36


2h 23.0 na na 2.49


2i 3.5 na na 2.72


Nevirapine 0.4 8.0 20 0.052


Efavirenz 0.04 0.4 0.1 0.001


AZT 0.003


a Data represent mean values of at least two experiments.
b ID50, inhibiting dose 50 or needed dose to inhibit 50% of enzyme.
c EC50, effective concentration 50 or needed concentration to inhibit 50% HI
d CC50, cytotoxic concentration 50 or needed concentration to induce 50% dea
e na, not active at 400 lM (the highest concentration tested).

oxyphenylboronic acid in a different solvent (CH2Cl2,
THF) proved to be unsatisfactory, leading to complex
reaction mixtures.


Compounds 2a–i were evaluated in enzymatic tests
for their ability to inhibit either wild type (wt) or
mutated RTs as well as on MT-4 cells for cytotox-
icity and anti-HIV activity, in comparison with nevi-
rapine and efavirenz used as reference drugs.12 In
particular, the following mutants were used: K103N
and Y181I for enzymatic tests, K103N, Y188L,
Y181C and IRLL98 (bearing the K101Q, Y181C
and G190A mutations conferring resistance to nevi-
rapine, delavirdine and efavirenz) for tests on cell
lines. The results of these assays are reported in
Table 2.


As a general consideration, compounds 2a–d, charac-
terized by the presence of 2,6-difluorobenzyl moiety
at C-6, show interesting antiviral activity with an
EC50 ranging from 0.67 to 0.087 lM, while the activ-
ity of the 2,6-dichlorobenzyl-substituted derivatives
2e–i is more modest. This aspect is particularly evi-
dent if we consider the couples 2a/2g, 2b/2f and 2d/
2e: in all cases the 2,6-difluorobenzyl-substituted part-
ner is, at least, one order of magnitude more active
than the 2,6-dichloro-substituted counterpart, as far
as the activity against wt strain is concerned. No sub-
stantial difference in antiviral activity against mutant
strains can be observed within the two series of
compounds.


In line with the results of the cellular tests, the enzy-
matic activity of compounds 2a–i is limited to the wt
RT, regardless of the substitution pattern. Neverthe-
less, compound 2i, bearing a pyridylthio substituent
at C-2, merits some attention as the most active
compound in the enzymatic assay. Quite unexpectedly,
all compounds 2, and in particular compounds 2a–d,
proved to be more active in cellular tests than in enzy-
matic assays.

EC50
a,c (lM) CC50


d


IRLL98 K103N Y181C Y188L


25.8 >65.8 — >65.8 >65.8


16.7 42.5 — >72.7 >72.7


>66.1 8.01 — >66.1 >66.1


>57.5 >57.5 — >57.5 57.5


>61.4 >61.4 >61.4 >61.4 >61.4


4.91 >66.3 12.1 >66.3 >66.3


44.7 >60.5 — >60.5 >60.5


>27.6 >27.6 5.10 >27.6 27. 6


8.68 >61.7 6.52 >61.3 >61.3


>7.50 3.90 — >7.50 >7.50


0.20 0.057 — 0.30 >0.32


0.008 0.003 — 0.003 3.70


V-induced cell death, evaluated with MTT method in MT-4 cells.24,25


th of non-infected cells evaluated with the MTT method in MT-4 cells.
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Accordingly, it may be difficult to explain their
antiviral activity only in terms of RT inhibition. This
result may reflect the interference of the test com-
pounds with viral replication steps other than reverse
transcription.


Finally, it should be noted that all the new compounds
are less cytotoxic than reference drugs, with compound
2b showing a selectivity index (SI = CC50/EC50wt) > 835,
higher than those of nevirapine and efavirenz.


In conclusion, we have described the microwave-assisted
synthesis of new S-DABO analogues characterized by
the presence of an aromatic/heteroaromatic portion
directly linked to the sulfur atom via an Ullmann type
S-arylation procedure. Some of the new compounds dis-
played anti-HIV-1 activity in the submicromolar range
along with low cytotoxicity.
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Abstract—An efficient and straightforward methodology for the parallel solid-phase synthesis of a variety of new macrocyclic oli-
goheterocycles is described. Exhaustive reduction of resin-bound cyclic polyamides using borane generates polyamines. Treatment
of separated pairs of amines with a variety of bifunctional reagents provides, following cleavage from the solid support, the desired
macrocyclic oligoheterocyclic (MOH) compounds in good yields and purities.
� 2006 Elsevier Ltd. All rights reserved.

Polyheterocycles have been the subject of intense
research interest.1 The insertion of heterocycles in
the macrocyclic template provides additional binding
elements for target receptors. Marine organisms are
the source of a great variety of biologically active
macrocyclic peptides. Many of these are macrocyclic
oligoheterocycles and contain considerably modified
amino acid building blocks.2 A large number of oxa-
zole- and/or thiazole-containing natural macrocyclic
heterocycles known as lissoclinum peptides have been
isolated from marine organisms. These compounds
were found to exhibit cytotoxic and antineoplastic
activities with potential action as metal ion chelating
metabolites.2 Nitrogen-containing ring systems have
been widely used as ligands in organometallic chemis-
try.3 For example, pyridine and bipyridine have com-
monly been incorporated into macrocyclic
frameworks, affording new ligands that readily com-
plex transition-metal ions.4 Recently, macrocycle
receptors containing a bipyridine moiety as an integral
part of a polyamine macrocyclic structure have been
reported.5


The diverse structure and properties of macrocyclic oli-
goheterocycles (MOH) render them of particular inter-
est to synthetic and medicinal chemists alike. In this
paper, we describe an efficient and straightforward

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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approach for the parallel solid-phase synthesis of
a variety of macrocyclic oligoheterocycles from carefully
designed resin-bound compounds containing separated
pairs of amines.


Starting from p-methylbenzhydrylamine (MBHA) res-
in, a compatible solid support for Boc/Bzl and
Fmoc/tBu solid-phase peptide synthesis (SPPS), the
parallel syntheses of macrocyclic polyamines and
macrocyclic oligoheterocycles were carried out using
the ‘teabag’ technology6 employing standard solid-
phase peptide synthesis.7 Exhaustive reduction of
amide bonds of the resin-bound proline-containing
cyclic peptide 3 with borane in THF8 generated the
corresponding resin-bound macrocyclic polyamines 4
having two tertiary amines and six secondary amines
(Scheme 1).


Our approach involves the use of proline (known to
induce cyclization)9, lysine, and glutamic acid as
spacers, which upon exhaustive reduction of the
amide groups, yielded two pyrrolidines and three
pairs of separated secondary amines. Treatment of
the resin-bound pyrrolidine-containing macrocyclic
polyamine 4 with bifunctional reagents such as thi-
ocarbonyldiimidazole or oxalyldiimidazole led, follow-
ing cleavage from the solid support, to the
corresponding macrocyclic oligoimidazolidinethiones
5 and macrocyclic oligocyclic diketopiperazines 6,
respectively (Scheme 1).10


We previously reported that the reduction of amide
bonds using the complex BH3–THF was free of race-
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Scheme 1. Formation of the macrocyclic heterocycles from solid-phase bound cyclic polyamine template.
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mization by comparing the relative absorbances of
different pairs of diastereomers that do not
coelute.8a,b The same observations were later reported
by other groups using different reduction work-up
procedures.8c We initially examined the feasibility of
our approach for the generation of macrocyclic poly-
amines and their corresponding macrocyclic oligohet-
erocycles using two representative LL-amino acids for
R1 (Ala, Leu), for R3 (Ala, Phe), and two carboxylic
acids (phenylacetic acid and acetic acid) for R2. Sev-
en individual compounds for each of the macrocyclic
polyamines and macrocyclic oligoheterocycles were
synthesized (Table 1). Average purities of 50–70%
were obtained for all compounds and average crude
yields of 80% relative to the initial loading of the res-
in. Selected representative compounds were character-
ized by HRMS, NMR and all compounds were
characterized by LC–MS. Figure 1 shows the LC–
MS spectra of the macrocyclic oligodiketopiperazine
obtained from LL-leucine, LL-alanine, and phenylacetic
acid, which is representative of the purities obtained
for all cases. The presented approach is not limited
to the use of proline, glutamic acid, and lysine as
spacers. There are other N-substituted and trifunc-
tionalized amino acids that would also be suitable

for providing different designed templates having sep-
arated pairs of secondary amines.


Medium- and large-sized oxa- and azaheterocyclic sys-
tems are of interest for various applications by virtue
of their unique and selective binding properties toward
cations, anions, and neutral molecules. Their synthesis
has been the subject of many investigations in recent
years. An efficient strategy for the synthesis of macrocy-
clic oligoheterocyclic compounds from resin-bound
macrocyclic polyamines having potential biomedical
applications was described. Our method allows for wide
variations in ring size, heteroatoms, and substitution
patterns, and thus facilitates tailor-made syntheses of
various macrocyclic oligoheterocyclic systems. Using
proline or other building blocks such as oxazolidines,
thiazolidines, N-alkylated amino acids and/or pipera-
zines and bifunctional amino acids such as lysine, orni-
thine, etc., and/or aspartic acid, glutamic acid, etc. as
spacers, the strategy presented provides the means for
the generation of large numbers of discrete combinatori-
al libraries of macrocyclic polyamines and macrocyclic
oligoheterocyclic compounds. Investigations concerning
the complexation properties of the MOH systems are
currently in progress.







Table 1. MS and purities of the MOH 5 and 6 derivatives
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Figure 1. LC–MS of a representative macrocyclic oligodiketopiperazine 6g.
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10. Experimental section: General information. All amino
acids, carboxylic acids, and reagents were obtained from
commercial suppliers and used without further purifica-
tion. Solid-phase syntheses were carried out using the
‘teabag’ method,6 in which the resin is contained within
sealed polypropylene mesh packets. Reactions were car-
ried out in polyethylene bottles. The completeness of
amino acid coupling and N-acylation were verified using
the ninhydrin (Kaiser) test. General procedure for linear
protected peptide synthesis (2): Fifty milligrams of p-
methylbenzyhdrylamine (MBHA) resin (0.1 mequiv/g,
100–200 mesh) was contained within a sealed polypropyl-
ene mesh packet. Following neutralization of the amino-
resin with 5% diisopropylethylamine (DIEA) in dichloro-
methane (DCM) followed by washes (2·) with DCM, the

Fmoc-Lys(n-Boc)-OH (6 equiv, 0.1 M) was coupled in the
presence of hydroxybenzotriazole (HOBt) (6 equiv, 0.1 M)
and diisopropylcarbodiimide (DIPCDI) (6 equiv, 0.1 M)
in anhydrous DMF for 60 min. The Boc group on the Nn


of the lysine was removed with 55% TFA in DCM for
30 min followed by neutralization of the amine. Boc-
amino acid (6 equiv, 0.1 M) was coupled to the free Nn in
the presence of hydroxybenzotriazole (HOBt, 6 equiv) and
diisopropylcarbodiimide (DIPCDI, 6 equiv) in anhydrous
DMF for 60 min. The Boc group was then removed and
the amine was neutralized. Boc-proline was coupled using
the same conditions described above. The Fmoc group on
the Na of the lysine was then removed with 25% piperidine
in DMF (2· 10 min) and the resin was washed with DMF
(8·). The generated free amine was coupled to Fmoc
proline (6 equiv, 0.1 M) in the presence of hydroxybenzo-
triazole (HOBt, 6 equiv) and diisopropylcarbodiimide
(DIPCDI, 6 equiv) in anhydrous DMF for 60 min. Fol-
lowing Fmoc group deprotection with 25% piperidine in
DMF (2· 10 min) and Fmoc amino acid coupling in the
same conditions as described above, Fmoc was removed
and Fmoc-Glu(tBu)-OH was coupled to the free amine in
the same conditions as described above. The Fmoc group
was removed and the generated amine was N-acylated
with a carboxylic acid (10 equiv) in the presence of
DIPCDI (10 equiv) and HOBt (10 equiv) overnight in
anhydrous DMF. General procedure for the cyclization of
the peptide on the solid support (3): The Boc group on the
proline and the tBu group on the side chain of the glutamic
acid were simultaneously removed with a solution of 80%
TFA in DCM (1 h). Following washes with DCM (5·)
and neutralization, the resin-bound linear polyamides
were treated with PyBOP (3 equiv) in anhydrous DMF
and DIEA (2 equiv) overnight to undergo intramolecular
cyclization. The completeness of the cyclization was
monitored by Kaiser test. General procedure for the
exhaustive reduction of amide bonds and generation of
resin-bound macrocyclic polyamines (4): The amide
reduction was performed in 50 ml Kimax tubes under
nitrogen. The resin packet were treated with 1 M BH3–
THF (40-fold excess over each amide bond). The tubes
were heated at 65 �C for 72 h, decanted, washed with
THF, and any remaining borane quenched with MeOH.
The borane was disproportionated by treatment with
piperidine at 65 �C overnight. The resin was then washed
with methanol (2·), DMF (6·) and dried. The complete-
ness of the reaction was verified by HF cleavage and
analysis by LC–MS of a control set. General procedure for
the generation of macrocyclic oligoheterocycles (MOH) (5
and 6): Cyclic thiourea and diketopiperazine heterocycles
were formed following treatment of the resin-bound
polyamines overnight with a 6-fold excess of thi-
ocarbonyldiimidazole (0.05 M) in anhydrous DCM and
oxalyldiimidazole (0.05 M) in anhydrous DMF (not sol-
uble in DCM), respectively. Following cleavage from the
resin with anhydrous HF in the presence of anisole at 0 �C
for 90 min, the desired product was extracted with
acetonitrile/water (50:50) and lyophilized. The identity of
all compounds were determined by LC–MS and selected
representative compounds were characterized by HRMS.
Exact mass for 6a (MH+) = 685.4367, 6b (MH+) =
803.5153, 6e (MH+) = 761.4716, 5a = (MH+) 649.3871,
5b (MH+) = 767.4680, 5e (MH+) = 725.4171.
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Abstract—A series of heteroaryl-substituted bis-trifluoromethyl carbinols were prepared and evaluated as malonyl-CoA decarbox-
ylase (MCD) inhibitors. Some thiazole-based derivatives showed potent in vitro MCD inhibitory activities and significantly
increased glucose oxidation rates in isolated working rat hearts.
� 2006 Elsevier Ltd. All rights reserved.

The enzyme malonyl-CoA decarboxylase1(MCD, EC
4.1.1.9) catalyzes the degradation of malonyl-CoA to
acetyl-CoA and thereby regulates malonyl-CoA levels
in the cells. The highest MCD mRNA expression levels
in rats were found in muscle and heart tissues, followed
by liver, kidney, and pancreas, with detectable amounts
found in many other tissues including brain.2 The
human MCD gene is highly homologous to goose and
rat genes.3 Recent studies indicated that MCD
exists in cytosolic, mitochondrial, and peroxisomal
compartments.4


Malonyl-CoA is the key intermediate for fatty acid
synthesis and a potent inhibitor of carnitine palmitoyl-
transferase I (CPT-I), a key enzyme regulating
mitochondrial fatty acid oxidation.5 As a metabolic fuel
sensor, malonyl-CoA also regulates nutrition partition-
ing6, insulin secretion and sensitivity,7,8 and food
intake.9 Targeting malonyl-CoA regulation through
MCD inhibition is potentially a novel approach to
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treating certain disorders involving fatty acid/glucose
metabolism.


We have recently described the first-generation of small
molecule MCD inhibitors.10 As expected, MCD
inhibitors significantly increased malonyl-CoA levels
and decreased the fatty acid oxidation rates in ex vivo
experiments with isolated working rat hearts. As a
result, the glucose oxidation rates were accelerated, con-
sistent with the ‘glucose-fatty acid cycle’ hypothesis.11


Previous SAR studies led to the identification of some
potent MCD inhibitors (e.g., 1–2, Fig. 1).10a,b Herein
we described the design, synthesis, and SAR studies of
a series of heteroaryl-substituted bis-trifluoromethyl
carbinol derivatives 3 as potent MCD inhibitors, which
showed powerful stimulation of glucose oxidation in
isolated working rat hearts.


Synthesis of pyridine-based MCD inhibitors is illustrat-
ed in Scheme 1. Nicotinic acid amide derivatives were
prepared by treating 2-bromo-picoline 4 with n-BuLi,
followed by the reaction of the lithiated picoline inter-
mediate with hexafluoroacetone at �78 �C to afford
1,1,1,3,3,3-hexafluoro-2-(5-methylpyridin-2-yl)propan-
2-ol 5 in 48% yield. Oxidation of 5 to its corresponding
carboxylic acid 6 was achieved in 87% yield by using
KMnO4 under basic conditions. Amide formation under
conventional conditions gave rise to the desired amide
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Figure 1. Representative MCD inhibitors.
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derivatives 7 in good yield. Oxidation of pyridine ring
with mCPBA afforded the corresponding N-oxide deriv-
atives 8.


Nicotinic acid derivative 6 could be converted into the
corresponding aminopyridine compound 9 via a Curtius
rearrangement using diphenyl phosphorazidate (Scheme 2).
Reductive alkylation of the aminopyridine 9 provided
the key N-alkylated intermediate 10 in moderate yield.
Alternatively, intermediate 10 could be prepared from
3-N-alkylaminopyridine compound 13, which in turn
was synthesized from 3-aminopyridine through
alkylation in the presence of lithium 2,2,6,6-tetrame-

N


COOH


CF3F3C
OH
6


N


NH2


CF3F3C
OH


9


a b


12


N


NH2


e


Scheme 2. Reagents and conditions: (a) DPPA, Et3N, then LiOH, 25%;


or R2NCO or R2NCS, toluene, rt to 80 �C; (d) triphosgene or CSCl2, DIP


(f) CF3COCF3(gas), �78 �C, THF, then LiTMP, THF, ether, �107 �C, 1 h,


N


CF3F3C
OH


N


COOH


CF3F3C
OH


N


Br


a b


4 5 6


Scheme 1. Reagents and conditions: (a) n-BuLi, CF3COCF3(g), �78 �C to rt


CH2Cl2, >90%; (d) mCPBA, DCM (�20%).

thylpiperidide (LiTMP) at low temperature (�107 �C).12


Amide derivatives were prepared through the reaction
of 10 with acid chlorides or with carboxylic acids in
the presence of coupling reagents. Urea formation was
performed using two different routes depending on the
availability of intermediates. In the first route
compound 10 was treated with a substituted isocyanate
or thioisocyanate to provide derivatives 11. Alternative-
ly compound 10 was first treated with triphosgene or
thiophosgene to provide the carbamoyl chloride or
thiocarbamoyl chloride intermediate, which without
further purification was reacted with a primary or
secondary amine to afford the desired urea or thiourea
derivative 11.


Thiazole derivatives were prepared according to Scheme 3.
Reductive alkylation of 2-aminothiazole 14 with
aldehydes in the presence of NaBH4 afforded the desired
N-alkylated 2-aminothiazole intermediates 15 in
excellent yields. Introduction of hexafluoroisopropanol
was achieved by reacting the N-alkylated 2-aminothiaz-
ole intermediates with hexafluoroacetone at elevated
temperature. The condensation reaction between
aminothiazole and hexafluoroacetone went smoothly
in the presence of molecular sieves and afforded only
one product, which was assigned the C-5 hexafluoroiso-
propanol structure 16, based on NMR spectroscopic
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Table 2. Thiazole-based MCD inhibitors


N


S


CF3


CF3
OHN


R


OR1


Compound R1 R IC50
a


(nM)


17a i-Pr Et 794


17b i-Pr n-Bu 984


17c i-Pr Ph 1711


17d i-Pr Bn 689


17e i-Pr 4-CNBn 20


17f i-Pr 4-MeO2CBn– 54


17g i-Pr 4-ClBn– 148


17h i-Pr 3,4-Dichlorobenzyl 438


17i i-Pr 4-TetrazolylBn– 1280


17j i-Pr 4-MeOBn– 353


17k i-Pr 2-Furanylmethyl 1576


17l i-Pr 4-Pyridinylmethyl 42


17m i-Pr 2-Pyridinylmethyl 187


17n i-Pr 1-Methyl-2-


imidazolylmethyl


356


17o Me n-Bu 177


17p n-Pr n-Bu 526


17q Ph n-Bu 3332


17r p-Pyridinyl n-Bu 111


17s 4-Pyridinyl 4-Pyridinylmethyl 22


17t 3,5-Dichlorophenyl 4-Carboxylbenzyl 11


17u 4-Pyridinyl 4-CNBn 9


a Data are reported as means of n P 3 determinations. SD was gen-


erally ±20% of the average.
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Scheme 3. Reagents and conditions: (a) R2CHO, toluene; NaBH(AcO)3 or NaBH4, MeOH; (b) CF3COCF3, toluene, 100 �C, 24–86% in two steps;


(c) (R1CO)2O, dioxane, 100 �C, 21–75%.
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data and by analogy to the other Friedel–Crafts type of
reactions of 2-aminothiazoles.13 Finally, acylation of the
intermediates 16 using symmetric or mixed carboxylic
acid anhydrides provided the desired amide compounds
17. Interestingly, it was found that acylation of 2-alkyl-
aminothiazole intermediates using acid chlorides provid-
ed a mixture of 2-N 0 and N-3 acylation products.


MCD inhibitors were evaluated for their ability to inhib-
it a soluble maltose binding protein, fused human malo-
nyl-CoA decarboxylase (MBP-hMCD) as described
previously.10a,14 The IC50 values for some selected com-
pounds are tabulated in Tables 1 and 2. Representative
compounds were subsequently chosen for glucose oxida-
tion assessment in isolated working rat hearts.


Intermediary compounds 5, 6, 9, and 2-(5-(ethylami-
no)pyridin-2-yl)-1,1,1,3,3,3-hexafluoropropan-2-ol (10,
R1 = Et) were all inactive, consistent with previous
observations that an extra hydrophobic moiety pos-
sessing a hydrogen-bond acceptor is required for good
potency, in addition to the required bis-trifluorometh-
yl carbinol function.10a,b Tertiary nicotinamides con-
taining small aliphatic groups (7a and 7b) showed
good MCD inhibitory activities. Amides, ureas or
thioureas in aminopyridine series (11) all showed
reasonably good activities. However, little potency
improvement was seen for pyridine derivatives over
the corresponding phenyl analogs.10a Oxidation of
the pyridine ring to the corresponding N-oxide deriv-
ative resulted in decreased activity (IC50: 7a: 47 nM
vs 8: 235 nM).

Table 1. Pyridine-based MCD inhibitors


N


N


CF3F3C
OH
11


R1


Y


X
R2


N


CF3F3C
OH


O N
R2


R1


7


N


CF3F3C
OH


O N
R2


R1


O


8


Compound R1 R2 X Y IC50
a (nM)


7a i-Bu i-Bu — — 47


7b n-Pr Cyclopropylmethyl — — 117


8 i-Bu i-Bu — — 235


11a 3-Tetrahydrofuranylmethyl –(CH2CH2OCH2CH2)– S N 84


11b 3-Tetrahydrofuranylmethyl –CH2CH2CN S NEt 24


11c Et i-Pr O bond 22


a Data are reported as means of n P 3 determinations. SD was generally ±20% of the average.
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Similarly, 2-(N-alkylamino)thiazolylhexafluoroisopro-
panol intermediates 16 did not exhibit significant
MCD inhibitory activity. Additional functionality,
such as an acyl or an ureido group, is required for
good activity. Generally, small aliphatic acyl groups
such as methyl or ethyl are preferred over a phenyl
or substituted phenyl group. For example, compounds
17o and 17p are 6–20 times more potent than 17q, a
benzamide derivative (Table 2). A similar trend was
observed in the urea series (data not shown). 2-Aryl-
aminothiazole derivatives usually exhibited low activity
(e.g., 17c, IC50: 1.71 lM) as compared to the corre-
sponding 2-alkylaminothiazole derivatives. A signifi-
cant improvement of MCD inhibitory activity was
observed for those compounds with an N-4-substituted
benzyl group or an N-pyridinylmethyl group.
Pyridinylmethyl and 4-cyanobenzyl groups are among
the most preferred substituents at this position.


Two potent thiazole-based MCD inhibitors (17s and 17t)
having excellent solubility (data not shown) were selected
for testing in the isolated working rat heart model15 to
evaluate their ability to regulate fatty acid/glucose oxida-
tions. Compound 17s produced almost a 5-fold increase
in glucose oxidation rates at 10 lM versus the DMSO
control. Compound 17t was slightly less potent than com-
pound 17s in stimulation of glucose oxidation, partly due
to the lower permeability of the former. As a comparison,
known fatty acid oxidation inhibitors ranolazine15b and
trimetazidine,15c which function by inhibiting mitochon-
drial b-oxidation, only increased glucose oxidation rates
by a factor of two or less (see Table 3).


In summary, a series of heteroaryl MCD inhibitors were
designed and synthesized. Some thiazole-based bis-tri-
fluoromethyl carbinols showed potent MCD inhibitory
activities as well as powerful stimulation of glucose
oxidation in isolated working rat hearts. Similar to
previous observations in the original series,10a the
mono-trifluoromethyl analog of compound 7a showed
a 60-fold decrease in the MCD inhibition (IC50:
3.25 lM vs 47 nM). These results indicate that the acid-
ity of the hydroxyl group may play a significant role in
the binding to the MCD active site, since the hydroxyl
group of the bis-trifluoromethyl carbinol moiety is
relatively acidic (pKa: 8.5 for 2-phenyl-hexafluoro-2-
propanol)16 compared to the hydroxyl function of
mono-trifluoromethyl isopropanol or a substituted
isopropanol. Compounds similar to the above MCD

Table 3. MCD inhibitors and glucose oxidation rates in isolated


working rat hearts


Compound IC50 (nM) GOXa


DMSO — 1


17s 22 4.92


17t 11 3.35


Ranolazineb — 1.77


Trimetazidinec — 2.01


a GOX (glucose oxidation rates) were calculated as a ratio of test


compound (10 lM) to DMSO (0.05%) control. n = 8.
b See Ref. 15b,c.
c See Ref. 15c.

inhibitors and possessing the bis-trifluoromethyl carbi-
nol pharmacophore have been reported to be LXR ago-
nists17a or PDE4 inhibitors.17b X-ray crystallographic
studies on the LXR inhibitors revealed that the hydroxyl
group in bis-trifluoromethyl carbinol moiety forms a
hydrogen bond with the imidazole unit of a histidine
residue in the LXR ligand binding domain of the pro-
tein.18a,b The strong hydrogen bond interaction could
be partially explained by the pKa match of bis-trifluoro-
methyl carbinol with the histidine side chain (pKa: 6.5–
7.0).18c A histidine residue in the PDE4 catalytic site
may also play an important role mechanistically in the
hydrolysis of the cAMP phosphodiester.17c Although lit-
tle is known regarding the mechanism of action of MCD
or the nature of the active site19, crystal structures of
other crotonase superfamily members such as methyl-
malonyl-CoA decarboxylase,20a chalcone synthase/
fatty acid synthases20b,c and carboxymethylproline syn-
thase20d have demonstrated the importance of a key his-
tidine residue in the active sites, possibly as part of an
oxy-anion hole required for the decarboxylation of mal-
onyl-CoA. It is therefore reasonable to hypothesize that
one of 13 histidine residues found in the MCD protein
may participate in the active site and facilitate the decar-
boxylation process. If so, the putative histidine residue
may form strong hydrogen bonds with bis-trifluoro-
methyl carbinol moiety of the MCD inhibitors. The
SAR results also suggest the presence of a hydrophobic
region in the active site which could interact with the
small aliphatic side chains of these MCD inhibitors.
The identification of the above potent MCD inhibitors
may facilitate crystallization of the MCD enzyme and
provide insights into the mechanism of action of the
decarboxylation process as well as the design of other
novel MCD inhibitors.
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Abstract—Using a dipeptide nitrile scaffold we have identified a potent and selective inhibitor of human dipeptidyl peptidase I.
� 2006 Elsevier Ltd. All rights reserved.

Human dipeptidyl peptidase I (hDPPI, cathepsin C, EC
3.4.14.1) is a highly conserved lysosomal cysteine exo-
peptidase that belongs to the papain family.1–5 The en-
zyme is constitutively expressed in many tissues with
highest levels in lung, kidney, liver, and spleen. DPPI
is a 200 kDa homotetramer consisting of four identical
subunits, each composed of three different chains: a
heavy chain, a light chain, and an exclusion domain.6a,b


The S1 pocket is located near the surface, exposed to the
solvent. The S2 pocket is deep and hydrophobic, with a
chloride ion and two solvent molecules at the bottom,
and Asp 1 at the entrance to anchor the substrate via
an electrostatic interaction. The exclusion domain
blocks extension beyond the S2 pocket, and thus
prevents endopeptidase activity. Once activated,7 DPPI
catalyzes sequential removal of dipeptides from the N-
termini of peptide and protein substrates with broad
specificity.3,8,9 However, DPPI only cleaves substrates
with a free N-terminal amino group and does not cleave
substrates with P1 or P1 0 Pro, P1 Ile, and P2 ornithine,
Lys or Arg.


DPPI is an important enzyme in lysosomal protein deg-
radation and recent studies in DPPI knock-out mice
show that DPPI functions as a key enzyme in the activa-
tion of granule serine proteases in cytotoxic T lympho-
cytes and natural killer cells (granzymes A and B),3,10a


mast cells (chymase and tryptase),10b and neutrophils
(cathepsin G, proteinase 3, and elastase).11
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Dominant-negative mutations within the human DPPI
genes are linked to the Papillon-Lefèvre syndrome,12 a
disease characterized by early periodontitis, palmoplan-
tar hyperkeratosis, and a predisposition to bacterial
infections. This indicates that DPPI plays an important
role in the immune system. Recent data13 show that dis-
ruption of DPPI genes is beneficial for the survival from
sepsis and indicate that DPPI is potentially a new target
for the treatment of sepsis. Thus, in combination with
predictive animal models, inhibitors of DPPI will be
beneficial for further studies on the physiological role
of DPPI.


Inhibitors of DPPI include dipeptide diazomethyl keto-
nes,14a,b a dipeptide nitrile (1),15 dipeptide vinyl sulf-
ones,16 dipeptide acyloxymethyl and fluoromethyl
ketones,16 dipeptide O-acyl hydroxamic acids,17 argi-
nine-based peptides,18 and phosphinic tripeptides.19


The naturally occurring cysteine protease inhibitor
E-64 also inhibits DPPI at high concentrations.20


We have recently reported semicarbazide-derived inhib-
itors of hDPPI.21 Herein, we report a series of dipeptidyl
nitriles as inhibitors of hDPPI. Nitriles have previously
been reported as inhibitors of cathepsin B,22 cathepsin
K,23a,b cathepsin L,23b cathepsin S,23b,24 papain,23b and
dipeptidyl peptidase IV (DPPIV).25a


The nitriles were synthesized by dehydration of the cor-
responding dipeptide amides, using POCl3 and imidaz-
ole in pyridine, as previously reported (Schemes 1 and
2).25a,b The protected dipeptide amides were either pre-
pared in solution (entries, 2,8–9, Scheme 1) or on solid
phase using the Rink amide linker (entries 3–7, Scheme
1). Solid phase yields (9–21%) were generally lower than
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Table 1. IC50 values for 1–10


Entry Structure IC50 (DPPI) (nM) Ratioa A:B


1
CN


H
N


O


H2N
4787 ± 456 N.D.b


2
CN


H
N


O


H2N 172 ± 13 3:1


3
CNN


O


H2N 94 ± 4% remaining


enzymatic activity


at 10 lM


5:1


4


CN
H
N


O


H2N


822 ± 140 N.D.b


5


CN
H
N


O


H2N


137 ± 27 7:1


6
CN


H
N


O


H2N


Cl


96 ± 8 6:1


7


CN
H
N


O


H2N


13 ± 3 11:1


8 CN
H
N


O


H2N 294 ± 16c


418 ± 27d


6296 ± 123
e


Isomers


separated


9


CN
H
N


O


N
H 9637 ± 208 Trace of


isomer


10
CNN


O


H2N


N.I.f 9:1


a Determined by 1H NMR.
b Not detectable.
c Isomer A.
d Isomer A + B (44:55 ratio by HPLC).
e Isomer B.
f No inhibition at 20 lM.
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Scheme 1. Reagents and conditions: (a) CDI, THF; then


H2NCH(R1)COOH, base or H2NCH(R1)CONH2ÆHCl, base; (b)


POCl3, imidazole, pyridine, �40 �C to room temperature; (c) TFA;


(d) CDI, THF; then NH3 in 2-propanol.
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Scheme 2. Reagents and conditions: (a) FmocHNCH(R1)COOH,


TBTU, NEM, DMF; (b) 20% piperidine, DMF; (c) BocHNCH(R2)-


COOH, TBTU, NEM, DMF; (d) TFA; (e) Boc2O, NEM; (f) POCl3,


imidazole, pyridine, �40 �C to room temperature.
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those in solution (21–48%). In the former approach, the
amides were formed from the carboxylic acids via acti-
vation with CDI, followed by treatment with ammonia
in propanol. In the latter approach, it was necessary to
re-protect the amino group with Boc2O after cleavage
from the solid phase, prior to performing the dehydra-
tion. Entry 3 was prepared according to Scheme 2, start-
ing from Fmoc-N-Me-Phe-OH. All final products were
purified by preparative HPLC (Gilson HPLC system,
Zorbax 300SB RP-18 21.2 mm · 25 cm column, 0.1%
TFA in water/acetonitrile eluent system in a linear gra-
dient, flow 15 mL/min., UV/vis-155 detector at 215
and 254 nm) to >95% purity and characterized by LC–
MS and 1H NMR. Several of the purified nitriles were
obtained as a mixture of isomers, presumably diastereo-
mers arising from racemization. Tripeptide nitriles have
been previously shown to be prone to racemization
due to the increased acidity of the nitrile a-position.25b


The A:B isomeric ratio was determined by 1H NMR
(Table 1), as distinct isomeric resonances were evident.
For entry 8 it was possible to isolate the isomers by
preparative HPLC.


Entry 10 was prepared (Scheme 3) via Boc-methio-
nine, using CDI and phenylalanine methyl ester
hydrochloride to assemble the crude dipeptide in high
yield (96%) and purity (>95 % by HPLC). Methyla-
tion with methyl iodide afforded the sulfonium iodide
in quantitative yield. Cyclization to form the lactame
was achieved with NaH in DMF/DCM 1:1, giving
the crude carboxylic acid in 58% yield and >94%
HPLC purity directly after workup. Approximately
10% racemization of the Phe a-carbon was observed
in 1H NMR, as previously reported.26 Attempts to
form the nitrile in the presence of the Boc-protecting

group failed, and this was thus exchanged for the
more robust Cbz group in two steps (90% overall,
no purification). Activation of the carboxylic acid with
CDI and subsequent treatment with ammonia in 2-
propanol yielded 29% of the carboxamide after purifi-
cation. Dehydration with trifluoroacetic anhydride
(TFAA) in DCM afforded the protected nitrile in
48% yield after HPLC purification. Finally, the Cbz
group was removed by transfer hydrogenation, using
cyclohexene and Pd/C in ethanol at 80 �C, to give
the desired product 10 in 38% yield after HPLC
purification (>99% purity). This compound was a 9:1
mixture of isomers according to 1H NMR.







Table 2. Selectivity profile for 7


Enzyme IC50 (nM)


Cathepsin B > 10,000a


Cathepsin H > 10,000a


Cathepsin L > 10,000a


CYP1A2 14896 ± 556


CYP2C9 > 20,000a


CYP2C19 > 20,000a


CYP2D6 12605 ± 556


CYP3A4 3604 ± 3410


a 10 lM or 20 lM cut-off determination (n = 2).


Table 3. Metabolic stabilitya


Entry (%)b


2 80


4 74


6 70


7 3


8 45


9 39


a In rat liver microsomes (Cerep, Seattle). All values are means of two


determinations.
b % Remaining after 15 min. The values for reference compounds


Imipramine, Verapamil, and Terfenadine are 11, 63, and 60,


respectively.
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Scheme 3. Reagents and conditions: (a) CDI, H-Phe-OMeÆHCl,


DIPEA (96%); (b) MeI (100%); (c) NaH, DMF/DCM (58%, crude);


(d) TFA/DCM (100%); (e) CbzCl, DIPEA (90%, crude); (f) CDI, then


NH3 in propanol (29%); (g) TFAA/DCM (48%); (h) Pd/C, cyclohex-


ene/EtOH, 80 �C (38%).
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Entry 1, previously reported as an inhibitor of
hDPPI with Ki = 2700 nM,15 was found to have
IC50 = 4787 ± 456 nM in our assay. Using this as a start-
ing point, and having previously identified (S)-2-amino-
butyric acid as an optimal P2 residue for a series
of semicarbazide-based inhibitors of DPPI,21 led us to
prepare 2 with a >25-fold increase in potency
(IC50 = 172 ± 13 nM). However, N-methylation of the
amide resulted in almost complete loss of activity at
10 lM (entry 3), presumably owing to unfavorable
geometry and disruption of the hydrogen bonding
network, as previously proposed to explain intolerance
toward P1 Pro.6a Subsequently, we focused on exploring
the P1 substituent with respect to potency. Attention
was turned to hydrophobic, aromatic residues, known
to be good P1 substrate residues.8 Homologation of
the P1 side chain gave a >4-fold reduction in potency
(entry 4), whereas 5 with a 3-phenyl-2-propenyl P1 side
chain was found to be slightly more potent compared to
2. However, when comparing the results it should be
kept in mind that 2 has the lowest A:B isomeric ratio
of the series. Interestingly, p-chloro substitution is well
tolerated (entry 6), and p-phenyl substitution of 2
resulted in the most potent inhibitor in the series (entry
7, IC50 = 13 ± 3 nM). The results are consistent with the
S1 pocket being located at the surface of the enzyme,
exposed to the solvent, and tolerant to many different
residues.8


Introduction of P2 Pro (entry 9) resulted in loss of activ-
ity, as did the presence of a P2 lactame ring (entry 10).
Both these modifications presumably affect the interac-
tions with Asp 1 and Gly 277 in the S2 binding site.6a,b,8


Compound 7 was also found to be selective for DPPI
over cathepsins B, H, and L, and did not show signifi-
cant inhibition of the CYP450 enzymes (Table 2).


In conclusion, we have identified 7, a potent and selec-
tive dipeptide nitrile inhibitor of hDPPI, which shows
only weak inhibition of the CYP450 enzymes. The com-
pound was rapidly metabolized in rat liver microsomes.
Further exploration of this class of inhibitors can lead to
other potent compounds for potential use in treatment
of inflammatory diseases (Table 3).
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Abstract—Lisofylline (LSF, 1-(5-R-hydroxyhexyl)-3,7-dimethylxanthine) is an anti-inflammatory agent that protects b-cells from
Th1 cytokine-induced dysfunction and reduces the onset of Type 1 diabetes in non-obese diabetic (NOD) mice. Due to its low poten-
cy, poor oral bioavailability, and short half-life, the widespread clinical utility of LSF may be limited. Our goal has been to develop
new agents based on the LSF structural motif that resolve the potency and pharmacokinetic liabilities of LSF. In this study, we have
generated a focused library of LSF analogs that maintain the side chain (5-R-hydroxyhexyl) constant, while substituting a variety of
nitrogen-containing heterocyclic substructures for the xanthine moiety of LSF. This library includes the xanthine-like (5-aza-7-
deazaxanthine), as well as non-xanthine-like skeletons. The LSF analogs were evaluated in a pancreatic b-cell line for the effects
on apoptosis protection and insulin release. The metabolic stability of selected compounds was also tested.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of Lisofylline (LSF, (1-(5-R-hydroxyhexyl)-3,7-


dimethylxanthine)).

Type 1 diabetes, a common and widespread disease
occurring in every part of the world, is an autoimmune
disorder that results from the immune-mediated inflam-
matory destruction of insulin-producing b-cells in pan-
creatic islets. There are an estimated 500,000 to 1
million people with Type 1 diabetes in the US today.
Although the specific pathogenic mechanisms in Type
1 diabetes are not defined, it is clear that activated T
cells and macrophages are required for the initiation.
Once activated, macrophages secrete several inflamma-
tory cytokines, such as interleukin 1b (IL-1b), interleu-
kin 12 (IL-12), and tumor necrosis factor a (TNF-a),
and trigger interferon-c (IFN-c) production from acti-
vated T cells.1 These cytokines are cytotoxic to b-cells
by inducing the formation of oxygen free radicals, nitric
oxide, and lipid peroxides within b-cells and enhance
Th1-cell-mediated inflammatory responses, which are
responsible for b-cell destruction. 2


Lisofylline (LSF) (Fig. 1), 1-(5-R-hydroxyhexyl)-3,7-
dimethylxanthine, is a novel anti-inflammatory com-
pound that was originally used to reduce the incidence
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of graft vs. host disease and to prevent the onset of exper-
imental autoimmune encephalomyelitis by blocking IL-
12-induced T helper 1 differentiation.3,4 It abrogated re-
lease of inflammatory cytokines during oxidative lung
injury and reduced inflammatory cytokine release in re-
sponse to cytotoxic cancer chemotherapy.5 LSF also
showed beneficial effects in several inflammatory disor-
ders such as sepsis, hypoxia, and hemorrhagic organ inju-
ry.6,7 LSF has also been shown to protect b-cells from
multiple inflammatory cytokine-mediated injuries by its
ability to maintain insulin secretory capability and cell
viability.2 Although not established, the mechanism of
LSF-induced protection may be due to promotion of b-
cell mitochondrial metabolism, normalizing mitochon-
drial membrane potential and stimulating energy produc-
tion. This unique spectrum of activity suggests that
agents such as LSF could have clinical utility in prevent-
ing b-cell damage during the development of Type 1 dia-
betes or after islet cell transplantation. This hypothesis
was supported by studies that showed LSF could signifi-
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cantly reduce spontaneous Type 1 diabetes development
in the non-obese diabetic (NOD) mouse.1


LSF has disadvantages that may limit its clinical devel-
opment: LSF exhibits low (to non-existent) oral bio-
availability, has an extremely short half-life, requiring
constant intravenous infusion in humans, and has rela-
tively low potency for direct islet protective effects,
requiring concentrations of 20 lM in vitro and at least
25 mg/kg body weight in rodents to see beneficial effects.
In efforts directed at enhancing the potency of LSF,
Klein et al.8 prepared a library of LSF analogs based
on the xanthine framework and studied the SAR for
suppression of Th1 differentiation through IL-12 block-
ade. Despite considerable structural variation, only rela-
tively small differences in activity were observed among
the analogs studied. Importantly, it was found that the
enantiomeric S-LSF (which possesses the S-alcohol con-
figuration) was inactive, implicating a highly specific
interaction of the R isomer with a binding point on
the target site.


The aim of our investigation was to synthesize a focused
library of small molecules based on the LSF structure to
elucidate the SAR for potency and pharmacokinetic
parameters. In one approach, we synthesized analogs
of the 5-aza-7-deazaxanthine family (Fig. 2). The 5-
aza-7-deazaxanthine structure is isosteric with xanthine,
but has a distinct electronic character as evidenced by its
lower basicity and its photophysical properties.9 In a
second approach, we substituted a series of nitrogen-
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containing heterocyclic substructures for the xanthine
moiety of LSF.


The synthetic route to 5-aza-7-deazaxanthine-LSF 1
(Scheme 1) commenced with coupling of glycine 2
and acetic anhydride 3 in presence of pyridine afford-
ing acetamidoacetone 4,10 which was hydrolyzed in
HCl to form aminoacetone hydrochloride 5. The ke-
tone was then transformed to its acetal by treatment
with a mixture of trimethyl orthoformate and metha-
nol in the presence of p-toluenesulfonic acid. The free
amine 6 was obtained by treatment with sodium
hydroxide.11 Compound 6 was ready for later reac-
tions with a protected carbonyl group and a free
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amine. Compound 8 was prepared by controlled
hydrolysis of cyanuric chloride 7 with sodium hydrox-
ide in aqueous solution.12 Condensation of compound
8 with compound 6 in aqueous media at reflux tem-
perature furnished compound 9 and the hydrolysis
of the protecting acetal groups was achieved in situ.
The ring annulation was accomplished by heating
with concentrated sulfuric acid.13 Compound 10 was
methylated with methyl iodide in basic solution to
give 11, which was then coupled with 5-(R)-acetoxy-
1-chlorohexane14 followed by removing the acetate
group to afford compound 1.


In our second study, the side-chain moiety (5-R-
hydroxyhexyl) was held constant, while a series of
nitrogen-containing heterocyclic scaffolds were substi-
tuted for the xanthine substructure (Table 1). The
LSF analogs were synthesized by coupling the hetero-
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Scheme 2. Reagents and conditions: (i) NaH, DMF, then 5-(R)-acetoxy-1-ch


(1 M in ether), MeOH, rt, overnight, 31, 22%, two steps.
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cyclic compounds with 5-(R)-acetoxy-1-chlorohexane,
followed by hydrolysis of the resulting acetates. For
the synthesis of LSF analogs based on phthalhydraz-
ide 13 (Scheme 2), the byproduct 32 was also isolated.
This compound proved valuable in elucidating the
structure of 31 by demonstrating that alkylation oc-
curred on the oxygen.


We investigated the effects of LSF analogs on b-cells in
the mouse insulin-secreting INS-1 cell line.15 Evidence
showed that LSF and its analogs could protect b-cells
from cytokine-induced cell death. INS-1 cells were treat-
ed with a combination of recombinant IL-1b, INFc, and
TNFa with 10�5–103 lM LSF and its analogs. At a
concentration of 10�2 lM, LSF showed a maximum
protective effect (Fig. 3a). There was no further increase
in b-cell protection when the LSF concentration was
increased from 10�2 to 102 lM. Most of the LSF
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Figure 4. Insulin secretion in INS-1 cells: (a) LSF, (b) compound 1, and (c) compound 31.(+C�G3 = w/compound, w/o cytokines, 3 mM glucose;
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cytokine, 28 mM glucose; +C+G3 = w/ compound, w/cytokines, 3 mM glucose; �C+G3 = w/o compound, w/ cytokines, 3 mM glucose;


+C+G28 = w/compound, w/cytokines, 28 mM glucose; �C+G28 = w/o compound, w/cytokines, 28 mM glucose).
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analogs showed some protective effects on b-cells (data
not shown), especially compounds 1 (Fig. 3b) and 31
(Fig. 3c), which proved effective at low concentrations.
Both of these two compounds showed comparative
activity with LSF at concentration of 10�2 lM. No fur-
ther increases in b-cell protection were observed when
analog concentrations were increased.16


We also examined the effects of LSF and selected ana-
logs on insulin secretion in INS-1 cells with and without
inflammatory cytokines.17 A maintenance in basal
(3 mM) and glucose-stimulated (28 mM) insulin release
was observed by 20 lM of LSF and its analogs (Fig. 4).


Table 2 shows results of metabolic stability experiments
for compounds 1 and 31. This assay evaluated the stabil-
ity of 1 M concentrations of 1 and 31 in human liver
microsomes at pH 7.4. Compound levels were measured
by LC/MS. Three reference drugs were used: warfarin
(high stability), propranolol (lower stability), and testos-
terone (poor stability). Both of the compounds showed
acceptable stability values under these in vitro condi-
tions. These results are relevant to our search for longer

Table 2. Metabolic stability of LSF analogs


Warfarin Propranolol Testosterone 1 31


Metabolic


stability


% remaining


105 34 9 82 75

lived LSF analogs, since LSF is completely metabolized
by the liver with half-life of less than 3 min in vivo.


In summary, we have synthesized a series of LSF ana-
logs that maintain the 5(R)-hydroxyhexyl side chain,
while varying the xanthine core substructure. Two lead
compounds 1 and 31 have been identified that protect
b-cells from cytokine-induced injury and maintain insu-
lin secretory capability. In addition, these lead com-
pounds showed metabolic stability in vitro. Ongoing
studies of the pharmacokinetic profiles of these mole-
cules will determine if the goal of generating an LSF
analog with improved potency, metabolic stability, and
oral bioavailability has been achieved.

Acknowledgment


This work was supported by grants from the NIH
(R21DK 063521).

References and notes


1. Yang, Z. D.; Chen, M.; Wu, R.; McDuffie, M.; Nadler, J.
L. Diabetologia 2002, 45, 1307.


2. Chen, M.; Yang, Z. D.; Wu, R.; Nadler, J. L. Endocri-
nology 2002, 143, 2341.


3. Coon, M. E.; Diegel, M.; Leshinsky, N.; Klaus, S. J.
J. Immunol. 1999, 163, 6567.


4. Bright, J. J.; Du, C.; Coon, M.; Sriram, S.; Klaus, S. J.
J. Immunol. 1998, 161, 7015.







P. Cui et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3401–3405 3405

5. De Vries, P.; Singer, J. W. Exp. Hematol. 2000, 28, 916.
6. Rice, G. C.; Brown, P. C.; Nelson, R. J.; Bianco, J. A.;


Singer, J. W.; Bursten, S. Proc. Natl. Acad. Sci. U.S.A.
1994, 91, 3857.


7. Wattanasirichaigoon, S.; Menconi, M. J.; Fink, M. P.
Crit. Care Med. 2000, 28, 1540.


8. Klein, J. P.; Klaus, S. J.; Kumar, A. M.; Gong, B. Int
Patent under PCT, WO 00/61583, 2000; Chem. Abstr.
2000, 742096.


9. Rao, P.; Benner, S. A. J. Org. Chem. 2001, 66, 5012.
10. Hepworth, J. D. Org. Synth. Coll. 1973, 5, 27.
11. Calabretta, R.; Giordano, C.; Gallina, C.; Morea, V.;


Consalvi, V.; Scandurra, R. Eur. J. Med. Chem. 1995, 30,
931.


12. Horrobin, S. J. Chem. Soc. 1963, 4130.
13. Kim, S. H.; Bartholomew, D. G.; Allen, L. B.; Robins, R.


K.; Revankar, G. R.; Dea, P. J. Med. Chem. 1978, 21, 883.
14. Klein, J. P.; Leigh, A. J.; Michnick, J.; Kumar, A. M.;


Underiner, G. E. US Patent, US005629423A, 1997; Chem.
Abstr. 1997, 342002.


15. Cells from passages 10–30 were maintained in RPMI
1640 medium(LifeTechnologies, Inc., Gaithersburg, MD)
supplemented with 10% heat-inactivated FBS, 10 mm
HEPES, 200 lm LL-glutamine, 1 mm sodium pyruvate,
5 nm 2-mercaptoethanol, 50 U/ml penicillin, and 50 lg/
ml streptomycin at pH 7.4. The cells were cultured at
37 �C in a humidified incubator supplied with 5%
carbon dioxide. Fresh medium was replaced every 2

days. The cells were plated at a density of 105/cm2.
Culture vessels were coated with poly-DD-lysine and
gelatin (Sigma, St. Louis, MO) to retain detached and
dead cells so that seeding cell numbers reflect the actual
cell numbers after all treatment conditions. INS-1 cells
were treated with the combination of recombinant
mouse IL-1b (5 ng/ml), IFNc (100 ng/ml), and TNFa
(10 ng/ml; R&D Systems, Inc., Minneapolis, MN) sus-
pended in complete RPMI medium. LSF (provided by
Cell Therapeutics, Inc., Seattle, WA) and analogs were
added simultaneously with the cytokines in complete
RPMI medium. All treatments were performed for 18 h.


16. Beta cells were treated with apoptosis detecting dye for 2–
3 h at room temperature. Apoptotic cells were recognized
with purple-red color under a microscope. After washing
to eliminate free dye and adding dye release reagent, color
density was quantified by reading at OD 450 nM.


17. At the end of treatment, cells were washed with Krebs–
Ringer-bicarbonate–HEPES buffer (KRB) containing
134 mm NaCl, 4.7 mm KCl, 1.2 mm KH2PO4, 1.2 mm
MgSO4, 1.0 mm CaCl2, 10 mm HEPES, and 0.1% BSA at
37 �C, pH 7.4. They were preincubated in the same buffer
for 30 min, followed by 60-min incubation in KRB
supplemented with 15 mM DD-glucose (J. T. Baker, Phil-
lipsburg, NJ). The supernatant was harvested and sub-
jected to centrifugation to eliminate residue cells. Insulin
secreted into the supernatant was measured by RIA with
mouse insulin as a standard.





		Synthesis and biological evaluation of lisofylline (LSF) analogs as a potential treatment for Type 1 diabetes

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3479–3483

Phosphonic acid-containing analogues of mycophenolic acid
as inhibitors of IMPDH


William J. Watkins,* James M. Chen, Aesop Cho, Lee Chong, Nicole Collins,
Maria Fardis, Wei Huang, Magdeleine Hung, Thorsten Kirschberg,


William A. Lee, Xiaohong Liu, William Thomas, Jie Xu,
Ameneh Zeynalzadegan and Jennifer Zhang


Gilead Sciences, Inc., 333 Lakeside Drive, Foster City, CA 94404, USA


Received 8 March 2006; accepted 30 March 2006


Available online 18 April 2006

Abstract—The design, synthesis, and IMPDH inhibitory activity of a series of phosphonic acid-containing analogues of mycophen-
olic acid are described.
� 2006 Elsevier Ltd. All rights reserved.

Mycophenolic acid (MPA, 1) is a potent, uncompetitive
inhibitor of inositol monophosphate dehydrogenase
(IMPDH; EC 1.1.1.205), which catalyzes the rate-limit-
ing step in the de novo biosynthesis of guanine
nucleotides.1 It binds to a covalent enzyme–substrate
intermediate by occupying the recently vacated NAD
binding site.2 The compound exhibits ca. 4-fold greater
potency against isoform II (upregulated in proliferating
cells) than against isoform I (constitutively expressed).
The consequent depletion of the guanosine pool results
in inhibition of proliferation of a variety of cell types.3


MPA has seen widespread use in the prevention of rejec-
tion of solid organ transplants4 in the form of its 2-mor-
pholinoethyl ester prodrug, mycophenolate mofetil
(MMF, 2),5 which is very efficiently cleaved by first-pass
metabolism. The pharmacokinetic profile of the free
acid is dominated by the presence of the phenol on the
aromatic core, which is highly susceptible to glucuroni-
dation. Following biliary excretion and enteric microbi-
al hydrolysis of the biologically inactive glucuronide, the
parent acid is reabsorbed; ca. 40% of the dose of MMF
is subject to this enterohepatic recirculation process.
Ultimately, >95% of the dose is excreted renally as the
glucuronide.6 Although an important component of
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immunosuppressive therapy, the drug has some liabili-
ties as a result of this pharmacokinetic profile.7 Doses
of up to 1.5 g twice daily are required for optimal effect,
and GI-related side effects (nausea, abdominal pain, and
diarrhea) are common and dose-limiting in many pa-
tients (Fig. 1).


Recently, prodrugs of the antiviral nucleotide analogue
tenofovir were described that are subject to preferential
intracellular cleavage in lymphocytes.8 The resulting free
phosphonic acid (and its phosphorylated metabolites)
are efficiently trapped inside cells, leading to prolonged
inhibition of reverse transcriptase despite low plasma
levels. We wished to explore the applicability of this con-
cept in the search for an agent that might improve upon
the therapeutic index of MMF. Herein we describe our
initial work to identify potent, phosphonic acid-contain-
ing inhibitors of IMPDH.


Chemistry. All the compounds described herein were
made by semi-synthesis from MPA itself. Phosphonic
acid-containing analogues with alkyl- or ether-contain-
ing sidechains could be constructed without the need
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Figure 1. Mycophenolic acid (1) and mycophenolate mofetil (2).
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Table 1. Analogues of MPA lacking the carboxylic acid


MeO
O


OH O


R


Compound R IMPDH II


IC50 (nM)


1 CH2CH2CO2H 11


20 CH3 254


21 CH2OCH3 273
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for protection of the phenol (Scheme 1). We found that
cleavage of the olefin through ozonolysis to give the
hemi-acetal 39 was high-yielding and reproducible if
MPA was pre-treated with an excess of TMSCl. Other
oxidation methods that are more expedient for larger-
scale work will be reported elsewhere.10 For the synthe-
sis of amine-containing analogues and derivatives there-
of the (2-trimethylsilyl)ethyl-protected unsaturated
aldehyde 12 (Scheme 2) served as a useful and flexible
intermediate. We also found that treatment of the alde-
hyde 4 with di-tert-butyl dicarbonate in dichlorometh-
ane gave the corresponding Boc-protected material,
which proved equally useful. The diethyl phosphonate
19 (Table 3) was generated from this intermediate by
reductive amination followed by deprotection with
TFA. Compound 20 (Table 1) was derived via the
Boc-protected allylic bromide by cyanoborohydride-
mediated reduction. Compound 21 was made through
alkylation of the Boc-protected allylic alcohol with
methyl iodide in the presence of lithium tert-butoxide.
The synthesis of the N-methyl analogue 22 (Table 3)
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was achieved through cyanoborohydride-mediated
reductive amination of the Boc-protected version of 14
(Scheme 2), followed by global deprotection with trim-
ethylsilyl bromide buffered with 2,6-lutidine in acetoni-
trile. The sulfonyl urea 23 was made by reaction of the
amine with 2-(trimethylsilyl)ethyl chlorosulfonyl carba-
mate (made in situ from 2-(trimethylsilyl)ethanol and
chlorosulfonyl isocyanate) in the presence of triethyl-
amine, followed by deprotection.
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Table 2. Phosphonate replacements for carboxylate


R LINK


MeO
O


OH O


Compound Link R IMPDH II


IC50 (nM)


1 CH2CH2 CO2H 11


10 CH2CH2 P(O)(OH)2 96


6 CH2CH2 CH2 P(O)(OH)2 86


11 CH2 P(O)(OH)2 168


5 CHCH(E) P(O)(OH)2 506


8 CH2 P(O)(OMe)2 289


Table 3. Linker variations


R LINK


MeO
O


OH O


Compound Link R IMPDH II


IC50 (nM)


9 O P(O)(OH)2 246


13 H
N P(O)(OH)2 >1000


14 H
N P(O)(OH)2 499


16
N


O
P(O)(OH)2 785


17
N


HO
P(O)(OH)2 749


18
N
S O
O


P(O)(OH)2 498


23
N
S O
O


H2N P(O)(OH)2 93


22 N P(O)(OH)2 >1000


19 H
N P(O)(OEt)2 >1000
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For manipulation of the C-6 substituent, it proved expe-
dient to protect both the phenol and the sidechain simul-
taneously via the known methyl acetal 24 (Scheme 3).11


Numerous methods were surveyed for demethylation of
24 without compromising the integrity of the acetal, and
the best results were achieved by heating with DBN as
solvent. The ethyl substituent could be introduced
directly via Suzuki coupling, as shown, or by Pd-cata-
lyzed reaction with tributylvinyl stannane, followed by
hydrogenation.12 Acidic hydrolysis, Wittig reaction,
and Boc protection of the phenol gave an intermediate
analogous to 12 (Scheme 2). A similar sequence of reac-
tions to introduce the 6-ethyl substituent also proved
feasible on the 2-(trimethylsilyl)ethyl-protected version
of unsaturated alcohol 7 (Scheme 1). The 6-ethyl com-
pounds 25–30 were then made by methods analogous
to those described above.


Structure–activity relationships. Our chemistry strategy
to achieve high and sustained lymphatic cellular concen-
trations of an MPA analogue was to incorporate a phos-
phonic acid, thereby generating a polyanionic entity
whose permeability would be severely limited, and to
mask the charges with a promoiety that is preferentially
cleaved in lymph cells. In order to avoid the prospect of
designing double prodrugs, we elected to explore ana-
logues lacking the carboxylic acid moiety. This entity
binds in the region of the NAD binding site that is occu-
pied by the bridging phosphates of the cofactor,2,13 and
its removal leads to a 25-fold loss in potency (Table 1).


Initial attempts to regain potency through replacement
of the carboxylate with phosphonates met with limited
success (Table 2).


The analogue in which carboxylate is directly replaced
by phosphonate (10) is 9-fold less active than MPA in
the enzymatic assay. This is not surprising, given that
in the conformation of MPA bound to IMPDH II, both
oxygens of the carboxylate are involved in interactions
with the protein: the carboxylate group is planar, unlike
the spherical phosphonate, and the C–P and P–O bonds
are ca. 20% longer than C–C and C–O. There may also
be greater desolvation penalty upon binding for the
phosphonate, due to the additional charge. Variation
of the chain length by one atom gave analogues of sim-
ilar potency (6 and 11). Rigidification of the chain, as in
5, was detrimental. Overall, it appears that the
phosphonic acid is contributing to binding, but to a
lesser degree than the carboxylic acid of MPA.


To improve the potency, a wider selection of linkers was
explored (Table 3). Side chains of the same length as
that in 6, but containing heteroatoms (9, 13), are less

O


OO
MeO


O


O


O


O
MeO


(b), (c), (d)


24


O


O


O


O
HO


(a)


3


Scheme 3. Reagents and conditions: (a) p-TSA, MeOH, 50 �C; (b)


DBN, 140 �C; (c) Tf2O, pyridine; (d) EtB(OH)2, Pd(dppf)2Cl2,


Cs2CO3, THF, 70 �C.

active. Furthermore, the activity of analogues with side
chains containing a basic amine is quite sensitive to
structural variation: the phosphonate ester 19 and the
tertiary amine 22, as well as 13, prohibit binding of
the molecule as a whole, but the b-aminophosphonate
14 retains some activity. While the majority of neutral
derivatives of this amine retain similar potency, the
sulfonyl urea 23 is ca. 5-fold more active—perhaps
because of constructive H-bonds with the carboxylate
binding site.


None of the analogues above displays potency equiva-
lent to that of the parent MPA. In order to improve
the activity of phosphonate-containing compounds, we
resorted to modification of the phthalide core. In
particular, it has previously been noted that variation
of the C-6 methoxy substituent of MPA can improve
potency.12







Table 5. Inhibition of isoforms of IMPDH by key compounds


P LINK
O


OH OO


HO
HO


Compound Link IC50 (nM) Ratio


IMPDH I IMPDH II


1 –(MPA) 32 11 2.9


25 CH2 71 20 3.6


26 O 38 23 1.7


27 H
N 37 13 2.8
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In this work, the most extensive variation of the C6-sub-
stituent was carried out with the allylic phosphonates
(cf. 11). We found that the SAR for this position is sim-
ilar to that of MPA itself 12 and is very sensitive to small
changes, particularly those that increase the polarity of
the substituent (data not shown). The activity of the eth-
yl variant 25 (Table 4) is notable, however; although the
corresponding analogue of MPA has been reported to
be more active, the 8-fold increase in potency over 11
is striking. Replacing methoxy by ethyl as a tactic for
improvement of potency is evident with the other linkers
as well.


Finally, we measured the activity of phosphonate-con-
taining analogues against the two different isoforms of
IMPDH and found that they exhibited greater potency
against IMPDH II (Table 5). The clinical relevance of
this result is debatable (IMPDH functions as a tetramer-
ic species that may be a mixture of isoforms in vivo),14


but the similarity in isoform selectivity profile to that
of MPA is consistent with a similar binding mode.


Replacement of the carboxylate of MPA by phospho-
nate gave analogues with slightly less potency for inhibi-
tion of IMPDH. However, it proved possible to
incorporate a wide variety of different linker types and
maintain activity. Through a conservative modification
of the phthalide core several potent compounds were
discovered, and in particular the amine-linked analogue
27 proved equi-potent to MPA itself. Like MPA, these
compounds were somewhat selective for isoform II of
the enzyme. Hence our initial objective of designing po-
tent phosphonate-containing IMPDH inhibitors was
achieved, and we were able to use these to explore the
potential for intracellular delivery through the use of
prodrugs.


Chemicals. All analogues were purified by reverse-phase
HPLC using a C18 column with a gradient of 0.05%
TFA–H2O and 0.05% TFA–acetonitrile. The structural

Table 4. C-6 ethyl analogues with various linkers


P LINK
O


OH OO


HO
HO


Compound Link IMPDH II


IC50 (nM)


25 CH2 20


26 O 23


27 H
N 13


28
N
S O
O


68


29
N
S O
O


H2N 24


30 N 132

identity of each compound was confirmed by MS, 1H
NMR and 31P NMR.


Enzyme assays. Both IMPDH type I and type II genes
were cloned from human fetal brain cDNA. The recom-
binant enzymes were expressed in BL21(DE3)pLysS
(Invitrogen, Carlsbad, CA) with the plasmid pET15b
(Novagen, Madison, WI) bearing the respective
IMPDH open-reading frames. The assay for both iso-
zymes was based on a previously reported method.15


The reaction mixture contained 100 mM Tris–HCl, pH
8.0, 100 mM KCl, 3 mM EDTA, 1.1 mM DTT,
0.42 mM b-NAD, 0.2 mM IMP, and 3.4 nM IMPDH
II (5.2 nM for IMPDH I). The total volume of each as-
say was 150 lL. The formation of NADH was moni-
tored spectrophotometrically by measuring the
difference in UV absorbance at 340 nm before and after
incubation at 37 �C for 60 min. For IC50 determination,
compounds were serially diluted in DMSO and added to
the reaction mixture prior to the incubation; experi-
ments were performed in duplicate. IC50 values were cal-
culated from nonlinear curve fitting with GraphPad
Prism software.
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Abstract—A novel series of indoles and 1H-pyrrolo[2,3-b]pyridines having a piperidine ring at the 3-position were synthesized and
found to bind with high affinity to the ORL-1 receptor. Structure–activity relationships at the piperidine nitrogen were investigated
in each series. Substitution on the phenyl ring and nitrogen atom of the indole and 1H-pyrrolo[2,3-b]pyridine cores generated several
selective high-affinity ligands that were agonists of the ORL-1 receptor.
� 2006 Elsevier Ltd. All rights reserved.

In 1994, the opioid receptor-like 1 (ORL-1) was identi-
fied as the fourth opioid receptor. ORL-1 is a G-protein
coupled receptor having close sequence homology to the
l, j, and d-opioid receptors. However, none of the clas-
sical opioid ligands show significant affinity to the ORL-
1 receptor. In 1995, a 17-amino acid peptide named
nociceptin (or orphanin FQ) was identified as an endog-
enous ligand for the ORL-1 receptor.1,2 Since that time,
many significant reports have appeared that describe the
biology of the receptor and ligand. Numerous pharma-
cological studies have suggested that ORL-1 agonists
may be clinically useful for the treatment of stress and
anxiety, opioid dependence, and withdrawal.3,4 Other
accounts suggested that ORL-1 antagonists may be use-
ful as analgesics and might enhance learning ability and
memory.5,6 Attracted by these potential therapeutic
properties, many research groups were drawn to the
area, resulting in numerous publications and patent
applications describing non-peptidic small molecule
agonists and antagonists of the ORL-1 receptor.7–9


Despite the sequence homology between nociceptin and
the opioates, opioids do not bind the ORL-1 receptor

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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with high affinity. Traditional nonpeptidic opioid li-
gands such as morphine (l-opioid agonist), U50, 488
(j-opioid agonist), and SNC80 (d-opioid agonist) have
been extensively used in several species to establish
and characterize the opioids associated with their phar-
macological properties.10


It is not surprising that some of the first non-peptide mol-
ecules having affinity for ORL-1 were based on tradition-
al opioid ligands. In particular the morphinan analogues
have been a resourceful class having both ORL-1 and l-
opioid affinity. It is the case of buprenorphine, a l-opioid
partial agonist marketed for pain but with a significant
activity for the ORL-1 receptor and whose efficacy is
thought to be mediated via the ORL-1 receptor.9,11


Similarities between non-peptide derivatives of the
ORL-1 receptor and the opioids might be found but will
translate in different pharmacological actions when test-
ed in vivo.12–14 Traditional opioates have been used as a
platform and modification of their structure generated
simpler piperidine frameworks.9 Further structure–activ-
ity relationship (SAR) around these frameworks pro-
duced new scaffolds with enhanced potency for ORL-1
and more important improved selectivity over the opioid
receptors. Once developed, any new small ligand series
targeting ORL-1 will be compared to the classic opioids
in order to differentiate their potential therapeutic val-
ues. Such analyses will be important if we want to devel-
op any ORL-1 agonist/antagonist drugs (still no ORL-1
drugs have reached the market yet) toward a better
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understanding of the CNS pathways and its associated
mechanisms.


It is interesting to note that many reported small-mole-
cule ORL-1 ligands incorporate a piperidine framework
found in spiropiperidine, spirofused benzofuran, spiro-
indane/indene, benzimidazole/benzimidazolinone, and
aryl piperidine structures.15 Through extensive SAR
work focused on piperidine nitrogen substitution in each
of the scaffolds, cyclooctylmethyl, naphthylmethyl, and
acenaphthenyl groups have been found to confer high
affinity for ORL-1 (Fig. 1).


We considered that 3-(4-piperidinyl)- and 3-(3-pyrrolid-
inyl)indoles16–22 and 3-(4-piperidinyl)pyrrolo-[2,3-b]-
pyridines 23–27 would be valuable scaffolds for incorpo-
rating substitution to obtain ORL-1 receptor activity.
Our synthetic route started by reacting commercially
available or readily prepared substituted indoles or pyr-
rolo[2,3-b]pyridines with a protected piperidin-4-one un-
der basic or acidic conditions (Scheme 1).25,28–30 The
resulting protected tetrahydropyridines were reduced
to the piperidine or directly deprotected. Substituents
on the piperidine nitrogen were introduced through
reductive amination, nucleophilic substitution, or amide
coupling reactions. In a few examples, the final ana-
logues were alkylated at the 1-position of the indole
under basic conditions (NaH).


Compounds were evaluated for ORL-1 and opioid recep-
tor binding affinities in radioligand binding assays
(Tables 1–3). Ki values for binding to human recombinant

N R1R2


R3 R1 =


Figure 1. Piperidine-containing substituents that have been shown to


exhibit ORL-1 receptor affinity.
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Scheme 1. Reagents and conditions: (a) KOH or NaOH, MeOH reflux


60–95%; (b) piperidine series: H2, Pd/C (PG = Bn) or H2, PtO2 then


TFA, or 6 N HCl (if PG = Boc), 70–90%; (c) tetrahydropyridine series:


TFA or 6 N HCl (if PG = Boc), 60–90%; (d) reductive amination [R2–


CHO, NaBH(OAc)3], nucleophilic substitution (base, R2–Br or R2–I)


or peptide coupling (HO2C–R4, EDCI or HATU, DIPEA, DMF); (e)


NaH, DMF or THF then R3–X [X = Br, I, Cl], 55–90%.

ORL-1 were determined by measuring the ability to com-
pete with 125I-Tyr14-nociceptin for binding to membranes
prepared from HEK-293 cells expressing ORL-1. Ki val-
ues for binding to human recombinant opioid receptors
were determined using membranes isolated from HEK-
293 cells expressing the l-, j-, or d-opioid receptors. La-
beled agonists specific for each opioid receptor were used
as competitors in the selectivity binding assays: 3H-DAM-
GO for l, 3H-U69,593 for j, and 3H-DDPDE for d. Func-
tional (agonist) activity was assayed using a HEK-293 cell
line that overexpresses the ORL-1 receptor together with
the Gqi5 G protein (Molecular Devices) to detect signal-
ing by a calcium flux assay.


Tables 1–3 detail the SAR studies that were conducted.
Acenaphthenyl, cyclooctylmethyl, and naphthylmethyl
groups were introduced because they are known to con-
fer high affinity for the ORL-1 receptor. In addition,
amino and hydroxyl substituted alkyl chains were incor-
porated in order to improve water solubility. In the tetra-
hydropyridine series (Table 1), ORL-1 activity was not
observed at the screening concentration (5 lM) with N-
benzyl substitution (1) or when there was the racemic
acenaphthenyl substituent used in conjunction with an
electron-withdrawing cyano group in the 5-position (2).
Introduction of a chiral propanolamine on the indole
nitrogen provided increased affinity for ORL-1 (3,
ORL-1 Ki = 1.6 lM) with modest selectivity over l-opi-
oid receptor. Improved affinity and selectivity for
ORL-1 were obtained with the acenaphthenyl substitu-
ent and a fluorine in the 6-position (4, ORL-1
Ki = 0.16 lM, >30· selectivity over l, j, and d).


The 3-(4-piperidinyl)indoles 5–17 generally had good
affinity for the ORL-1 receptor, with the most potent
analogues bearing acenaphthenyl substitution. For
example, with the 5-chloroindole core the NH indole
with piperidine N-benzyl substitution (5) had modest
ORL-1 activity (ORL-1 Ki = 1.14 lM), and the 2-meth-
yl-5-chloroindoles 6–8 revealed a progression in increas-
ing activity when going from naphthalene-1-ylmethyl 6
to cyclooctylmethyl 7 to acenaphthenyl 8 (ORL-1
Ki = 0.010 lM, ratio l/ORL-1 = 25 and j/ORL-
1 = 65). In the functional assay, 8 acted as a partial ago-
nist with modest potency (8, ORL-1 EC50 = 54.6 lM).
In a similar manner, 5-fluoroindoles displayed increas-
ing ORL-1 activity from naphthalene-1-ylmethyl 9 to
cyclooctylmethyl 10 to acenaphthenyl 11 (ORL-1
Ki = 0.018 lM, ratio l/ORL-1 = 27 and j/ORL-
1 = 100). Compound 11 was a partial ORL-1 agonist
(11, ORL-1 EC50 = 27.2 lM). It is interesting to note
that cyclooctylmethyl analogue 10 had the greatest
potency for the j-opioid receptor among those we exam-
ined (jKi = 0.18 lM), and no appreciable d-opioid activ-
ity was observed. Introduction of a propanolamine onto
the indole nitrogen (12) produced modest affinity for
ORL-1 (ORL-1 Ki = 0.97 lM) but did increase solubili-
ty at low pH (4-fold compared to parent compound 10).
Benzyl substitution on the indole nitrogen was not toler-
ated (13). The 6-fluoroindole core with the acenaphthe-
nyl group on the piperidine had good affinity for ORL-1
and moderate selectivity for the l-opioid receptor
(14, ORL-1 Ki = 0.052 lM, ratio l/ORL-1 = 17 and







Table 1. Receptor binding data for 3-(4-piperidinyl)indoles


N
R


N


(E)


R1


R2
N


R


N
R1


R2


= acenaphthenylfor 1 - 4 for 5 - 17
4


5


6
7


R3


Compound R R1 R2 R3 ORL-1 Ki
a (lM) lKi (lM) jKi (lM) dKi (lM) ORL-1


EC 50 (lM)


1 5-Cl Benzyl H >5 0.50 1.01 >5 —b


2 5-CN Acenaphthenyl H >5 >5 >5 >5 —


3 5-CN Acenaphthenyl NH2(R)


OH
1.65 4.14 >5 >5 —


4 6-F Acenaphthenyl H 0.16 >5 >5 >5 —


5 5-Cl Benzyl H H 1.14 0.23 0.33 >5 —


6 5-Cl Naphthalene-1-ylmethyl H Methyl >5 0.88 0.75 >5 —


7 5-Cl CH2-cyclooctyl H Methyl 0.71 1.36 0.33 4.18 —


8 5-Cl Acenaphthenyl H Methyl 0.010 0.26 0.68 2.75 54.6


9 5-F Naphthalene-1-ylmethyl H H 0.80 0.50 0.82 >5 —


10 5-F CH2-cyclooctyl H H 0.29 1.08 0.18 >5 —


11 5-F Acenaphthenyl H H 0.018 0.50 1.89 >5 27.2


12 5-F CH2-cyclooctyl N
(R)


OH
H 0.97 2.7 1.9 >5 —


13 6-Cl Acenaphthenyl Benzyl H >5 >5 >5 >5 —


14 6-F Acenaphthenyl H H 0.052 0.90 >5 >5 —


15 6-F Acenaphthenyl NH2(R)


OH
H 0.062 0.76 >5 >5 —


16 7-Cl CH2-cyclooctyl H H 0.66 0.43 1.17 >5 —


17 7-Cl Acenaphthenyl H H 0.057 0.26 2.6 >5 > 80


a Receptor Ki values are means of three values.
b Dash, not determined.


Table 2. Receptor binding data for 3-(4-piperidinyl)pyrrolo[2,3-b]pyridines


N N


N
R1


R2


Compound R1 R2 ORL-1 Ki
a (lM) lKi (lM) jKi (lM) dKi (lM) ORL-1


EC50 (lM)


18 CH2-cyclohexyl H 3.5 >5 >5 >5 —b


19 n-Hexyl H >5 >5 >5 >5 —


20 1-(4-Phenoxy-benzyl) H >5 0.33 >5 >5 —


21 Naphthalene-1-ylmethyl H 0.82 0.34 0.71 >5 —


22 CH2-cyclooctyl H 0.55 2.0 3.89 >5 —


23 Acenaphthenyl H 0.004 0.39 2.78 >5 4.2


24 Acenaphthenyl Methyl 0.081 0.90 >5 >5 —


25 Acenaphthenyl –CH2CH2OH 0.094 0.53 >5 >5 —


26
O


H >5 >5 >5 >5 —


a Receptor Ki values are means of three values.
b Dash, not determined.
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j/ORL-1 = 100). Introduction of a propanolamine on
the indole nitrogen (15) did not appreciably change
binding for ORL-1 and selectivity. In addition, the

aminoalcohol side chain enhanced solubility of 15 at
pH 2 (6-fold increase) compared to parent compound
14. Finally, using the 7-chloroindole core, acenaphthe-







Table 3. Receptor binding of substituted 3-piperidinyl-1H-pyrrolo[2,3-


b]pyridines analogues


Compound ORL-1 Ki (lM) lKi (lM) jKi (lM) dKi (lM)


31 >5 >5 >5 >5


32 0.002 0.17 4.3 >5


Receptor Ki values are means of three values.
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nyl substitution (17, ORL-1 Ki = 0.057 lM) was again
more potent than cyclooctylmethyl (16, ORL-1
Ki = 0.66 lM).


In the 3-(4-piperidinyl)pyrrolo[2,3-b]pyridine series,
cyclohexylmethyl 18, hexyl 19, and 4-phenoxybenzyl
20 had weak affinity for ORL-1 (ORL-1 Ki > 3 lM),
whereas napththalene-1-ylmethyl 21 and cyclooctyl-
methyl 22 had modest affinity for ORL-1 (ORL-1
Ki = 0.5–1.0 lM) (Table 2). The 4-phenoxybenzyl 20
and naphthalene-1-ylmethyl 21 actually proved to be
more potent for l than ORL-1 (lKi = 0.33 and
0.34 lM, ratio ORL-1/l = 15 and 2.4, respectively).
Introduction of an acenaphthenyl on the piperidine
(23) generated the most potent analogue for ORL-1 with
a Ki = 0.004 lM and at least 100· selectivity toward the
opioid receptors (ratio l/ORL-1 = 98, j/ORL-1 = 690,
and d/ORL-1 > 1000).


Compound 23 (racemic mixture) was a full ORL-1 ago-
nist in the functional assay with an EC50 of 4.2 lM. Fur-
ther substitution of the indole nitrogen with either
methyl (24) or hydroxyethyl (25) groups resulted in a
ca. 20· loss of affinity for ORL-1 and a slight decrease
of affinity for the l-opioid receptor. Finally, an amide
attachment to the piperidine (26) resulted in a strong
reduction of binding affinity for the ORL-1 and opioid
receptors.


Next we investigated hydroxylation of the intermediate
28, obtained after Boc protection of 27 (Scheme 2).29


Hydroboration with borane-dimethyl sulfide followed
by oxidative workup afforded trans alcohol 29 as a

a
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N
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N N
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Scheme 2. Reagents and conditions: (a) Boc2O, Et3N, DMAP,


CH2Cl2, 80%; (b) BH3SMe2, THF, 0 �C to rt, then NaOH, H2O2,


30–50%; (c) Ac2O, Py, DMAP, CH2Cl2, 74%; (d) TFA or 6 N HCl,


100%; (e) 1-bromoacenaphthene, K2CO3, KI, DMF, 62%; (f) 0.5 M


MeONa in MeOH, rt, 92%.

mixture of diastereoisomers. After acetylation and
deprotection to afford 30, the acenaphthenyl group
was incorporated to give 31 (Table 3). To our surprise,
compound 31 showed poor affinity for ORL-1 and the
opioid receptors, probably due to unfavorable steric
interactions. After hydrolysis of the acetate to alcohol
32, binding for ORL-1 and selectivity toward the opioid
receptors were entirely recovered (ORL-1
Ki = 0.002 lM, ratio l/ORL-1 = 67, j/ORL-1 > 1000
and d/ORL-1 > 1000).


Acenaphthenyl analogue 23 was also selected for
ADME screening. Compound 23 had a short half-life
(t1/2 � 15 min) and only 14% of the parent compound
remained after incubating with human liver microsomes
(HLM) for 60 min. Metabolite identification studies in
HLM demonstrated that the major metabolite resulted
primarily from loss of the acenaphthenyl moiety, while
the 3-(4-piperidinyl)pyrrolo[2,3-b]pyridine ring system
remained intact.


In summary, we have examined the 3-(4-piperidinyl)-in-
dole and 3-(4-piperidinyl)pyrrolo[2,3-b]pyridine scaffolds
and identified compounds that have nanomolar affinity
for ORL-1 and good selectivity versus the opioid recep-
tors. We explored structure–activity relationships at three
different positions on the various cores. As demonstrated
in other series,15,31 incorporation of the acenaphthenyl
group on the piperidine conferred potent ORL-1 affinity.
In particular, compounds 8, 11, 23,32 and 3232 displayed
high affinity for ORL-1 (Ki = 0.010, 0.018, 0.004, and
0.002 lM, respectively) and modest to good selectivity
over l- and j-opioid receptors (�25· to 100· versus l
and �65· to >1000· versus j). The 3-(4-piperidinyl)pyr-
rolo[2,3-b]pyridine series proved to be most potent and
selective for ORL-1. Functional testing indicated that 8,
11, and 23 are agonists or partial agonists at the ORL-1
receptor and may therefore be active in biological models
of stress and anxiety.
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5. Zeilhofer, H. U.; Calò, G. J. Pharmacol. Exp. Ther. 2003,
306, 423.


6. Manabe, T.; Noda, Y.; Mamiya, T.; Katagiri, H.; Hou-
tani, T.; Nishi, M.; Noda, T.; Takahashi, T.; Sugimoto, T.;
Nabeshima, T.; Takeshima, H. Nature 1998, 394, 577.


7. Ronzoni, S.; Peretto, I.; Giardina, G. A. M. Exp. Opin.
Ther. Patents 2001, 11, 525.


8. Zaveri, N. Life Sci. 2003, 73, 663.







3528 G. C. Bignan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3524–3528

9. Bignan, G. C.; Connolly, P. J.; Middleton, S. A. Exp.
Opin. Ther. Patents 2005, 15, 357.


10. Metcalf, M. D.; Coop, A. AAPS J. 2005, 7 (3) Article 71;
E704.http://www.aapsj.org.


11. Zaveri, N.; Jiang, F.; Olsen, C.; Polgar, W.; Toll, L. AAPS
J. 2005, 7 (2) Article 34; E345. http://www.aapsj.org.


12. Connor, M. D. Clin. Exp. Pharmacol. Physiol. 1999, 26,
493.


13. Zaveri, N.; Polgar, W. E.; Olsen, C. M.; Kelson, A. B.;
Grundt, P.; Lewis, J. W.; Toll, L. Eur. J. Pharmacol. 2001,
428, 29.


14. Zhang, M.; Wang, X.; Zhang, D.; Xu, G.; Dong, H.; Yu,
Y.; Han, J. J. Mol. Neurosci. 2005, 25, 21.


15. Bignan, G. C.; Battista, K.; Connolly, P. J.; Orsini, M. J.;
Liu, J.; Middleton, S. A.; Reitz, A. B. Bioorg. Med. Chem.
Lett. 2005, 15, 5022.


16. Hinze, C.; Schick, H.; Sonnenschein, H. WO Patent
2004043949, 2004; Chem. Abstr. 2004, 141, 6857.


17. Aslanian, R. G.; Berlin, M. Y.; Mangiaracina, P.;
McCormick, K. D.; Mutahi, M. W.; Rosenblum, S. B.
WO Patent 2004000831, 2004; Chem. Abstr. 2004, 141,
59522.


18. Felding, J.; Bang-Andersen, B.; Smith, G. P.; Andersen.
K. WO Patent 2002008223, 2002; Chem. Abstr. 2002, 136,
151077.


19. Crawforth, J. M.; Goodacre, S. C.; Merchant, K. J.;
Rowley, M. WO Patent 2000004017, 2000; Chem. Abstr.
2000, 132, 107871.


20. Van Niel, M. B.; Collins, I.; Beer, M. S.; Broughton, H.
B.; Cheng, S. K. F.; Goodacre, S. C.; Heald, A.; Locker,
K. L.; MacLeod, A. M.; Morrison, D.; Moyes, C. R.;
O’Connor, D.; Pike, A.; Rowley, M.; Russell, M. G. N.;
Sohal, B.; Stanton, J. A.; Thomas, S.; Verrier, H.; Watt,
A. P.; Castro, J. L. J. Med. Chem. 1999, 42, 2087.


21. Fonquerna, S.; Miralpeix, M.; Pages, L.; Puig, C.; Cardus,
A.; Anton, F.; Vilella, D.; Aparici, M.; Calaf, E.; Prieto,
J.; Gras, J.; Huerta, J. M.; Warrellow, G.; Beleta, J.;
Ryder, H. . J. Med. Chem. 2004, 47, 6326.


22. Remiszewski, S. W.; Sambucetti, L. C.; Bair, K. W.;
Bontempo, J.; Cesarz, D.; Chandramouli, N.; Chen, R.;
Cheung, M.; Cornell-Kennon, S.; Dean, K.; Diamantidis,
G.; France, D.; Green, M. A.; Howell, K. L.; Kashi, R.;
Kwon, P.; Lassota, P.; Martin, M. S.; Mou, Y.; Perez, L.
B.; Sharma, S.; Smith, T.; Sorensen, E.; Taplin, F.;
Trogani, N.; Versace, R.; Walker, H.; Weltchek-Engler,

S.; Wood, A.; Wu, A.; Atadja, P. J. Med. Chem. 2003, 46,
4609.


23. Fonquerna, S.; Miralpeix, M.; Pages, L.; Puig, C.; Cardus,
A.; Anton, F.; Vilella, D.; Aparici, M.; Prieto, J.;
Warrellow, G.; Beleta, J.; Ryder, H. . Bioorg. Med. Chem.
Lett. 2005, 15, 1165.


24. Aadal Nielsen, P.; Brimert, T.; Kristoffersson, A.; Linna-
nen, T.; Sjoe, P. WO Patent 2004016610, 2004; Chem.
Abstr. 2000, 132, 107871.


25. Cai, H.; Edwards, J. P.; Gu, Y.; Karlsson, L.; Meduna, S.
P.; Pio, B. A.; Sun, S.; Thurmond, R. L.; Wei, J. WO
Patent 2002020013, 2002; Chem. Abstr. 2002, 136, 247577.


26. Cai, H.; Edwards, J. P.; Meduna, S. P.; Pio, B. A.; Wei, J.
WO Patent 2002014317, 2002; Chem. Abstr. 2002, 136,
200183.


27. Edwards, L.; Slassi, A.; Tehim, A.; Xin, T. WO Patent
2001012629, 2001; Chem. Abstr. 2001, 134, 178544.


28. Freter, K.; Fuchs, V. J. Heterocycl. Chem. 1982, 19, 377.
29. Hallett, D. J.; Gerhard, U.; Goodacre, S. C.; Hitzel, L.;


Sparey, T. J.; Thomas, S.; Rowley, M. J. Org. Chem. 2000,
65, 4984.


30. Joule, J. A. Sci. Synth. 2001, 10, 361.
31. Rover, S.; Adam, G.; Cesura, A. M.; Galley, G.; Jenck, F.;


Monsma, F. J., Jr.; Wichmann, J.; Dautzenberg, F. M.
J. Med. Chem. 2000, 43, 1329.


32. Analytical data for compounds 23 and 32. Compounds
were characterized by 1H NMR and MS. Compound 23:
1H NMR (400 MHz, DMSO) d 11.38 (1H, br s), 8.15 (1H,
dd, J = 1.40 Hz and 4.65 Hz), 7.95–7.93 (1H, m), 7.73 (1H,
d, J = 8.20 Hz), 7.66 (1H, d, J = 8.15 Hz), 7.57–7.50 (1H,
m), 7.48–7.46 (2H, m), 7.34–7.32 (1H, m), 7.20–7.19 (1H,
m), 7.00–6.97 (1H, m), 4.94 (1H, br s), 3.39–3.36 (2H, m),
2.96–2.88 (2H, m), 2.76–2.65 (2H, m), 2.38–2.31 (2H, m),
1.96–1.82 (2H, m), 1.78–1.65 (2H, m); MS (ES+) m/z 354.3
(MH)+. Compound 32: (diastereoisomeric mixture) 1H
NMR (400 MHz, CDCl3) d 9.45 (2H, br s), 8.28 (2H, br s),
8.00 (2H, d, J = 7.91 Hz), 7.22–7.69 (2H, m), 7.63 (2H, d,
J = 8.2 Hz), 7.55–7.51 (4H, m), 7.49–7.43 (2H, m), 7.30
(2H, d, J = 6.77 Hz), 7.14 (2H, br s), 7.05 7.08 (2H, dd,
J = 4.70 Hz and 7.80 Hz), 5.16–5.06 (2H, m), 5.01–4.98
(2H, m), 3.46–3.43 (2H, m), 3.19–3.15 (1H, m), 3.01–2.98
(1H, m), 2.95–2.88 (2H, m), 2.76–2.73 (1H, m), 2.59–2.53
(1H, m), 2.43 (1H, t, J = 9.90 Hz), 2.36–2.30 (1H, m), 2.24
(1H, t, J = 10.10 Hz), 2.09–1.96 (4H, m), 1.72 (3H, s), 1.38
(3H, s); MS (ES+) m/z 412.1 (MH)+.



http://www.aapsj.org

http://www.aapsj.org



		3-(4-Piperidinyl)indoles and 3-(4-piperidinyl)pyrrolo- [2,3-b]pyridines as ligands for the ORL-1 receptor

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3454–3458

Microwave-enhanced nucleophilic fluorination in the synthesis
of fluoropyridyl derivatives of [3,2-c]pyrazolo-corticosteroids,


potential glucocorticoid receptor-mediated imaging agents


Michael G. C. Kahn,a Emmanuel Konde,a Francis Dossou,a David C. Labaree,b


Richard B. Hochbergb and Robert M. Hoytea,b,*


aDepartment of Chemistry, State University of New York, Old Westbury, NY 11568, USA
bDepartment of Obstetrics, Gynecology and Reproductive Sciences and The Yale Cancer Center, Yale University School of Medicine,


New Haven, CT 06520, USA


Received 21 February 2006; revised 31 March 2006; accepted 3 April 2006


Available online 27 April 2006

Abstract—Fluoropyridyl derivatives of [3,2-c]pyrazolo-corticosteroids have high affinity for the glucocorticoid receptor (GR) and
are highly active glucocorticoids. They are thus considered to be excellent candidates for PET imaging of GR containing tissues
when labeled with fluorine-18 (t1/2 = 110 min). Previously reported syntheses of these fluorinated glucocorticoids were accomplished
by conventional thermal nucleophilic halogen exchange reactions with chloropyridyl precursors. These reactions were found to pro-
ceed at rates too slow for feasible application to radiosynthesis using [18F]fluoride. We have applied microwave-heating methods to
these reactions and found that significant rate enhancements can be realized. Kinetic experiments showed an average relative rate
ratio of 3/1 for microwave versus conventional heating and preparative experiments showed an average relative conversion ratio of
4.5/1 during the initial 120 min, a period approximating one half-life of the isotope. The microwave method described was used to
prepare previously unreported 2 0-(2-fluoro-4-pyridyl)-11b,17,21-trihydroxy-16a-methyl-20-oxo-pregn-4-eno-[3,2-c]-pyrazole, which
was evaluated for biological activity.
� 2006 Elsevier Ltd. All rights reserved.

It has been demonstrated that fluoropyridyl derivatives
of [3,2-c]pyrazolo-corticosteroids of structural types I
and II (Fig. 1) are active glucocorticoids and have
great potential as high affinity positron emission
tomography (PET) imaging agents of glucocorticoid
receptor (GR) containing tissues when labeled with
fluorine-18.1 We previously reported receptor binding
and biological activity data for Ia and Ib. We now
report the synthesis (Scheme 1)and comparative biolog-
ical evaluation (Table 1) of compound II. Effective
radiosyntheses of these ligands are best accomplished
by nucleophilic displacement of appropriately placed
leaving groups using [18F]fluoride. Typical conditions
involve heating the substrate with K18F in DMSO in
the presence of complexing agent kryptofix-222.2
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While pyridine rings are generally activated to nucleo-
philic substitution, our experience with pyridylpyrazolo
systems such as these shows that they take place at slow
rates even at high temperatures. This is likely due to the
electron-donating pyrazolo substituent, which deacti-
vates the pyridine ring. Also, since leaving groups at
position 4 relative to the pyridine ring nitrogen are more
reactive than those at position 2,3 slower rates are
expected for reactions leading to compounds Ia, Ib,
and II. The advent of microwave-heating methods, espe-
cially the introduction of focused microwave chemical
reactors, has led to several reports of efficient micro-
wave-assisted nucleophilic substitutions in heteroaro-
matic systems. These have been discussed in a recent
review.4 Microwave heating has also been demonstrated
to be advantageous over conventional heating in nucle-
ophilic radiohalogenation.5–7


In our reported synthesis of fluoropyridyl deriva-
tives of [3,2-c]pyrazolo-corticosteroids we employed
nucleophilic displacement of chloride using KF/krypto-
fix/DMSO under conventional-heating conditions. Not
surprisingly these reactions, while successful in producing
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the desired product, were too slow to be applicable to the
synthesis of 18F-labeled compounds. Fluorine-18 has a
half-life of 110 min. Ideally, following the production of
the isotope, synthetic incorporation into the compound
of interest should not extend much beyond one half-life.
Thus, conversions need to approach about 50% within
about 120 min (2 h) for fluorine-18. Reaction times to this
level of conversion using conventional-heating methods
were typically 24–48 h. Herein we report the results of
our application of controlled microwave-heating meth-
ods to these halogen exchange reactions and demonstrate
that sufficient rate enhancements are realized. Since com-
pound II, 2 0(2-fluoro-4-pyridyl)-11b,17,21-trihydroxy-
16a-methyl-20-oxo-pregn-4-eno[3,2-c]pyrazole, has not

been previously reported, its synthesis, chemical charac-
terization, and biological activity are reported here. Com-
pound II was prepared as shown in Scheme 1 by methods
analogous to those we have used for compounds Ia, Ib
and similar pyrazolo steroids.1 Briefly, 2-chloro-4-
hydrazinopyridine 2 was prepared in 85% yield by selec-
tive displacement of iodine by anhydrous hydrazine in
2-chloro-4-iodopyridine (Aldrich Chemical Co.). It was
then condensed with 11b-hydroxy-2-hydroxymethylene-
16a-methyl-17, 20:20, 21-bis-(methylenedioxy)-pregn-4-
en-3-one, 3, to give compound 4 in 57% yield. Reaction
of 4 with KF, kryptofix-222, in DMSO under microwave
heating gave a mixture of 65% 5 and 35% unreacted
4(Table 3), from which 5 was separated using flash







Table 1. Glucocorticoid action of steroidal pyridylpyrazoles


Compound GRa (RBA) HeLa AlkPb (RSA) logPo/w
c


Dexamethasone 100 100 1.87 ± 0.63


Cortisol 6 ± 1 19 ± 5 1.43 ± 0.47


II 129 ± 6 35 ± 2 3.62 ± 1.08


Ia 250 ± 30 237 ± 68 3.62 ± 1.09


Ib 93 ± 31 121 ± 51 3.97 ± 1.09


a GR, glucocorticoid receptor; RBA, relative binding affinity where


dexamethasone Ka 4.6 ± 0.1 nM = 100%.
b HeLa AlKP, HeLa cell alkaline phosphatase bioassay;


RSA, relative stimulatory activity where dexamethasone EC50


5.4 ± 1.2 nM = 100%. Values are averages of three experiments per-


formed in duplicate ± SD. The results for Ib are taken from our


previous publication1 and are presented for illustrative purposes.
c logPo/w, octanol–water partition coefficients based on ACDLabs


computed predictions.
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chromatography (2:3 toluene–ethyl acetate on flash grade
silica gel). Deprotection of 5 (60% formic acid, 90 �C,
15 min) gave 2 0-(2-fluoro-4-pyridyl)-11b,17,21-trihy-
droxy-16a-methyl -20-oxo-pregn-4-eno-[3,2-c]-pyrazole,
II, in 44% yield. An analytical sample was purified by
semi-preparative HPLC (25 · 1 cm Ultrasphere-ODS
column eluted at 3 mL/min with 70% methanol–water,
tR = 21 min). Compound II was characterized by its spec-
tral properties.8


As shown in Table 1 compound II was found to bind to
the GR (RBA 129%) slightly better than dexamethasone
and less than Ia (RBA = 250%). While the results of
both assays are somewhat lower than we previously
reported for 1a, they are not statistically different. We
had previously reported that compound 1b had about
the same glucocorticoid receptor binding affinity and
biological potency as dexamethasone. On the basis of
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binding affinity for GR, it is not surprising that II would
have weaker biological potency in the HeLa cell assay
when compared to Ia (35% vs 237%). Contrariwise,
while II, as would be expected, is more potent than cor-
tisol, it is less potent than dexamethasone even though II
has a slightly greater affinity than dexamethasone for
GR. One likely explanation for this difference in GR
binding and glucocorticoid action may be that II is
metabolized and inactivated in the HeLa cell faster than
either dexamethasone or Ia. Nevertheless, compound II
is a potent glucocorticoid more powerful than cortisol
and thus it has potential as an in vivo-imaging agent
when labeled with fluorine-18.


Table 1 also includes data (log Po/w) for compounds Ia,
Ib, and II, which show they are between one and two or-
ders of magnitude more lipophilic than cortisol and
dexamethasone. This effect of introducing the arylpyraz-
olo moiety into cortisol-related structures, which has
been previously observed,9 enhances the likelihood that
these compounds will cross the blood–brain barrier in
imaging studies utilizing the appropriate fluorine-18
labeled radiotracers.


Nucleophilic fluorination reactivity studies were carried
out on the isomeric side-chain protected chloropyridyl
precursors of compounds Ia–c and II. These are shown
in Figure 2. The reactions were typically conducted as
described.10 Under the conditions used these reactions
were found to follow pseudo-first order kinetics based
on the concentration of the starting chloropyridyl com-
pounds. The concentration of the nucleophile (fluoride)
was essentially constant due to the excess of insoluble
KF present throughout the reactions. Kinetic data are
summarized in Table 2.
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Table 2. Kinetic data


Isomer Temp


(�C)


kc · 103 min�1 km · 103 min�1 km/c


(rel rate)


6 150 13 48 3.7


4 150 2.7 5.4 2


7 130 0.6 3.7 6.2


8 110 3.5 5.7 1.6


c, conventional heating.


m, microwave heating.


Table 3. Percent conversion to fluorinated product


Isomer Temp (�C) Method Time (min) % conversion


6 150 Conventional 60 12


150 Microwave 60 33


4 150 Conventional 120 11


150 Microwave 120 65


7 130 Conventional 120 7


130 Microwave 120 47


8 110 Conventional 120 19


110 Microwave 120 51
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In addition to the kinetic experiments we collected data
from preparative runs over extended times to demon-
strate the extent of conversion to product under both
conventional and microwave-heating conditions. In con-
sideration of the goal of achieving significant conver-
sions at approximately one half-life of the isotope (t1/2
18F = 110 min), we present in Table 3 the degree of con-
version to fluorinated products under conventional and
microwave heating. The kinetic data and the conver-
sions observed in preparative experiments demonstrate
that microwave heating enhanced these halogen ex-
change reactions. The best enhancement was a 6.2-fold
increase observed for isomer 7, the precursor to fluoro-
pyridyl compound Ia. Significantly, Ia has been shown
to be a high affinity and highly active glucocorticoid
(Table 1). Rate enhancements were also demonstrated
(Tables 2 and 3) for isomers 6 and 4 leading to the other
active glucocorticoids Ib and II.


These results demonstrate that significant rate enhance-
ments in nucleophilic fluorination of pyridyl substitu-
ents by halogen exchange can be realized using
microwave heating compared to conventional-heating
methods. The applicability of these results to no-carri-
er-added radiochemical synthesis has not yet been eval-
uated. However, the very low concentrations of
[18F]fluoride under such conditions would be counter-
balanced by an excess of the substrate, which can be
expected to favor successful radiolabeling. Indeed, expe-
rience with similar nucleophilic fluorinations shows that
even faster rates are often observed under no-carrier-
added conditions compared to those of routine chemical
synthesis.11 Finally, as indicated in the above discussion
and in Scheme 1, a deprotection step is required in each
case to obtain the biologically active product. As we
have shown1 this can be accomplished efficiently in
15 min and will not add significant time to the synthesis
of the radiolabeled material. Therefore, the application

of microwave heating to the synthesis of fluoropyridyl
derivatives of [3,2-c]pyrazolo-corticosteroids will in-
crease the feasibility of producing fluorine-18 labeled
versions of these important glucocorticoids for imaging
of GR containing tissues using positron emission
tomography.
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aliquots by syringe through narrow bore Teflon tubing
extending through the top of the condenser into the
reaction vessel. The aliquots were diluted with methanol
and analyzed by HPLC as described above. Kinetic data
for these reactions were obtained from concentrations of

fluorinated products computed at various time points
using integration data from the HPLC analyses above.


11. Snyder, S. E.; Kilburn, M. R. In Handbook of Radiophar-
maceuticals: Radiochemistry and Applications; Welch, M.
J., Redvanly, C. S., Eds.; Wiley: West Sussex, UK, 2003;
pp 195–227.
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Francisco Caturla,a,* Mercè Amat,b Raquel F. Reinoso,b Elena Calaf b and
Graham Warrellowa


aDepartment of Medicinal Chemistry, Almirall Prodesfarma S.A., Research Center, Cardener 68-74, 08024 Barcelona, Spain
bDepartment of Biology, Almirall Prodesfarma S.A., Research Center, Cardener 68-74, 08024 Barcelona, Spain


Received 30 January 2006; revised 15 March 2006; accepted 16 March 2006


Available online 2 May 2006

Abstract—The preparation of the sulfoxide analogues 7, 8, and 9 and their enantiomerically pure forms is discussed as well as their
ability to act as prodrugs of the potent and selective sulfone-containing COX-2 inhibitors 1, 2, and 3. Sulfoxide derivatives 7 and 9
were shown to be rapidly transformed in vivo into the corresponding sulfone derivatives 1 and 3, after oral administration to rats.
� 2006 Elsevier Ltd. All rights reserved.

In spite of recent reports of side effects, the commer-
cial utilization of selective COX-2 inhibitors in the
treatment of pain and inflammatory disorders is well
established and such compounds may also have
potential in other therapeutic areas.1 We have been
interested in the design of novel COX-2 inhibitors in
our laboratories for some time.2 During the course
of these investigations we have discovered the poten-
tial of certain arylsulfoxides to act as both COX-2
inhibitors in their own right but also potential
prodrugs to the prototypical sulfones found in many
COX-2 inhibitors described in the literature. In
addition, we have found that such sulfoxides often
offer distinct advantages in terms of solubility and
pharmacokinetic profiles over the parent sulfones.


Given the interesting biological profiles presented by
the racemic sulfoxides synthesized, we decided to
undertake the enantioselective synthesis and biological
profiling of several chiral sulfoxides as potential
prodrugs of COX-2 inhibitors. We selected three
preclinical candidates (1–3) originating from our own
laboratories, shown below, in order to further explore
these findings.
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The medicinal use of sulfoxide-containing active agents
is fairly common. For example, such a moiety is found
in the H+/K+ ATPase inhibitor omeprazole (Losec�)
or its single enantiomer form esomeprazole (Nexium�),
in certain p38 kinase inhibitors,3 or in investigational
drugs such as RP52891 (aprikalim). However, the ability
of sulfoxides to act as prodrugs of sulfones in vivo is not
well documented and we are aware of only one other
recent report, also in the area of COX-2 inhibitors where
this concept has been described.4 In this paper, we
report our investigations into the biological activities
and ADME profiles of sulfoxides as potential prodrugs
of sulfones.


The synthetic strategy employed to prepare the sulfoxide
derivatives was based on the racemic or enantioselective
oxidation of the corresponding thioethers.5 In the case
of pyran-4-one derivatives, the thioether intermediates
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Table 1. Enantiomeric excesses of pyrones 7–9 obtained via assymetric


oxidation


Substrate R Product (R)-Enantiomer


ee (%)


(S)-Enantiomer


ee (%)


4 F 7 100 88.4


5 Cl 8 100 98.4


6 Br 9 98.8 98.2


Figure 1. X-ray structure of sulfoxide (S)-7.
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were synthesized following a protocol previously
described by our laboratories2c in which a series of
2-(4-methanesulfanylphenyl)pyran-4-one derivatives
4–6 were prepared from the corresponding phenacyl
derivatives 10–12 by heating in a mixture of PPA
in Ac2O at 100 �C. The racemic sulfoxides 7–9 were
subsequently obtained by oxidation of the corresponding
thioethers with NaIO4 in MeOH–water (ratio 2:1) in
moderate to good yields (43–77%) (Scheme 1).


Several asymmetric oxidation methods were attempted
to gain access to the enantiomerically enriched sulfox-
ides (R)- or (S)-7–9. Utilizing methodologies described
by Kagan6 or Bolm7 provided compounds with only
slight enantiomeric excesses. However, excellent results
were obtained utilizing the Modena catalytic system8


using Ti(OiPr)4 and either (R,R)- or (S,S)-DET (1:4)
and t-BuOOH at �20 �C in 1,2-dichloroethane, as
depicted in Scheme 2.


The enantiomeric excesses were determined using
capillary electrophoresis (Table 1) and were in
accordance with those determined by 1H NMR using
Pirkle’s alcohol9 as a shift reagent.


The absolute configuration at the sulfur center was as-
signed in each case following precedents described in
the literature.10 Thus, the (R)-sulfoxides were obtained
using (R,R)-DET as a chiral source, while the use of
(S,S)-DET provided the (S)-sulfoxides. An X-ray crystal
structure of compound (S)-7 (CCDC deposition num-
ber: 601850) confirmed the stereochemical assignment
(Fig. 1). It was subsequently assumed that this rule
would hold for the other sulfoxides synthesized.
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Scheme 1. Reagents and conditions: (a) PPA, Ac2O, 100 �C; (b) NaIO4, MeOH–H2O (2:1).
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Scheme 2. Reagents and conditions: (a) Ti(OiPr)4/(R,R)-DET (1:4), tert-BuOOH, 1,2-DCE, �20 �C; (b) Ti(OiPr)4/(S,S)-DET (1:4), t-BuOOH, 1,2-


DCE, �20 �C.







Table 4. Therapeutic activity


Compound Adjuvant arthritis EC50 or


% inhibition (dose) (mg/kg)


Pyresis ED50


(mg/kg)


1 68% (0.1) 0.7


2 63% (0.1) 0.8


3 60% (0.01) 3.2


7 59% (0.1) 1.3


8 56% (0.1) 2.3


9 58% (0.01) 2.8


Etoricoxib 0.440 1.0


Rofecoxib 0.300 0.9


Data are indicated as ED50 (mg/kg) using four doses (six to eight
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All compounds described herein were tested for their
ability to inhibit human COX-1 and COX-2 using the
whole blood assay described by Patrignani et al.11 The
sulfoxides were found to be highly potent versus
COX-2. The COX-1/COX-2 selectivity of the sulfoxides
was similar to the corresponding sulfones of the 4-pyro-
nes and comparable to that of an included standard,
Etoricoxib (Merck). For the enantiomerically pure
sulfoxides, the S-forms were more potent for COX-2
and showed higher COX-1/COX-2 selectivity than the
corresponding R-forms (Table 2).


In vitro studies using pooled microsomes from rat and
human livers showed that all the sulfoxides assayed were
significantly metabolized. In rat microsomes, the extent of
metabolism of the sulfoxides was greater than in human
microsomes (Table 3). Parallel studies carried out after
incubation of the sulfoxides with human hepatic

Table 2. In vitro inhibitory activities against COX-2 and selectivity


COX-1/COX-2 in human whole blood


Compound COX-2 [IC50]


(lM)


Selectivity ratio


COX-1/COX-2


1 0.08 279


2 0.20 94


3 0.15 91


7 0.92 78


(R)-7 2.10 24


(S)-7 0.27 320


8 0.67 121


(R)-8 2.47 30


(S)-8 0.25 400


9 0.57 135


(R)-9 1.58 20


(S)-9 0.20 430


Rofecoxib 0.76 15


Etoricoxib 0.81 122


Table 3. In vitro metabolism and thermodynamic solubility of


sulfoxide prodrugs (7–9) and parent drugs (1–3)


Compound Microsome


metabolisma


(%)


Thermodynamic solubilityb


(lg/mL)


Human Rat SGFc (pH 1.8) PBSd (pH 7.2)


1 2 26 9 7


2 6 27 18 5


3 12 34 4 1


7 24 54 527 150


(R)-7 20 55 — —


(S)-7 17 38 — —


8 57 86 70 37


(R)-8 48 87 — —


(S)-8 41 67 — —


9 64 77 31 15


(R)-9 62 93 — —


(S)-9 42 80 — —


a Assay conditions: metabolism (1 mg/mL microsomal protein, 5 lM


compound, 30 min and 37 �C incubation).
b Thermodynamic solubility for crystalline compound (Target con-


centration: 1 mg/mL, 24 h and 37 �C incubation).
c SGF, simulated gastric fluid.
d PBS, phosphate buffer saline.

microsomes showed that the corresponding sulfone was
the main metabolite formed in all cases (data not shown).


In addition, all sulfoxides were assayed in human whole
blood and were found to be stable (data not shown).

animals per group) or percentage of inhibition with dose (mg/kg) in


parentheses. Since SEM values never exceeded 15% of the media, they


have been omitted.
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Figure 2. Plasma concentrations of sulfoxide 7 (prodrug) and sulfone 1


(drug) after oral administration of prodrug or drug at 1 mg/kg to male


Wistar rats as a suspension of 0.5% methylcellulose and 0.1% Tween


80. Each data point represents the means ± SD of three values.
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Figure 3. Plasma concentrations of sulfoxide 9 (prodrug) and sulfone 3


(drug) after oral administration of prodrug or drug at 1 mg/kg to male


Wistar rats as a suspension of 0.5% methylcellulose and 0.1% Tween


80. Each data point represents the means ± SD of three values.







Table 5. Pharmacokinetic parameters following sulfoxide (7 and 9) and sulfone (1 and 3) administration to male Wistar rats


Parameter 7 1 9 3


7 1 9 3


Cmax (ng/mL) 1309 (195) 2959 (171) 1507 (245) 37 (23) 243 (26) 177 (31)


tmax (h) 0.3 (0.1) 2.3 (1.2) 1.0 (0.0) 0.3 (0.0) 1.5 (1.3) 2.2 (0.2)


AUC (ng.h/mL) 1314 (174) 18646 (5255) 9216 (3423) 43 (19) 1125 (280) 1268 (445)


Results expressed as means (n = 3) and SD (in parentheses). Assay conditions: pharmacokinetic parameters of prodrug or parent drugs following


single oral administration of 1 mg/kg to male Wistar rats as a suspension of 0.5% methylcellulose and 0.1% Tween 80.
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In general, the metabolism tended to be slightly lower
for the S-forms compared to the R-forms both in rat
and human microsomes (Table 3). These data suggest
that the R-form of sulfoxide 9 could be the best prodrug
in humans, based on its metabolism in human micro-
somes (Tables 2 and 3).


Regardless of the pH, the solubility of a given sulfoxide
was always higher than that of the corresponding sul-
fone. The greatest difference was found for the sulfoxide
7 at the acidic pH, with a solubility almost 60 times
higher than that of the sulfone 1 (Table 3).


Therapeutic activities were assessed for all racemic sulf-
oxides and the corresponding sulfones in the yeast-in-
duced pyresis model and the adjuvant-induced arthritis
model. The yeast-induced pyresis in a therapeutic proto-
col is an acute model. In this model, temperature mea-
surements were taken at 1 h intervals from 1 to 5 h
after single oral administration of the compounds. As
a chronic model of inflammation, the compounds were
tested in the adjuvant-induced arthritis in male Wistar
rats in a therapeutic protocol. The test compounds were
administered orally once daily for 7 days starting from
day 14 after arthritis induction and paw edema was mea-
sured 24 h after the last administration. The results
showed that the sulfoxides demonstrated good oral effi-
cacy at comparable doses to the sulfones, and higher
efficacy than that of both Etoricoxib and Rofecoxib in
the adjuvant arthritis model (Table 4).


The pharmacokinetic profiles were evaluated for the
sulfoxides 7 and 9, and compared to those of the cor-
responding sulfones 1 and 3. Oral administration of 7
and 9 to male Wistar rats (1 mg/kg) resulted in rapid
absorption followed by quick in vivo conversion of
the sulfoxides into the corresponding sulfones 1 and
3 (Figs. 2 and 3). The sulfone-to-sulfoxide AUC ratios
were 14 and 28 for 1 and 3, respectively. In each case,
plasma concentrations of the sulfone, derived from
prodrug administration of the sulfoxide, at the earliest
measured time point (0.25 h) were approximately two-
fold higher than those obtained after direct adminis-
tration of the sulfone itself. Similar increases were
noted in the Cmax and AUC parameters for sulfone
1. For sulfone 3, a tendency to higher Cmax and sim-
ilar AUC was observed (Table 5).


However, although the pharmacokinetic properties
of sulfone 1 improved after prodrug administration,

no significant improvement in its pharmacodynamics
was found.


In conclusion, the present study shows that the sulfox-
ides of 4-pyrones have COX-2 activity and good
COX-1/COX-2 selectivity. After oral administration of
the sulfoxides and the corresponding sulfones in the
rat, higher levels of the sulfone were achieved from sulf-
oxide prodrug than the sulfone itself. These results show
that such sulfoxides may be of use as prodrugs of the
corresponding 4-pyrone sulfones. Studies on potential
sulfoxide prodrugs of the sulfone-containing products
Etoricoxib and Rofecoxib will be reported in due course.
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Abstract—Synthesis, characterization and hydrolysis in aqueous buffers of novel N-alkyl-N-alkyloxycarbonylaminomethyl
(NANAOCAM) derivatives of substituted phenols, theophylline (Th) and 6-mercaptopurine (6MP) were carried out. The mecha-
nism of hydrolysis was further investigated by synthesis, characterization and hydrolysis of N-aryl-N-alkyloxycarbonylaminomethyl
(NArNAOCAM) derivatives of phenols. The hydrolysis follows pseudounimolecular first order kinetics and operates by way of an
SN1-type mechanism. Topical delivery of selected derivatives of acetaminophen (APAP), Th and 6MP was examined in in vitro dif-
fusion cell experiments from IPM across hairless mice skins. The prodrug of APAP and 6MP increased permeation across the skin
by about 2- and 4-fold, respectively, compared to the parent drug. NANAOCAM promoieties can act as novel prodrug derivatives
of phenol, imide and thiol containing drugs for enhancing topical absorption.
� 2006 Elsevier Ltd. All rights reserved.

Drugs containing polar functional groups like phenols,
thiols or imides pose problems of membrane perme-
ability and biphasic solubility which limit their dermal
delivery. The prodrug approach, which involves mask-
ing these polar functional groups as simple alkyl esters
or acyloxymethyl (ACOM, R 0COOCH2–) and alkyl-
oxycarbonyloxymethyl (AOCOM, R 0OCOOCH2–) es-
ters which then hydrolyse to the native drug either
enzymatically or chemically, has proven useful in
numerous cases.1 However, these derivatives may prove
to be too unstable or may not have the desired biphasic
properties to permeate the skin effectively. Replacing
the oxygen atom in OCH2 with nitrogen (N–R, R =
alkyl) in R 0OCOOCH2– to give a NANAOCAM
(R 0OCONRCH2–, R = alkyl) promoiety could give
medicinal chemists an additional handle and flexibility
to improve solubility (better balance between solubili-
ties in lipid and water) and stability (enzymatic vs
chemical) of prodrugs of polar molecules. Recent stud-
ies have shown that a drug or a prodrug needs to have
adequate lipid as well as water solubility to permeate
the skin effectively.1b,c Introduction of heteroatoms like
N into a promoiety has been shown to reduce crystal
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lattice energy and increase biphasic solubility of drug
molecules. Only one example of the use of a NANAO-
CAM promoiety has been reported: 6MP.2 The use of
a close analogue of NANAOCAM, R 0CONRCH2–,
has been reported for carboxylic acids.3 Here we ex-
tend the use of the NANAOCAM promoiety to phe-
nols and imide containing compounds like Th, and
investigate the mechanism of chemical hydrolysis. In
addition, we will present data from dermal penetration
studies of some NANAOCAM prodrugs of APAP
(phenol containing drug), Th (imide containing drug)
and 6MP (thiol containing drug).


The NANAOCAM derivatives of phenols, Th, 6MP
and dimethylaminobenzoic acid were synthesized by
alkylating the parent compound with NANAOCAM
chloride in the presence of triethylamine and CH2Cl2


4


(Table 1, compounds 1–10). The corresponding alkylat-
ing agent was synthesized as reported by Siver and
Sloan2 by reacting a molar equivalent of formaldehyde
with methyl amine to generate 1,3,5-trimethylhexahy-
drotriazene. Reaction of the 1,3,5-trimethylhexahydro-
triazene with the appropriate chloroformate gave the
corresponding NANAOCAM chlorides (Scheme 1).


For the synthesis of NArNAOCAM derivatives of phe-
nols,4 we used a protocol developed by Moreira et al.3c


for the synthesis of alkylcarbonylaminomethyl chloride.
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Table 1. Hydrolysis of NANAOCAM derivatives of substituted phenols, Th, 6MP and dimethylaminobenzoic acid, and NArNAOCAM derivatives


of p-nitrophenol at pH 8.8 and 46 �C, and the influence of pKa of leaving groups and substituents on rates of hydrolysis


O


O


N


R


Y
R'


 Y = Phenol, Th, 6MP, dimethylaminobenzoic acid


    R’= CH3; R = Alkyl or Aryl.  


Compound R Y logk (s�1) t1/2 (min) pKa
8 r�


1 CH3 p-MeOCHN–C6H4O– �5.4937 3600 9.5 0.19


2 CH3 p-NC–C6H4O– �4.11 149 7.95 0.99


3 CH3 p-OHC–C6H4O– �3.81 75 7.66 0.94


4 CH3 o-OHC–C6H4O– �3.026 12 6.79


5 CH3 p-MeOC–C6H4O– �4.21 189 8.05 0.82


6 CH3 p-MeOOC–C6H4O– �4.39 290 8.47 0.74


7 CH3 p-O2N–C6H4O– �3.28 22 7.14 1.25


8 CH3 6-MP �3.22 19 7.5


9 CH3 Th �4.56 420 8.6


10 CH3 p-Me2N–C6H4COO– �1.2953 0.22 5.03


11 p-MeO–C6H4– p-O2N–C6H4O– �4.54 400


12 p-EtOOC–C6H4– p-O2N–C6H4O– — >24 h


13 C6H5 p-O2N–C6H4O– �4.65 519


Representative prodrug structures:
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We have expanded the synthesis to NANAOCAM chlo-
ride and NArNAOCAM chloride5 in this case. A substi-
tuted aryl amine was reacted with pyridine and
methylchloroformate to generate a N-arylcarbamic acid
methyl ester. The N-arylcarbamic acid methyl ester was
then reacted with excess trimethylsilylchloride and para-
formaldehyde to generate the desired alkylating agent,
NArNAOCAM chloride (Scheme 2). NArNAOCAM
chloride was then used to alkylate a phenol (Table 1,
compounds 11–13). All compounds synthesized were

fully characterized by UV,6 NMR6 and elemental
analysis.


To be therapeutically useful, a prodrug must hydrolyse
to the active drug molecule at an appropriate rate at
the target site. Kinetic hydrolysis studies on NANAO-
CAM prodrugs were thus carried out. Compound 8
reverted to 6MP with a half-life of 91 min in pH 7.1 buff-
er at 32 �C and an SN1 mechanism of hydrolysis was
proposed initially by Siver and Sloan2 but not firmly
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established. Hydrolysis of NANAOCAM derivatives of
phenols at 32 �C was much slower so rates of hydrolysis
were determined at 46 �C and in pH 8.8 buffer for deriv-
atives 1–10 (Table 1).7 Thus, rates of hydrolysis were
determined where the leaving group Y was phenol, Th,
6MP or dimethylaminobenzoic acid in order to deter-
mine the effect of the pKa of YH on rate.


When logk (rate constant) was plotted against the pKa


of the leaving group (Y�), a negative correlation was
found (slope = �0.93, r2 = 0.98; plot not shown). Rate
of hydrolysis of NANAOCAM-Y was dependent on
the nucleofugacity of the parent compound. The effect
of electron-withdrawing groups in the para position of
the phenol on rates of hydrolysis was also quantified
using the Hammett plots between r� substituents9 ver-
sus logk. A plot of logk versus sigma (r�) for 1–7 was
linear and indicated that rates of hydrolysis were depen-
dent on the electron-withdrawing effect imparted by the
substituent at the para position (slope = q = 0.96; plot
not shown). Rates of hydrolysis were also independent
of the pH of the buffer. When rates were studied in var-
ious buffers (pH 4.6, 7.1 and 8.8) at 46 �C for 7 and logk
was plotted against buffer pH, a line of zero slope was
obtained (Fig. 1).


Several mechanisms for base catalysed hydrolysis of
NANAOCAM-Y can be proposed.
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carbon and lead to the expulsion of the N-alkylcarbamic
acid alkyl ester as in path ‘b.’ This particular mechanism
however can be ruled out because of the lower pKa of
YH (�5.2–9.5) compared to the N-alkylcarbamic acid
alkyl ester (�14) making Y� a better leaving group than
the N-alkylcarbamic acid alkyl ester anion.


A SN1 pathway is another possibility (path ‘c,’ Scheme 3).
The lone pair of electrons on nitrogen can donate its
electrons to stabilize an incipient carbocation with Y�


leaving. This carbocation can subsequently react with
water to give hydroxymethyl-N-alkylcarbamic acid alkyl
ester which then falls apart to give N-alkylcarbamic acid
alkyl ester. However, none of the approaches provides
an insight into the mechanism of hydrolysis since both
SN1 and SN2 mediated hydrolyses are dependent on
the leaving group ability of the ionized parent molecule,
Y�. However, the fact that hydrolyses were pH indepen-
dent strongly favours an SN1 mechanism. To more
clearly define the mechanism of hydrolysis, we next syn-
thesized prodrugs with an aryl group on the nitrogen in-
stead of a simple alkyl group. If the mechanism is SN2,
the rate of hydrolysis should be accelerated by an elec-
tron-withdrawing substituent on the N-aryl group where
a positive charge on CH2 in N–CH2–O is increased mak-
ing the CH2 a better target for nucleophilic attack.
While if the mechanism were SN1, the rate of hydrolysis
should be decelerated by an electron-withdrawing sub-
stituent on the N-aryl group where a positive charge
on CH2 in N–CH2–O is destabilized. Thus, NArNAO-
CAM (R 0OCONRCH2–, R = aryl, R 0 = CH3) promoi-
eties were used to alkylate p-nitrophenol (Table 1, 11–
13). The half-lives of hydrolyses clearly illustrate that
when an N-alkyl group (Table 1, t1/2 for 7 = 22 min)
was replaced by N-aryl (Table 1, t1/2 for 11 and
13 = 400–520 min, while t1/2 for 12 > 24 h), the rates of
hydrolyses were slower. An electron-donating substitu-
ent on the N-aryl ring like –OCH3 stabilizes the SN1
transition state more than an electron-withdrawing
group like –COOC2H5 or –H and the half-lives are in
the order of 12 > 13 > 11. Thus, hydrolysis of NAr-
NAOCAM derivative of phenols follows an SN1-type
of mechanism and by inference so do NANAOCAM
derivatives of phenols, Th, 6MP and carboxylic acids
like dimethylaminobenzoic acid. Evidence in the litera-
ture supports the conclusion that the mechanism of
hydrolysis is SN1. N-Alkylamidomethyl esters of carbox-
ylic acids also hydrolyse by an SN1 mechanism.3
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Table 2. Water solubility (SAQ), solubility in IPM (SIPM), log partition coefficients between IPM and pH 4.0 buffer and flux from IPM through


hairless mice skins (JMIPM) of NANAOCAM prodrugs and parent drugs


Compound SAQ (mM) SIPM (mM) logKIPM:4.0 JMIPM (lmole cm2 h�1) % of parent drug obtained after diffusion


APAP 100 1.91 �1.72 0.51 —


1 45.71 14.13 �0.45 1.11 23


Th 46 0.34 �0.51 0.48 —


9 9.33 2.69 �0.04 0.16 63


6MP 1.12 0.02 �1.75 0.0038 —


813 1.45 1.35 0.03 0.015 100
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NANAOCAM-carboxylic acid conjugates are chemical-
ly too unstable to serve as useful derivatives (compared
to phenols which are chemically stable) because the leav-
ing group has a pKa of �3–5 (compared to 6.8–9.5), e.g.,
10, t1/2 � 6 min at pH 7.4 and 37 �C. The NArNAO-
CAM promoiety enhances the chemical stability of
phenolic derivatives compared to NANAOCAM pro-
moiety, and by analogy they should increase the stability
of carboxylic acid conjugates too. Thus, the implication
of mechanism of hydrolysis of NANAOCAM-Y conju-
gates in prodrug design is the design of a more stable
NArNAOCAM analogue of carboxylic acids which
can be conveniently formulated but would hydrolyze
independent of enzymes and be clinically useful. We
are currently investigating the application of NArNAO-
CAM prodrug technology to carboxylic acids like
naproxen.


Although NANAOCAM-phenols hydrolyse by an SN1-
type of pathway, they are chemically too stable to revert
to the parent drug at a sufficient rate to be effective pro-
drugs based on chemical hydrolysis. To evaluate if these
derivatives hydrolyse on their passage through the skin
and increase permeation, selected prodrugs 1, 8 and 9
were analyzed in in vitro skin permeation studies (Table
2). The physicochemical characterization of these select-
ed NANAOCAM derivatives10 and the parent drugs
was also carried out (Table 2). In vitro skin permeation
studies through hairless mouse skin were carried out
using suspensions in IPM.10 The steady-state flux was
calculated from the slope of cumulative amounts of drug
permeated versus time. The in vitro diffusion cell exper-
iments from IPM through hairless mouse skin show
reversion of NANAOCAM prodrugs to the parent
drug. The permeation of 1 and 8 was enhanced com-
pared to the parent drug, while the permeation of 9
was lower than that of Th.11


The increase in permeation of prodrugs 1 and 8 can be
attributed to the increase in biphasic solubility of the
prodrugs compared to the parent,1b,c,12 while lower per-
meation of 9 was because of the large decrease in water
solubility which could not be compensated by the in-
crease in lipid solubility of the prodrug compared to
Th. Thus, NANAOCAM derivatives of phenols, imides
and thiols represent a novel class of prodrugs which are
sufficiently chemically stable to allow formulation but
sufficiently enzymatically labile to revert to the parent
drug at a useful rate. Shorter chain NANAOCAM, pro-
drugs of phenols, have both higher lipid and water sol-
ubilities compared to ACOM and AOCOM phenolic
conjugates.11 Thus, replacing the oxygen atom in

O–CH2 of ROCOOCH2 with a substituted nitrogen
(N–R; R = alkyl) makes it possible to increase solubility
in a membrane and increases permeability across a
biological barrier such as skin.


In conclusion, NANAOCAM and NArNAOCAM pro-
moieties can act as soft alkyl derivatives of polar drugs.
The mechanism of chemical hydrolysis is believed to be
SN1 with phenol, Th or 6MP acting as the nucleofuge.
Proof-of-mechanism being SN1 comes from the in-
creased stability of NArNAOCAM derivatives com-
pared to that of NANAOCAM prodrugs. These
NArNAOCAM derivatives can potentially be useful in
designing stable carboxylic acid prodrugs whose phar-
maceutical formulation should be easier than that of
their NANAOCAM counterparts. The delivery of phe-
nol and thiol containing drugs like APAP and 6MP
can be enhanced by utilizing the NANAOCAM promo-
iety. The flux of APAP was increased by 2- and 4-fold
for 6MP from IPM across hairless mouse skin. Synthesis
of homologous series of NANAOCAM prodrugs of
APAP, Th and 6MP in order to optimize flux across
the skin is currently under progress. A more water-solu-
ble NANAOCAM derivative should further enhance
permeation of APAP and 6MP and also increase the
permeation of Th across the skin.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.03.061.
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Abstract—A novel series of 2-(1,2,4-oxadiazol-5-yl)-1H-indole derivatives as nociceptin/orphanin FQ (N/OFQ) receptor antagonists
was discovered. Systematic modification of our original lead by changing the pendant functional groups, linker, heterocyclic core,
and basic side chain revealed the structure–activity requirements for this novel template and resulted in the identification of more
potent analog with improved potency as compared to the parent compound.
� 2006 Elsevier Ltd. All rights reserved.

Opioid receptor-like 1 (ORL1) receptor (nociceptin/
orphanin FQ (N/OFQ) receptor, NOP receptor)1 was
discovered as a fourth member of the opioid receptor
family in 1994 through cDNA expression cloning tech-
niques.2 The endogenous ligand for its receptor, a novel
heptadeca neuropeptide, was independently identified in
1995 by two groups.3 Although ORL1 receptor is a
member of the G-protein-coupled receptor (GPCR)
superfamily with 47% overall identity to the classical
opioid (l, d, and j) receptors and 64% identity in the
transmembrane domains, native opioid peptides and
synthetic agonists selective for l, d, and j receptors do
not show significant affinity for ORL1 receptor.4


The ORL1 receptor and N/OFQ are mainly distributed
in the brain and central nervous system (CNS).4,5 It was
observed that N/OFQ is involved in modulating pain
mechanisms in the spinal cord and forebrain. Several
in vivo studies with N/OFQ and its peptide analogs have
demonstrated that N/OFQ modulates a variety of bio-
logical functions, such as feeding, learning, diuresis,
drug addiction, cardiovascular functions, and locomo-
tor activity, and that it controls the release of neuro-
transmitters including serotonin and dopamine at
peripheral and central sites.6 ORL1 receptor might also
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be relevant in the treatment of CNS disorders such as
anxiety and drug abuse.6,7 Therefore, identification of
potent small molecule agonists and antagonists of noci-
ceptin could provide new classes of drugs for several hu-
man disorders involving pain and anxiety.


Recently, several research groups have reported their ef-
forts in the search for small molecule ORL1 agonists
and antagonists, describing nonpeptide ligands such as
benzimidazolinones,8 benzimidazoles,9 indolinones,10


spiropiperidines,11 aryl piperidines,12 and 4-aminoquin-
olines.13 Some of these ligands possess very high selec-
tivity for the ORL1 receptor versus other opioid
receptors.


Our effort toward identifying an ORL1 antagonist start-
ed with the high-throughput screening (HTS) of various
compound libraries. Among hit compounds, we identi-
fied 2-(1,2,4-oxadiazol-5-yl)-1H-indole 814 as a novel
structure that showed antagonist activity in [35S]GTPcS
functional assay. With regard to drug candidates, indole
scaffold is a well-known representative class of privi-
leged structures15 with high affinity for multiple biolog-
ical targets in drug discovery. Herein, we describe
design, synthesis, and structure–activity relationship
(SAR) studies to improve the potency of this novel lead
compound (33, 95 nM for ORL1).


The key reaction for the preparation of the indolyl-oxa-
diazole 8 is a cycloaddition reaction between indole
derivative 4 or 7 and appropriately substituted amide
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oxime 5. Scheme 1 depicts the synthesis of indolyl-oxa-
diazole 8. 2-(2-Bromophenyl)ethanol 1 was converted
in two steps, SEM protection and aldehyde formation
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after halogen-lithium exchange, into 2-substituted benz-
aldehyde 2. 2-Azido-3-phenylacrylate 3,16 prepared
from the benzaldehyde 2 and ethyl azidoacetate in the
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Table 1. Effect of aromatic substituent on right part


H
N


Me2N


N


NO


(CH2)n R


Compound n R Binding IC50
a


(nM)


GTPcS


IC50
b


(nM)


31 2 >1000 (46%)


32 1 Cl 450


33 2 Cl 95 632


34 3 Cl >1000 (49%)


35 2 F 450


36 2 Me 230


37 2 OMe 560


38 2 NMe2 >1000 (44%)


39 2 CF3 49 421


40 2
N


>1000 (11%)


41 2
N


>1000 (1.7%)


42 2 N >1000 (12%)


43 1 O Cl 410


a Binding affinities for the ORL1 receptor. Numbers in parentheses


indicate % inhibition at 1 lM.
b Antagonist activities in the GTPcS functional assay.
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presence of NaOEt, was converted to ethyl 1H-indole-2-
carboxylate 4 via thermolysis.17 Addition of hydroxyl-
amine to the appropriately substituted nitrile prepared
from the corresponding alcohol afforded amide oxime
5. Indole ester 4 was condensed with amide oxime 5 uti-
lizing NaH to afford oxadiazole nucleus 6. Deprotection
of the SEM group and successive introduction of an
amino group afforded 8. Another synthetic route via 7
containing amino group was also possible.


The synthesis of other heterocyclic ring systems other
than 1,2,4-oxadiazole at the central core region is shown
in Scheme 2. The reverse type of 1,2,4-oxadiazole 13 was
obtained from indole-containing amide oxime 11, pre-
pared from 2-cyanoindole 10, and ethyl 3-(4-chlorophe-
nyl)propanoate 12. Nitrile 10 was easily prepared from
indole ester 4 in three steps via amide dehydration. Dia-
cylhydrazide 17, prepared from indole-2-carbohydrazide
15 and 3-(4-chlorophenyl)propanoic acid 16, was
converted to 1,3,4-oxadiazole 18 utilizing POCl3. Cycload-
dition of an azido group to 10 afforded 2-(2H-tetrazol-5-
yl)-1H-indole 19. Alkylation with 2-(4-chlorophenyl)ethyl
mesylate 20 produced tetrazole analog 21. b-Hydroxya-
mide 24, prepared from indole carboxylic acid 9 and
2-hydroxyamine 23,18 was converted in two steps to 1,3-ox-
azole 25 utilizing Deoxo-Fluor� as a cyclodehydrating
agent19 and DDQ as an oxidant for conversion of oxazo-
line to an oxazole moiety. Linear analogs having amide
linkages at the central regions were also prepared. Carbox-
ylic acid 9 was condensed with amines 27 and 28, and
successive deprotection and conversion to amino groups
afforded 29 and 30, respectively.


These new indolyl-oxadiazole compounds were tested
for competitive binding affinity for human ORL1 recep-
tors transfected into Chinese hamster ovary (CHO) cells
using [125I][Tyr14]N/OFQ as a radioligand, with the re-
sults given as an IC50. Functional activity of potent
compounds showing high binding affinity was deter-
mined by stimulation of [35S]GTPcS binding to CHO-
ORL1 membranes.20


Our initial efforts toward understanding the SAR of
the lead molecule were focused on replacing the substi-
tuted phenylethyl group with other substituents and
heteroaromatic nuclei. The results of this study are
summarized in Table 1. Compounds 31–43 were pre-
pared to evaluate the effects of the linker length and
substituents. Optimal binding for ORL1 was achieved
with our lead compound 33. A shorter linker (32) or
longer spacer (34) resulted in poor or loss of affinity
for ORL1. Attempts to introduce heteroatom (43) on
the linker leading the ether linkage also resulted in
inactive compound. Removing the substituent from
the phenyl group to give the unsubstituted derivative
31 or replacing the phenyl group with pyridine, as in
examples 40–42, led to complete loss of activity. In
addition, replacement of the substituent on the phenyl
ring with other functional groups, 4-fluoro (35), 4-
methyl (36), and 4-methoxy (37), gave compounds 2-
to 6-fold less potent. However, 4-trifluoromethyl ana-
log 39 was approximately 2-fold more potent than
the 4-chloro compound 33.

The phenyl group was then replaced with alkyl or cyclo-
alkyl moieties to confirm whether aromatic substituents
are essential. The results for the alkyl analogs are shown
in Table 2. Small and branched alkyl groups, as in com-
pounds 44–47, rendered the molecule inactive, whereas
cycloalkyl groups, like cyclopentyl 49, cyclohexyl 51,
and bicyclo[2.2.1]heptane 53, displayed sub-micromolar
potency. Interestingly, longer spacers increased the
potency by 6-fold in the case of the cyclohexyl series
(50 vs 52). There is clearly an increase in potency with
linker (n = 3) and the size of the cycloalkyl substituent
(six-membered ring) and it translates with an increase
in C log P (analog 52). Attempts to introduce hydrophil-
ic heteroatoms on the alkyl region leading ether or
amino analogs (C log P 2.06–2.50) resulted in inactive
compounds (54–56).







Table 3. Effect of amine side chain


H
N


(CH2)m
R


N


NO


(CH2)n4
5


6


7


Cl


Compound Position m n R Binding


IC50
a


(nM)


GTPcS


IC50
b


(nM)


57 4 1 2 –NMe2 62 233


33 4 2 2 –NMe2 95 632


58 4 3 2 –NMe2 210


59 5 2 2 –NMe2 >1000 (3%)


60 6 2 2 –NMe2 >1000 (22%)


61 7 2 2 –NMe2 >1000 (18%)


62 4 2 2 –NMeEt 58 223


63 4 2 2 N O 97 450


64 4 2 2 N 568


65 4 2 2 ON >1000 (15%)


66 4 0 2 NN 120


67c 4 0 2 NN 40 199


68d 4 0 2 NN >1000 (27%)


69 4 0 2 N 62 899


70 4, 5 2 2 –NMeCH2– >1000 (31%)


a Binding affinities for the ORL1 receptor. Numbers in parentheses


indicate % inhibition at 1 lM.
b Antagonist activities in the GTPcS functional assay.
c Position 5 is replaced by nitrogen.
d Position 7 is replaced by nitrogen.


Table 2. Effect of alkyl substituent on right part


H
N


Me2N


N


NO


(CH2)n R


Compound n R Binding


IC50
a


(nM)


GTPcS


IC50b


(nM)


C log Pc


44 2 –Me >1000 (14%) 2.50


45 2 –Et >1000 (42%) 3.03


46 2 >1000 (29%) 3.37


47 2 >1000 (20%) 3.72


48 2 >1000 (29%) 2.86


49 2 580 3.99


50 1 440 4.02


51 2 140 4.56


52 3 71 294 5.09


53d 2 440 4.41


54 2
O


>1000 (4%) 2.36


55 3 N >1000 (0%) 2.50


56 2 O >1000 (11%) 2.06


a Binding affinities for the ORL1 receptor. Numbers in parentheses


indicate % inhibition at 1 lM.
b Antagonist activities in the GTPcS functional assay.
c Calculated using ACD/log P software supplied by Advanced Chem-


ical Development.
d Racemate of exo form.
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The effects of the regiochemistry of the aminoalkyl chain
on activity were examined. As shown in Table 3, the
C-5, C-6, and C-7 substituted analogs 59–61, respective-
ly, were inactive when compared with C-4 analog 33.


The aminoalkyl side chain was modified in two ways: by
changing the length of the side chain and by varying the
nature of the amine. From the limited number of chain
lengths examined, the one- (57) and two-carbon lengths
(33) were equipotent. Three-carbon analog 58 with the
dimethylamino group was approximately 3-fold less po-
tent than the one-carbon analog, possibly due to the
higher pKa of the amine region of the former. We then
decided to incorporate cyclic amines in our linker mod-
ifications using a ring to fix the conformation. Such a de-
sign is embedded in fused cyclic amine 70,21 leading to
complete loss of potency. Comparison of amines 62–69
indicated significant differences in activity as the amine
varied; methylethylamine 62, methylmethoxyethylamine
63, and N-methylpiperidine 6922 analogs were tolerated,
though five-membered cyclic amine seems to be unfavor-
able with 64 being less potent than 33. On the other
hand, morpholine 65 leads to complete loss of activity.

In addition, the indole skeleton was replaced with a pyr-
rolo[3,2-c]pyridine ring containing piperazine as the
amine region leading to a 3-fold increase in potency
(66 vs 6723), though pyrrolo[2,3-b]pyridine analog 6824


was inactive.


Most of the tested compounds (IC50 < 100 nM) behaved
functionally as antagonists. In particular, compound 67
was discovered as a potent ORL1 antagonist. It showed
a high affinity for ORL1 with an IC50 of 40 nM, full antag-
onistic activity (IC50 = 199 nM) in the GTPcS assay.


With respect to the central heteroaryl nucleus, the re-
sults for heterocyclic analogs are shown in Table 4.
Replacing the 1,2,4-oxadiazole ring with a regioisomer
of 1,2,4-oxadiazole 14 led to a 6-fold reduction in poten-
cy. 1,3,4-Oxadiazole 18, tetrazole 22, and oxazole ana-
logs 26 decreased the potency significantly. A series of
compounds with the amide-containing backbones 29–
30 were also inactive.


In conclusion, we have identified potential nonpeptide
ligands, indolyl-oxadiazole derivatives, as a novel class
of nociceptin/orphanin FQ receptor antagonists. We
have explored the structure–activity requirements for







Table 4. Effect of heterocycle and amide linkage on central part


H
N


Me2N


R (CH2)2 Cl


Compound R IC50
a (nM)


14
N


ON
600


18
O


NN
>1000 (39%)


22
N N


NN
>1000 (46%)


26
O


N
>1000 (37%)


29
NH


O
>1000 (18%)


30
NH


O


CH2


>1000 (41%)


a Binding affinities for the ORL1 receptor. Numbers in parentheses


indicate % inhibition at 1 lM.
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this antagonist motif and the SAR resulted in a 2-fold
increase (analog 67) in potency for ORL1 compared to
the prototype compound 33.
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Abstract—A library consisting of 60 arylpiperazines modified with N-acylated amino acids was prepared on BAL linker SynPhaseTM


Lanterns and evaluated in vitro for 5-HT1A receptor affinity. Biological screening, followed by a simple Fujita–Ban analysis, enabled
the description of structure–activity relationships and allowed the selection of some potent, high-affinity ligands for in vivo phar-
macological investigations.
� 2006 Elsevier Ltd. All rights reserved.

Over the last decade, solid-phase combinatorial
chemistry has become an important tool which
accelerated drug discovery within industry and
academia. Shifting the focus from screening mixtures
to single compound libraries, it proved to be a
powerful technique for medicinal chemists for either
hit identification or lead refinement.1,2


Taking advantage of the solid-phase approach, we
recently disclosed a new class of potent ligands of
5-HT1A and 5-HT2A receptors in a group of long-chain
arylpiperazines modified in the amide terminus by
N-acylated amino acid moieties.3 Among them, several
dual 5-HT1A/5-HT2A and selective 5-HT1A ligands were
identified. We presently report an extension of these
studies aiming at a quick selection of the most potent
5-HT1A ligands by using parallel solid-phase synthesis
and a preliminary screening protocol. Structural modifi-
cations over our previous work comprise using a highly
privileged 5-HT1A receptor pharmacophore—o-meth-
oxyphenylpiperazine4,5—connected with three and four

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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methylene group alkyl chain (diversity reagents 2{4,5},
Fig. 1) to DD-amino acids (aspartic acid, proline—chem-
sets 9 0 and 17 0, respectively). The latter were chosen to
verify whether stereochemistry preference plays an
important role during binding to the receptor. The set
of acylating agents belonging to diversity reagents 6
was similar to that used previously (Fig. 2).


Although there are 72 potential combinations of the
diversity reagents listed, the two DD-amino acids (DD-as-
partic acid and DD-proline) were only combined with 4-
(2-methoxyphenyl)-1-piperazinyl-butylamine—diverse
primary amine 2{5}. A library consisting of 60 members
was generated according to the sort-and-combine
approach using BAL linker-functionalized polyamide
SynPhaseTM Lanterns (Mimotopes, Pty).6 For quick
compound identification, the Lanterns were equipped
with color spindles and cogs (visual tagging system).
The optimized synthetic routes are presented in Scheme
1 for chemsets 9, 9 0, 10 and in Scheme 2 for chemsets 17,
17 0, and 19. The starting primary amines were synthe-
sized according to Glennon et al.,7 and were attached
to the solid support by reductive amination. Further
acylation with protected amino acids was accomplished
by a symmetric anhydride method. Next, diversity
reagents 6 efficiently reacted under HBTU-
promoted amide coupling to form solid-supported



mailto:mfzajdel@cyf-kr.edu.pl





NH2 N


N


NH2 N


N Cl


N


N


NH2


Cl


2


NH2 N


N


O N


N


NH2 O
2


1 2 3


4 5


Figure 1. Diverse primary aliphatic amines, 2{1–5}.


CH3 OH


O


OH


O


OH


O


OH


O


OH


O


OH


O


2 3 41 5 6


Figure 2. Diverse carboxylic acids, 6{1–6}.
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Scheme 1. Solid-phase synthesis routes for chemsets 9, 9 0, and 10. Reagents and conditions: (i) diversity reagent 2{4,5}, NaBH3CN, 1% AcOH/


DMF, 60 �C, 12 h; (ii) DIC, DMF, rt, 12 h; (iii) 20% piperidine/DMF; (iv) diversity reagent 6{1–6}, HBTU, DIEA, DMF, rt, 2 h; (v) TFA/CHCl3/


SOCl2, 40 �C, 10 h.
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chemsets 7, 7 0, 8, 14, 14 0, and 16. Library members of
sets 7, 7 0, and 8, were submitted to one-pot cleavage/cy-
clization process, by the treatment with a mixture of
TFA/CHCl3/SOCl2. This yielded N-acyl-3-aminopyrr-
olidine-2,5-dione (chemsets 9 and 9 0) and N-acyl-pyrrol-

idine-5-one-carboxamide (chemsets 10) derivatives,
respectively. Structures of the cyclized products were
confirmed using the LC/MS/MS and 2D 1H NMR
methods. Finally, cleavage of Lanterns of chemsets 14,
14 0, and 16 with a mixture of TFA/DCM afforded the
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desired proline and asparagine amides of chemsets 17,
17 0, and 19.


Average overall yields of the crude products, calculated
on the basis of the initial loading of the Lanterns, were
between 25% and 61%. The LC/MS of the identified
library members revealed an average purity exceeding
76%. The purity data are summarized in Table 1. Com-
pounds bearing a proline residue (chemsets 17 and 17 0)
were of the highest purity (>95%). Library members
10{4,6} and 10{5,6} containing the same adamantyl
group were obtained with low yields (65%); the main
products cleaved from the support were N-unacylated
pyroglutamyl derivatives. These side products were pre-
dominantly observed in the LC/MS spectra with the
purity of 61% and 54% for 10{4,6} and 10{5,6}, respec-
tively, and the reason is thought to be due to the steric
hindrance of the adamantyl moiety.


Of the synthesized compounds, 25 derivatives selected
for QSAR analysis (each building block present at least
twice) were screened for 5-HT1A receptors according to
the procedure described previously.3 All the novel com-
pounds showed moderate-to-high 5-HT1A binding affin-
ity—the estimated Ki values ranged from 4 nM for
17{5,6} and 19{5,6} to 480 nM for 9{4,1} (Table 2).
In almost all the cases, the introduction of an o-meth-

oxyphenylpiperazine fragment increased 5-HT1A affinity
of the new compounds in comparison with the previously
reported library members.3 The only two exceptions
were compounds 9{5,2} and 9{5,4}; nevertheless the
affinities were only slightly lower than for their m-chloro
counterparts. The representatives of chemsets with
opposite spatial arrangements (9 vs 9 0 and 17 vs 17 0)
did not remarkably differ in their 5-HT1A affinity;
LL-enantiomer, 9{5,3}, was almost twice less active as
its DD-analog 9 0{5,3}, while the library members 9{5,5}
and 9 0{5,5} were characterized by the same Ki value.


In order to extend the mathematical description of
structure–activity relationships within the synthesized
congeners, a Fujita–Ban variant of the classic Free–
Wilson analysis was applied.8 Compounds from the
old3 and the new library, tested for 5-HT1A affinity, were
taken as a whole, yielding a 50-membered QSAR train-
ing set. Within the structure of the compounds, three
fragments referring to the building blocks applied for
the library construction were distinguished: an aryl-
piperazinealkyl moiety, an amide group, and R2 substit-
uents. As a result of the Fujita–Ban analysis, compound
affinities (pKi) were expressed as a sum of a global aver-
age (5.56) and activity contributions of the respective
structural fragments (a). A statistical analysis showed
a significant correlation (n = 50, r = 0.948, s = 0.25)







Table 1. Analytical data for library


Compound Puritya (%) MW calcd [M+H]+ found


9{4,1} 68 388.20 389.33


9{4,2} 72 442.20 443.39


9{4,3} 75 456.30 451.35


9{4,4} 70 450.20 451.35


9{4,5} 78 482.30 483.43


9{4,6} 71 508.30 509.43


9{5,1} 66 402.20 403.35


9{5,2} 69 456.30 457.42


9{5,3} 65 470.30 471.43


9{5,4} 69 464.20 465.38


9{5,5} 80 496.30 497.45


9{5,6} 73 522.30 523.46


9 0{5,1} 66 402.20 402.32


9 0{5,2} 75 456.30 457.40


9 0{5,3} 76 470.30 471.41


9 0{5,4} 72 464.20 465.36


9 0{5,5} 74 496.30 497.44


9 0{5,6} 72 522.30 523.44


10{4,1} 74 402.20 403.35


10{4,2} 68 456.30 457.41


10{4,3} 76 470.30 471.42


10{4,4} 75 464.20 465.38


10{4,5} 80 496.30 497.45


10{4,6} 4 522.30 523.45


10{5,1} 86 416.20 417.37


10{5,2} 70 470.30 471.42


10{5,3} 73 484.30 485.45


10{5,4} 75 478.20 479.39


10{5,5} 78 510.30 511.46


10{5,6} 5 536.30 537.47


17{4,1} 82 388.20 389.35


17{4,2} 96 442.20 443.39


17{4,3} 97 456.20 457.42


17{4,4} 97 450.20 451.37


17{4,5} 98 482.20 483.44


17{4,6} 97 508.30 509.45


17{5,1} 90 402.20 403.36


17{5,2} 97 456.30 457.42


17{5,3} 99 470.30 471.44


17{5,4} 99 464.30 465.39


17{5,5} 97 496.30 497.45


17{5,6} 98 522.30 523.46


17 0{5,1} 88 402.20 403.36


17 0{5,2} 97 456.30 457.73


17 0{5,3} 97 470.30 471.44


17 0{5,4} 94 464.30 465.39


17 0{5,5} 98 496.30 497.47


17 0{5,6} 97 522.30 523.47


19{4,1} 62 405.20 406.36


19{4,2} 70 459.30 460.42


19{4,3} 66 473.30 474.42


19{4,4} 74 467.20 438.39


19{4,5} 68 499.30 500.45


19{4,6} 73 525.30 526.47


19{5,1} 85 419.20 420.38


19{5,2} 62 473.30 474.43


19{5,3} 68 487.30 488.45


19{5,4} 63 481.20 482.41


19{5,5} 56 513.30 514.46


19{5,6} 62 539.30 540.47


a Determined under monitoring HPLC at 214 nm.


Table 2. Affinity data for 5-HT1A receptors for library representatives


Compound Ki
a,b (nM) Compound Ki


a (nM)


9{2,1} nd 9{4,1} 480


9{2,2} nd 9{4,2} 170


9{2,3} 360 9{4,3} 230


9{2,4} nd 9{4,4} 260


9{2,5} nd 9{4,5} 40


9{2,6} 536 9{4,6} 63


9{3,1} 150 9{5,1} 69


9{3,2} 32 9{5,2} 40


9{3,3} 36 9{5,3} 29


9{3,4} 41 9{5,4} 50


9{3,5} 30 9{5,5} 18


9{3,6} 54 9{5,6} 15


— — 90{5,3} 17


— — 90{5,5} 17


— — 90{5,6} 9


10{3,3} 111 10{5,3} 17


10{3,5} 100 10{5,5} 12


17{3,3} 48 17{5,3} 27


17{3,5} — 17{5,5} 12


17{3,6} 24 17{5,6} 4


— — 170{5,5} 17


— — 170{5,6} 25


19{3,3} 64 19{5,3} 24


19{3,5} 64 19{5,5} 11


19{3,6} 52 19{5,6} 4


— — Buspironec 17


nd, not determined.
a The estimated Ki (see Ref. 3).
b Data taken from Ref. 3.
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Figure 3. The observed versus calculated affinity of the investigated


compounds for 5-HT1A receptor.
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between observed versus calculated activities (Fig. 3). It
was found that N-acyl-3-aminopyrrolidine-2,5-dione
derivatives of chemset 9 (aamide = 0.20) and prolyl

amides of chemset 17 (aamide = 0.30) were the most pref-
erable for 5-HT1A receptor fitting. Furthermore, substit-
uents which offered a higher molecular bulk at the amide
fragment increased a compound’s receptor affinity. This
can be clearly visible by comparing the substituent con-
tribution of the relatively small cyclopentyl moiety to
that of an adamantyl (aR2-cPt ¼ 0:20, aR2-Ada ¼ 0:55,
respectively). The substructure that proved to be the
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most sensitive to structural changes was an arylpiper-
azine fragment; aArP ranged from �0.15 for the phenyl-
piperazine with a trimethylene spacer (a2{1}), through
0.62 for m-chloro- (a2{3}), to 1.01 for o-methoxyphenyl-
piperazine (a2{5}), the latter two being connected with a
tetramethylene spacer.


Since the objective of the project was to identify potent
5-HT1A ligands for a potential application in the treat-
ment of CNS dysfunction, library members from chem-
sets 9 and 17 containing an o-methoxy- and an m-
chlorophenylpiperazine-butyl fragment and displaying
5-HT1A affinity <50 nM were selected for pharmacolog-
ical tests.


In summary, we described a generation of the focused
library of a new class of arylpiperazine derivatives tar-
geted on 5-HT1A receptors. The study showed that the
N-acylated amino acids incorporated into the amide ter-
minus could substantially modify 5-HT1A affinity. It was
also demonstrated how the application of a solid-phase
MultipinTM technology and the biological screening of
selected library members, followed by the Fujita–Ban
analysis, facilitated the exploration of structure–activity
relationships and allowed a quick selection of the most
promising compounds for further functional in vivo
investigations. The elaboration of selected library mem-
bers will be reported in due course.
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Abstract—The influence of several modifications on the GPE tripeptide structure upon the binding to GluRs and on their neuro-
protective effects has been studied. The results indicated that the prevention of neuronal death showed by GPE and some analogues
is not directly related to their affinity at glutamate receptors.
� 2006 Elsevier Ltd. All rights reserved.

The tripeptide Gly-Pro-Glu (GPE, 1) is endogenously
formed from the acid protease-mediated metabolism of
IGF-1 (insulin-like growth factor type 1).1–3 Unlike
IGF-1 and des(1–3)IGF-1, GPE neither binds to IGF-1
receptors nor has any neurotrophic effect, but there is
evidence that it displays remarkable neuromodulatory
activities in the CNS. Thus, GPE stimulates acetylcho-
line and dopamine release in the rat cortex and stria-
tum,4,5 and protects neurons of different brain regions
from diverse induced injuries (hypoxia-ischemia, gluta-
mate, quinolinic acid, etc.).5–8 Furthermore, GPE shows
neuroprotective effects in animal models of neurodegen-
erative processes, such as Huntington’s, Parkinson’s, and
Alzheimer’s diseases.5,9,10 Although the mode of action
of this tripeptide in neuroprotection remains unclear, ini-
tial structural considerations suggested that GPE could
interact with one or more glutamate receptors (GluRs)
and, in fact, it was demonstrated that it binds to the N-
methyl-DD-aspartate (NMDA) receptors, but not to the
(2S)-2-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) or kainate (KA) receptors.1 In this sense,

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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both agonistic and antagonistic effects of GPE on
NMDA receptors have been reported.1,11 It has also
been shown that GPE stimulates the potassium-evoked
release of acetylcholine and dopamine through interac-
tion with NMDA receptors, along with other unknown
non-NMDA receptor-mediated pathways.1,6,12 Studies
on metabolic stability have demonstrated that GPE has
very short half-life in plasma, which hampers its pre-clin-
ical and clinical trials.13,14


The structural simplicity of GPE converts this tripeptide
into a promising starting point for the search of non-
peptide mimics with improved bioavailability. In the
process to achieve this purpose, through the rational de-
sign of peptidomimetics, the study of the bioactive con-
formation is a key step. In a previous communication,15


we have addressed this issue by exploring the influence
of both the amino acid side-chain orientation and the
cis/trans isomerism at the Gly-Pro peptide bond on the
binding of GPE to glutamate receptors. The significance
of the amino acid side-chain orientation was investigat-
ed by the sequential replacement of both the LL-Pro and
LL-Glu residues by their enantiomeric forms DD-Pro and
DD-Glu in 2–4, while the importance of the cis/trans isom-
erism was studied by the replacement of the Pro residue
by pseudoprolines16,17 [(R)-thiazolidine-4-carboxylic
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acid (Cys[WH,Hpro]) and (R)-2,2-dimethylthiazolidine-4-
carboxylic acid (Cys[WMe,Mepro])18] in analogues 5 and
6, and by alkylprolines [(S)-2-methylproline (PMe)19


and (S)-5,5-dimethylproline (dmP)20] in analogues 7
and 8, respectively. The binding affinity of analogues
2–8 for GluRs was evaluated by the measure of the dis-
placement of LL-[3H]Glu from rat brain synaptic mem-
branes. In this evaluation, only the GPE analogues 7
and 8, which incorporate alkylprolines inducing prefer-
entially the trans and cis rotamer, respectively, at the
Gly-Pro bond, showed noticeable affinities, which were
higher than that displayed by GPE, and comparable to
that of DD-AP5, one of the most potent and selective com-
petitive NMDA antagonists.21 Taking into account
these results, GPE analogues 7 and 8 were also evaluat-
ed as neuroprotective agents in cultured rat hippocam-
pal neurons. These compounds reduced the neuronal
death induced by NMDA administration with a similar
potency to that of GPE, and, in particular, the PMe


derivative 7 increased significantly the neuronal survival
after oxygen–glucose deprivation (OGD) injure.


In a recent communication on other series of GPE ana-
logues, we have shown that their neuroprotective activ-
ity does not seem to be directly related to the binding
affinity at GluRs.22 On account of these results, now
we have determined and reported herein the neuropro-
tective activity of GPE analogues 2–6. In addition, to
further assess the significance of the configuration of
the dmP residue of 8, and that of the volume of the
Me substituent in the PMe residue of 7, their analogues
9 and 10, incorporating DD-dmP and 2-propyl-LL-proline
(PPr), respectively, have been prepared and evaluated.
Moreover, taking into account the high propensity of
the Pro residue to induce folded conformations,23 and
specially reverse turns,24 we have also prepared and
evaluated the analogue 11, where the Pro-Glu peptide
bond has been restricted into a [4.4]-spirolactam b-turn
mimetic25 (Fig. 1).


The DD-dmP-containing tripeptide 9 was synthesized
from racemic dmP-OH (12),26 as shown in Scheme 1.
After N-Boc protection, the coupling of N-Boc-dmP-
OH (13) with H-LL-Glu(OBn)-OBn, using BOP as acti-
vating reagent, led to the dipeptide diastereoisomeric
mixture 14. Then, this mixture was N-deprotected and
coupled with Z-Gly-OH, using HATU and HOAt as
activating reagents, to obtain the corresponding (1:1)
mixture of protected tripeptides 15 and 16, which were

H-Gly-Pro-Glu-OH (GPE) 1 H-Gly-D-Pro-Glu-OH 2 


H-Gly-Pro-D-Glu-OH 3 H-Gly-D-Pro-D-Glu-OH 4 


H-Gly-Cys[ψ H,HPro]-Glu-OH 5 H-Gly- Cys[ψ Me,MePro]-Glu-OH 6 


H-Gly-PMe-Glu-OH 7 H-Gly-dmP-Glu-OH 8 


H-Gly-D-dmP-Glu-OH 9 H-Gly-PPr-Glu-OH 10 


N
N


H-Gly O


CO2H


CO2H11


Figure 1. GPE analogues studied.

chromatographically resolved. Finally, the hydrogenoly-
sis-mediated N- and C-deprotection of separated 15 and
16 provided the GPE analogues 8 and 9, respectively.
Our previously reported synthesis of 815 involved the
resolution of racemic dmP-OH (12), by crystallization
of the LL-enantiomer with DD-tartaric acid, according to
the reported procedure.20 The NMR analysis of tripep-
tides 8 and 9 in (90:10) H2O/D2O solution showed cis/
trans rotamer ratios at the Gly-dmP peptide bond of
(69:31) and (82:18), respectively. The cis form of the ma-
jor preferred conformation was assigned based on the
NOE effects observed between the Gly a-H and dmP
a-H protons in the respective 1H NMR 1D NOESY
spectra.


The PPr-containing GPE analogue 10 was synthesized
from N-Boc-2-allyl-LL-Pro-OH (17), which was previous-
ly prepared by applying the Khalil et al.27 procedure of
N-Boc-protection of sterically hindered amino acid to 2-
allyl-LL-Pro-OH.28 As shown in Scheme 2, the coupling
of 17 with H-LL-Glu(OBn)-OBn, using DCC and HOAt
as activating reagents, led to the corresponding dipep-
tide 18. N-Boc removal in this dipeptide, followed by
coupling with Z-Gly-OH, using HATU and HOAt as
activating reagents, gave the tripeptide 19, whose
hydrogenolysis-mediated N- and C-deprotection provid-
ed the proposed GPE analogue 10 in a 55% overall yield.
The NMR analysis of this tripeptide in D2O solution
showed the presence of only one preferred conforma-
tion. The NOE effect observed in the 1H NMR spectrum
of 10 between the Gly a-H and the ProPr 5-H protons
indicated the presence of a trans conformation at the
Gly-ProPr peptide bond. It is interesting to note that,
while this work was in progress, Harris et al.29 published
an alternative synthesis of 10 in a 32% overall yield from
2-allyl-LL-Pro-OMe, although they did not report any
data of its biological evaluation.


The spirolactam GPE analogue 11 was prepared by
applying our previously developed synthesis of [4.4]-
spirolactam b-turn mimetics from N-Boc-2-allyl-LL-
Pro-OH.30 As shown in Scheme 2, this methodology
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Table 1. Displacement of LL-[3H]glutamate from rat brain synaptic


membranes


Compound Ki (lM)


GPE (H-Gly-Pro-Glu-OH) (1) 31.24 ± 15.65


H-Gly-PMe-Glu-OH (7) 7.96 ± 1.83


H-Gly-dmP-Glu-OH (8) 3.79 ± 0.53


H-Gly-DD-dmP-Glu-OH (9) 0.33 ± 0.07
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involved the oxidation of the dipeptide 18, by treat-
ment with OsO4 and NaIO4 in 2:1 MeOH/H2O mix-
ture for 24 h, to give the hydroxylactam 20, whose
one-step reduction and N-deprotection by reaction
with NaBH4 in neat TFA led to the trifluoroacetate
21, along with traces of decomposition products. To
facilitate the purification of the [4.4]-spirolactam
derivative 21, the Boc-protecting group was reintro-
duced in 22, by the treatment of 21 with Boc2O in
the presence of TEA and a catalytic amount of
4-(dimethylamino)pyridine (DMAP). N-Boc removal
in pure 22, followed by coupling with Z-Gly-OH
and hydrogenolysis-mediated final deprotection as
above-mentioned, provided the conformationally con-
strained tripeptide analogue 11 in a 14% overall yield.
Harris et al.29 have also published an alternative syn-
thesis of 11 in a 10% overall yield from 2-allyl-LL-Pro-
OMe, but they neither gave any data of its biological
evaluation. Similarly to the case of the PPr-derived tri-
peptide 10, the NMR analysis of the spirolactam
derivative 11 in D2O showed the presence of only
one preferred conformation, which was assigned as
trans on the basis of the NOE effects observed be-
tween the Gly a-H and the spirolactam 2-H protons.


Displacement of LL-[3H]glutamate from rat brain synap-
tic membranes by the new GPE analogues 9–11 was

determined, and the results were compared with those
previously reported for compounds 1–8.15 No displace-
ment was found using concentrations up to 100 lM of
compounds 10 and 11. However, the DD-dmP-containing
GPE analogue 9 displayed one and two orders of mag-
nitude higher affinity for glutamate receptors than its
epimer at the dmP residue 8 and GPE (1), respectively
(see Table 1). This significant increase in the binding
affinity was unexpected, taking into account the detri-
mental effect on the binding affinity at GluRs observed
when the Pro residue of GPE was replaced by DD-Pro
in 2.15


The neuroprotective effects of compounds 2–6 and 9–
11, regardless of their binding affinity at GluRs, were
evaluated in cultured hippocampal neurons exposed to
NMDA (100 lM) or oxygen–glucose deprivation
(OGD), following described procedures.31,32 The re-
sults are shown in Figure 2 compared with those of
GPE and its analogues 7 and 8 previously studied.
Surprisingly, the stereochemistry requirements were
contrary to those for the GluRs binding affinity. Thus,
the GPE diastereoisomers 2 and 3, which did not bind
at all at the higher assayed concentration (100 lM),
displayed the best neuroprotection percentage, higher
than GPE, in both NMDA excitotoxicity (Fig. 2A)
and OGD (Fig. 2B) assays, while, the DD-dmP-contain-
ing GPE analogue 9, which, as above-mentioned,
showed the higher GluRs binding potency, did not
significantly prevent the neuronal death in both types
of assays. Similarly, the influence of the ring pucker-
ing and hydrophobicity of the Pro residue on the
GluRs binding affinity and on the neuroprotective
activity was different. Thus, the pseudoproline-con-
taining compounds 5 and 6, which did not displace
LL-[3H]glutamate, displayed neuroprotection percentag-
es slightly lower than GPE in the NMDA excitotoxic-
ity assay, but their effect was higher in the oxygen–
glucose deprivation model. As previously suggested,15


the Gly-Pro peptide bond conformation does not seem
to have a significant influence on the neuroprotective
activity. However, the conformational restriction at
the Pro-Glu peptide bond in compounds 10 and 11
was detrimental both for the binding at GluRs and
for the neuroprotection effects.


In conclusion, the results herein reported indicate that
the tridimensional structural requirements of GPE for
binding to GluRs are different to those required for neu-
roprotective activity. Therefore, it seems to confirm that
the prevention of neuronal death showed by GPE and
some analogues is not directly related to their affinity
at glutamate receptors.
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Figure 2. Protection of rat hippocampal neurons from NMDA


(100 lM) excitotoxicity (A) and oxygen–glucose deprivation (B). Cell


survival was estimated by measuring the activity of mitochondrial


dehydrogenase on the tetrazolium derivative MTT. Values are


means ± SEM of 8–13 experiments. Asterisks indicate difference from


control (*P < 0.05, **P < 0.01, Student’s t-test).
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Abstract—We synthesized a series of Dlac-acetogenins in which the two alkyl side chains were systematically modified, and exam-
ined their inhibitory effect on bovine heart mitochondrial complex I (NADH-ubiquinone oxidoreductase). The results revealed that
the physicochemical properties of the side chains, such as the balance of hydrophobicity and the width (or bulkiness) of the chains,
are important structural factors for a potent inhibitory effect of amphiphilic Dlac-acetogenins. This is probably because such prop-
erties decide the precise location of the hydrophilic bis-THF ring moiety in the enzyme embedded in the inner mitochondrial
membrane.
� 2006 Elsevier Ltd. All rights reserved.

Acetogenins isolated from the plant family Annonaceae
have potent and diverse biological effects such as antitu-
mor, antimalarial, and insecticidal activities.1–3 Their
inhibitory effect on mitochondrial NADH-ubiquinone
oxidoreductase (complex I) is of particular importance
since the diverse biological activities of acetogenins are
thought to be attributable to this effect.2 Their unique
structural features and multiple chiral centers, especially
more than four in the THF portion, make acetogenins
challenging synthetic targets.4 On the other hand, struc-
tural simplification, while maintaining all the essential
functionalities of acetogenins may facilitate the task of
synthesizing a variety of acetogenin mimics which may
be used not only as possible chemotherapeutic agents,
but also as molecular probes to investigate the function-
al features of mitochondrial complex I,5,6 one of the
largest known membrane protein complexes.


We recently synthesized new acetogenin mimics named
Dlac-acetogenins, that consist of the hydroxylated adja-
cent bis-THF ring and two alkyl side chains without a
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a,b-unsaturated c-lactone ring.7,8 Some Dlac-acetoge-
nins had strong inhibitory effect on bovine heart mito-
chondrial complex I at the nanomolar level despite
lacking a c-lactone ring which is a structural feature
common to a large number of natural acetogenins.1–3


Interestingly, several lines of evidence, for example,
competition tests using a fluorescent ligand and the
effect on superoxide production from complex I, re-
vealed that the binding site of Dlac-acetogenins is differ-
ent from that of natural acetogenins as well as ordinary
complex I inhibitors such as rotenone and piericidin
A.7,8 Thus, Dlac-acetogenins were shown to be a new
type of inhibitor acting at the terminal electron transfer
step of complex I. Accordingly, a detailed analysis of
their inhibitory action would provide valuable insights
into the functional features of complex I.


To elucidate the mode of inhibition of Dlac-acetogenins,
identification of the crucial structural factors required
for the inhibition is highly helpful. A previous struc-
ture–activity study concerning Dlac-acetogenins indicat-
ed that the number of carbon atoms (i.e.,
hydrophobicity) of the alkyl side chains remarkably
affects the inhibitory potency (see compounds 1–4,
Fig. 1).7 The optimal length of the side chains for the
inhibition is about 11 carbons, as revealed for 3. A com-
parison of the inhibitory effects of compounds 3 and 5–7
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Figure 1. Structures of Dlac-acetogenin derivatives examined in this study. The molar concentrations in parentheses are the IC50 values determined in


the previous study.7
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suggested that the balance of hydrophobicity of the two
side chains attached to the C2-symmetric bis-THF por-
tion is an important structural factor of these inhibitors.
However, since compounds 3 and 5–7 largely differ in
the total number of carbon atoms, it remains to be
established whether the difference in inhibitory effect is
actually due to an imbalance of hydrophobicity or a dif-
ference in the hydrophobicity of the entire molecule. The
solution of this question is unavoidable not only to
know the function of the side chains, but also to predict
the function and location of the hydrophilic bis-THF
ring moiety. Therefore, to solve this important question,
we newly synthesized compounds 8 and 9 that possess
two side chains of different lengths, but maintain a total
of 22 carbons as is the case of a potent derivative 3. In
addition, to further elucidate the function of the side
chains, we also synthesized a series of derivatives and
evaluated their inhibitory effects on bovine heart mito-
chondrial complex I.


The synthetic procedures of compounds 8–11 are out-
lined in Scheme 1A, taking 9 as an example. The key
intermediate i-1 was synthesized as described previous-
ly.9,10 Treatment of i-1 with 0.5 mol equiv of TsCl
(repeated twice) and sequential MOM ether protection
of the secondary hydroxy group afforded i-2. Desilyla-
tion of i-2 with TBAF, and the opening of the epoxide
i-3 with the lithium acetylide, derived from 1-tridecyne,
in the presence of Et2AlCl11 provided i-4 (72% in two
steps). After acetyl protection of both hydroxy groups,
deprotection of the MOM ether and sequential treat-
ment with TsCl afforded i-5. Hydrolysis of the acetyl
groups gave epoxide i-6 (80%). The opening of the epox-
ide i-6 with the lithium acetylide, derived from 1-pen-
tyne, in the presence of Et2AlCl provided i-7 (78%).
Hydrogenation of i-7 with 10% Pd/C afforded 9.12 To
obtain compound 10, the final mono-epoxide i-6 was
opened by catalytic hydrogenation with 10% Pd/C.12


For the synthesis of 11, 3-n-propyl-1-hexyne was synthe-
sized by a Corey–Fuchs reaction13 from 2-n-propyl-1-
pentanal, which was prepared by Swern oxidation of
commercially available 2-n-propyl-1-pentanol.

To synthesize 12 and 13, we initially examined the
simultaneous opening of the diepoxide i-89 with the
corresponding lithium acetylide in the presence of
Et2AlCl, as shown in Scheme 1B, but the yield of
the product was very poor. We attempted to improve
this reaction step under various conditions; for
instance, BF3ÆEt2O14 was used in place of Et2AlCl at
several molar ratios and temperatures. All cases, how-
ever, resulted in unsatisfactory results. Therefore, we
synthesized 12 and 13 by the same procedures used
for 9.12 For the synthesis of 13, 3-ethyl-1-heptyne
was prepared by a Corey–Fuchs reaction from com-
mercially available 2-ethyl-1-hexanal.


The inhibition of complex I activity was determined
by NADH oxidase assay using bovine heart submito-
chondrial particles.8 Previous study indicated that the
inhibitory effect of 3 (C11–C11) is comparable to that
of bullatacin,7 one of the most potent natural acetog-
enins.15,16 The IC50, that is, the molar concentration
needed to halve the control NADH oxidase activity,
of 3 was 1.7 (±0.08) nM with the present submito-
chondrial particles preparation. The IC50 values of
compounds 8 and 9 were 7.5 (±0.39) and 34 (±6.6)
nM, respectively. Taking into account the identical
total number of carbon atoms on the side chains of
3 (C11–C11), 8 (C13–C9), and 9 (C15–C7), it is obvious
that the greater the loss of the balance, the weaker
the inhibitory effect becomes. Similar results were
obtained for other compound sets, 10 (C15–C2,
IC50 = 410 ± 23 nM) versus 5 (C11–C2, IC50 = 280 ±
30 nM) and 9 (C15–C7, IC50 = 34 ± 6.6 nM) versus 7
(C11–C7, IC50 = 3.2 ± 0.30 nM), though the total num-
ber of carbons of the former is larger than that of
the latter in these pairs. These results indicate that
the balance in hydrophobicity of the two side chains
is an important structural factor for a potent inhibi-
tory effect. It is thus likely that the balance decides
the precise location of the hydrophilic bis-THF ring
moiety, which may be located at or close to the
membrane surface area of the enzyme embedded in
the inner mitochondrial membrane.







Scheme 1. Reagents and conditions: (a) i—TsCl (0.5 equiv), 4-DMAP, Et3N, CH2Cl2, rt, 12 h, 55% (repeated twice); ii—MOMCl, (i-Pr)2NEt,


CH2Cl2, rt, 15 h, 98%; (b) TBAF, THF, 50 �C, 2 h, 88%; (c) 1-tridecyne (10 equiv), n-BuLi (10 equiv), Et2AlCl (10 equiv), toluene, 0 �C, 1 h, 82%; (d)


i—AcCl, 4-DMAP, CH2Cl2, 35 �C, 2 h, 96%; ii—BF3ÆEt2O, Me2S, �20 �C, 1 h, 96%; iii—TsCl, 4-DMAP, Et3N, CH2Cl2, 35 �C, 12 h, 92%; (e)


K2CO3, MeOH, rt, 2 h, 80%; (f) 1-pentyne (10 equiv), n-BuLi (10 equiv), Et2AlCl (10 equiv), toluene, 0 �C, 1 h, 78%; (g) H2, 10% Pd/C, EtOH, rt,


12 h, 94%.
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Next, to examine the effect of the shape of the side chain
on the activity, we synthesized compound 11 possessing
a branched side chain of 11 carbons, which is one of the
bulkiest structures that can be synthesized by the proce-
dures used for the preceding analogues. The total num-
ber of carbon atoms of the side chains in this derivative
is identical to that of 3. The IC50 value of 11 was 27
(±2.1) nM, indicating that the branched structure is
unfavorable for the inhibition. The replacement of both
side chains of 3 with the branched chain of 11 carbons
resulted in a drastic decrease in activity [12,
IC50 = 1500 ± 190 nM]. On the basis of this result, we
next synthesized compound 13 possessing an ethyl
branch in both chains in anticipation of the recovery
of inhibitory potency. Expectedly, 13 (IC50 = 870 ±
20 nM) significantly recovered the inhibitory effect com-
pared to 12. It is therefore clear that expansion of the
width of the side chain is remarkably unfavorable for
the inhibitory action. This is probably because the side
chains directly interact with the hydrophobic domain
of complex I rather than merely partitioning into the
lipid membrane phase, whereupon the enzyme recogniz-
es the molecular shape of the side chains in a strict sense.


In conclusion, the precise location of the hydrophilic
bis-THF ring moiety, which is decided by the physico-
chemical properties of the side chains, is critical to the
inhibitory effect of amphiphilic Dlac-acetogenins.
Although a high-resolution 3D structure for complex I

is not available, this feature may be closely related to
the specific nature of the putative binding site in com-
plex I embedded in the inner mitochondrial membrane.
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Abstract—A series of 1,3-disubstituted cyclohexylmethyl urea and amide derivatives were synthesized as motilin receptor antago-
nists. Starting from known motilin antagonists, 1a and 1b, the cyclopentene scaffold was replaced and the four recognition elements
optimized to arrive at a potent novel series.
� 2006 Elsevier Ltd. All rights reserved.

Motilin belongs to the ghrelin-motilin G-protein
coupled receptor family of ligands that as a whole regu-
late appetite and gastrointestinal motility.1,2 Motilin, as
a gastrointestinal paracrine hormone, stimulates smooth
muscle contractions affecting the motility and emptying
of both the antral stomach3 and the antroduodenal
region of the small intestine.3–5 Disruption of this coor-
dinated contractile activity may lead to a variety of gas-
tric motility disorders of GI tract origin. As a significant
subset among these, functional disorders, such as irrita-
ble bowel syndrome (IBS) and dyspepsia, are ill-charac-
terized multifactorial diseases with the hallmark of
abnormal gastric function.6 Discordant motilin levels
may play a central role in some patients presenting with
these illnesses.7 Unfortunately, clinical studies with
motilin agonists have thus far not demonstrably im-
proved symptoms in patients.8,9 It has recently been
shown that motilin levels are elevated in IBS patients
relative to healthy volunteers during all phases of motile
activity.10 This evidence would suggest that a motilin
antagonist might be an appropriate course of treatment
for IBS.


The discovery of compounds 1a and 1b represented a
fundamental shift away from peptidic and macrocy-
clic-based motilin antagonists.11 This small molecule
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series originated from a pharmacophore-model-directed
database search that ultimately focused on mimicking
four key binding amino acids (F1, I4, F5, Y7) of the
motilin peptide. Not surprisingly, when overlaid onto
this model, the peripheral functionality on compounds
1a and 1b overlap with these same four putative binding
amino acid side-chains of motilin. In the further explo-
ration of this series, we focused on changes to the series
that conceptually would maintain the spatial arrange-
ment of the peripheral functionality.
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On the basis of the model overlay and the structure–
activity relationship (SAR) of the lead structure we con-
cluded that the core cyclopentene ring serves largely as a
scaffold for spatially displaying recognition elements.12


Thus, it seemed plausible that the cyclopentene ring
could be replaced without compromising activity. In
considering possible changes to the scaffold we also
wanted to address the constraints imposed by the exist-
ing synthesis route.13 The existing approach was best
suited for SAR development of the urea portion of the
molecule. Benzylic groups were introduced early in the
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Table 2. Motilin inhibitory activity of 1,3-cyclohexylmethyl ureasa


N


O


N
H


N


OR3


O
R1


X


Compound18


(racemic)


R1 R3 X Binding assay19


IC50 (lM)


7b Morpholino CCl3 H 0.957


7c Morpholino CCl3 Cl 23%


7d Morpholino CCl3 CF3 58%


7e Morpholino CCl3 NO2 0.035


7f Morpholino 3-NO2Ph H 1.16


7g Morpholino 2-Furyl H 0.656


7h Morpholino 2-Ph(ethyl) H 0.730


7i Morpholino 4-Biphenyl H 3%


7j Morpholino tert-Butyl H 50%


7k Pyrrolidin-1-yl tert-Butyl H 0.021


1a 0.020


1b 0.010


a IC50 values are means of at least two determinations; CV was ±24%.


% inhibition of 125I-motilin binding measured at 1 lM.
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synthesis through Grignard reagent addition to 1-eth-
oxycyclohexen-3-one. The stereogenic center was subse-
quently set by an aza-Claisen rearrangement. This
rearrangement step was particularly limiting in scope
as it necessitated the inclusion of the stereogenic center
in all analogs. Consequently, the significance of the qua-
ternary center was unknown, though the clear binding
preference for one enantiomer over the other was infor-
mative. In addition to conforming to the spatial require-
ment then, a new scaffold would ideally lend itself to a
facile synthetic route for substitution at all four recogni-
tion elements sites and provide some insight as to the
role of the stereogenic center. We reasoned all of these
objectives might be achieved by moving the benzylic
group in a peptoid-like fashion from the quaternary ste-
reogenic center in compounds 1a and 1b to the nitrogen
of the trichloroacetamide, initially giving derivatives
such as 7.


The compounds found in Tables 1–3 are representative
of the many analogs synthesized and were primarily
chosen to illustrate the major SAR advancements. All
of the compounds, with the exception of 13, were
synthesized according to Scheme 1.14 Starting from
cis-3-aminocyclohexanecarboxylic acid, 2, the amine
was protected with trityl chloride to give 3.15 The
protected amino acid was subsequently coupled with a
variety of substituted anilines, the first recognition
element, to arrive at amide intermediates 4 in good yield.
LAH reduction of the amide group then provided a
secondary amine that was capped with phenyl isocya-
nate or 4-fluorobenzoyl chloride to give compounds 5,
incorporating the second recognition element. After
trityl deprotection, Lewis acid-mediated reductive
amination proved to be a general method for introduc-
ing benzaldehydes, the third recognition element.16


The resulting secondary amines, 6, were then capped
with an acid chloride, the fourth recognition element,
to provide compounds 7a–s. The enantiomers 7n and

Table 1. Motilin inhibitory activity of alternative scaffoldsa


NR4


R'


N


O


N
H


O
N


O


A


Compound18


(stereo)


A R 0 R4 Binding


assay19 IC50


(lM)


6a (rac) H 3-ClBn 28%


7a (rac) 3-MeOPhCO 3-ClBn 0.650


7t (rac) 3-MeOPhCO H 26%


8 (rac) 3-MeOPhCO 3-ClBn 6%


13 (dia) Cl3CCO 3-ClBn 4%


a IC50 values are means of at least two determinations; CV was ±24%.


% inhibition of 125I-motilin binding measured at 1 lM.

7o were separated from a racemic mixture by chiral
chromatography. Compound 8 was prepared by an
analogous route starting from cis 4-aminocyclohexyl-
carboxylic acid. The des-benzylic analog 7t was synthe-
sized directly from intermediate 5 by deprotection of the
amine and capping with 3-methoxybenzoyl chloride.


The methylene spacer and the carbocyclic ring in the
scaffold were transposed according to Scheme 2. Reduc-
tive amination of 3-cyanopentanone with the substituted
aniline 9 gave the 1,3-substituted cyclopentane ring, 10.
This aniline was then reacted with phenyl isocyanate to
produce the highly congested trisubstituted urea 11 in
low yield. Reduction of the nitrile provided the primary
amine 12 for further substitution. A second reductive
amination and acylation gave the desired compound
13 as a 1:1 mixture of diastereomers.


We synthesized a variety of carbocyclic ring structures,
A, as cyclopentene ring replacements (Table 1). Among
these analogs only the 1,3-disubstituted carbocyclic
ring derivatives had appreciable activity. As an exam-
ple, the 1,3-disubstituted cyclohexyl ring systems were
uniformly more potent than their 1,4-disubstituted
counterparts (7a vs 8).17 It was also found that the
location of the methylene spacer was critical as trans-
posing it with the carbocyclic ring, as in 13, led to a
series devoid of activity. Each of the four recognition
elements on the carbocyclic core contributed to optimal
potency. For instance, removal of the benzyl group
from the amide diminished the little activity we had
seen, 7t versus 7a. Conversely, removal of the acyl
group had a similar effect, 6a versus 7a.


After exploring more than a dozen alternative scaffolds,
we focused our SAR development on 1,3-disubstituted
cyclohexyl ring systems (Table 2). When directly com-
pared with the original series, these derivatives showed
relatively poor inhibition, 7b–c versus 1a and 1b. Never-
theless, we did learn some important SAR from these







Table 3. Inhibitory and functional activity of select motilin antagonists


N O
N


OR3


O
R1


13


F


X


Compound18


(racemic)


R1 R3 X Binding assay19


IC50
a (lM)


Tissue assay20


IC50
b (lM)


Human21 recombinant cellular


assay IC50
c (lM)


7l Pyrrolidin-1-yl tert-Butyl H 0.029 0.024 0.990 ± 0.264


7m Morpholino tert-Butyl H 0.772 — —


7n (1S,3R) Pyrrolidin-1-yl tert-Butyl H 0.010 0.008 0.338 ± 0.059


7o (1R,3S) Pyrrolidin-1-yl tert-Butyl H 0.072 0.638 2.48 ± 0.737


7p Pyrrolidin-1-yl CCl3 H 0.058 0.027 —


7q Pyrrolidin-1-yl CCl3 3-Cl 0.058 0.036 0.267 ± 0.170


7r Piperidin-1-yl CCl3 3-Cl 0.063 0.021 0.228 ± 0.043


7s Pyrrolidin-1-yl CCl3 3-NO2 0.014 0.072 0.052


a IC50 values are means of at least two separate determinations; CV was ±24%.
b IC50 values are means of at least two separate determinations; CV was ±30%.
c IC50 values are means ± SE of 2–6 determinations.
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Scheme 1. Reagents and conditions: (a) (1) TMSCl, DCM–CH3CN; (2) TrtCl, TEA; (b) substituted anilines, PyBopTM, DIEA, DCM; (c) (1) LAH,


THF; (2) PhNCO, DCM or 4-FPhCOCl, DIEA, DCM; (d) (1) 10% TFA, DCM; (2) ArCHO, Ti(i-OPr)4, DCM; (3) EtOH, NaBH3CN; (e) R3COCl,


DCM; (f) (1) 10% TFA, DCM; (2) 3-MeOPhCOCl, DCM.
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analogs. As already shown by example 7a in Table 1, the
trichloroacetyl group found in 7b–c could be replaced
with a variety of aromatic and heteroaromatic contain-
ing carbonyls, 7f–h, without substantially altering
potency. It was only once multiple aromatic rings, such
as biphenyl 7i, or fused rings (data not shown) were
introduced that there was a marked reduction in inhibi-
tion. On the benzyl portion of the molecule, the addition
of electron-withdrawing groups to the meta-position
was tolerated, 7b–d, but only the introduction of a nitro
group significantly improved potency, 7e. The most dra-
matic improvement in activity resulted from replacing
the morpholino group with other tertiary amines, for
example, compound 7j versus 7k. This was a surprising
finding given that tertiary amines were interchangeable
in the original series.13


Data from the original series suggested that the phenyl-
urea group could be replaced with 4-fluorophenyl

amide. The results with this substitution in our series
are shown in Table 3. As a general rule this substitution
produced compounds with similar activity; for instance,
the amide 7l (IC50 = 29 nM) versus the urea 7k
(IC50 = 21 nM, Table 2). The nature of the basic side-
chain plays a critical role in these derivatives as well,
7l versus 7m. Activity was not strictly limited to pyrrol-
idine-containing molecules. The analogous piperidine
derivatives, absent the oxygen heteroatom of the mor-
pholino group, were nearly as active (7q vs 7r). With
the preferred pyrrolidine side-chain in place, the intro-
duction of a nitro group to the benzylic ring now had
a more modest 4-fold improvement in binding inhibi-
tion, 7p versus 7s. Once again, no similar improvement
was seen from electron-withdrawing halogen substitu-
ents (7q vs 7p) in the binding assay. In all cases the chi-
rality of the compounds plays a considerable role in
binding, with the (1S,3R) enantiomers consistently
showing 5- to 10-fold greater potency than their antipo-
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Scheme 2. Reagents and conditions: (a) (1) 3-cyanopentanone, 1%
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THF, �78 �C to rt; (d) (1) 3-chlorobenzaldehyde, 1% AcOH, MeOH;


(2) NaBH3CN; (3) Cl3CCOCl, DCM.
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des (7n vs 7o). Analogs within the series were confirmed
as antagonists by agreement between the binding, cellu-
lar, and functional tissue data.


In summary we have demonstrated that the core cyclo-
pentene ring found in compounds 1a and 1b could be
replaced by a 1,3-disubstituted cyclohexyl ring system.
Moving the benzylic group to the amide nitrogen elimi-
nated the need for the quaternary stereogenic center.
A significant improvement in activity resulted from
replacing the morpholine side-chain with other tertiary
amines. These key modifications, allowing for rapid syn-
thesis and SAR exploration, led to novel and potent
motilin antagonists.
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(500 lg/mL, Life Technologies). Motilin-induced changes
in intracellular calcium mobilization were measured using
calcium-sensitive fluorescent dye as previously described in
Biotechnol. Lett. 2001, 23, 2067. Transfected HEK 293
cells were loaded with fluo 3 AM� (5 mM, Molecular
Probes, Inc., Eugene, OR) for 1 h shielded from light at
room temperature. Intracellular fluorescence was mea-
sured using fluorometric imaging plate reader (FLIPR�;

Molecular Devices, Inc., Sunnyvale, CA). In each exper-
imental run, compound agonist activity and antagonist
activity (against 2 nM porcine motilin) were determined.
Porcine motilin stimulated calcium mobilization with an
EC50 of 3.0 ± 0.4 nM (n = 4) producing a maximal
response �73-fold greater than baseline. No test com-
pound showed agonist activity at concentrations up to
30 lM.
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Abstract—A series of 2-aryl(pyrrolidin-4-yl)acetic acids were synthesized and their biological activities were evaluated as agonists of
S1P receptors. These analogs were able to induce lowering of lymphocyte counts in the peripheral blood of mice and were found to
have good overall pharmacokinetic properties in rat.
� 2006 Elsevier Ltd. All rights reserved.
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Immunosuppressants that dampen the immune response
are used to prevent the rejection of allografts after trans-
plantation and to treat autoimmune disorders. Current
immunotherapies (e.g., calcineurin inhibitors, antime-
tabolites, antiproliferatives, and monoclonal antibodies
to T lymphocytes and cytokines) have narrow therapeu-
tic windows; their chronic usage can have limitations
due to the risk of side effects (e.g., infections, nephrotox-
icity, and lymphoproliferative disorders).1 Development
of immunosuppressants with improved safety profiles
based on known modes of drug action and/or new mech-
anisms is highly desired.


FTY720 (1, Fig. 1) is a novel immunosuppressant that
has a unique mode of action. FTY720 is a prodrug for
monophosphate 2, which binds to and is an agonist of
four out of the five known sphingosine-1-phosphate
(S1P) receptors (which are members of the superfamily
of seven transmembrane G protein-coupled receptors).2


Agonism of S1P1 alters lymphocyte trafficking by
sequestering lymphocytes into secondary lymphoid
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Figure 1. Structures of FTY720 (1), FTY720-phosphate (2), amino


phosphonic acid analog (3), and two lead azetidine-3-carboxylic acids


4 and 5.

organs,3 while agonism of S1P3 has been linked to bra-
dycardia in rodents.4 FTY720 has shown immunosup-
pressive efficacy in animal models5 and is currently in
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Phase III clinical trials for the prevention of rejection of
kidney after transplantation and in Phase II for the
treatment of multiple sclerosis.6


Studies from these laboratories have previously identi-
fied a series of 3-(N-alkylamino)propyl-phosphonic
acids7 as well as conformationally constrained analogs
of those compounds (e.g., 3, S1P1 IC50 = 0.1 nM),8 as
potent agonists of S1P1 that induce peripheral lym-
phocyte lowering in mice after iv administration.
Replacement of the phosphonic acid in these earlier
compounds with other acid groups, such as carboxyl-
ate, was investigated with the hope of increasing oral
bioavailability, but these structural changes were
found to decrease binding to S1P1 in instances where
their lipophilic tails were kept constant.7 The rational
combination of leads identified from high-throughput
screening of the Merck sample collection and scaffolds
selected from the conformationally constrained 3-
aminopropyl-phosphonic acids led to the discovery
of a series of azetidine-3-carboxylic acids, such as 49


and 5,10 as potent, selective, and orally bioavailable
S1P1 receptor agonists. This paper describes the design
and synthesis of a novel series of S1P1 receptor ago-
nists that utilize (pyrrolidin-4-yl)acetic acid as a zwit-
terionic pharmacophore and that have properties
comparable to azetidine-3-carboxylic acid analogs 4
and 5.
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Scheme 1. Reagents and conditions: (a) P2O5, CH3SO3H, 100 �C (54%); (b) B


(d) K2CO3, CH3CN, 60 �C (96%); (e) (Boc)2O, DMAP, CH2Cl2, rt (90%); (f)


HCl, EtOH, rt (81%); (h) (CH3)3OÆBF4, CH2Cl2, rt (94%); (i) NaCNBH3, C


Et3N, THF, 0 �C to rt; 2—NaBH4, THF, H2O, 0 �C to rt (93%); (l) I2, PPh3,


KOH, CH3OH, H2O, 100 �C (100%); (o) 20% CF3CO2H, CH2Cl2, rt (16%).

The synthesis of pyrrolidine-4-carboxylic acid and (pyrr-
olidin-4-yl)acetic acid analogs that have a pendant
substituted thiophene group similar to that found in 4
is shown in Scheme 1. Decarboxylative arylation of ani-
sole with pyroglutamic acid using Eaton’s reagent11 fol-
lowed by demethylation furnished phenol 8. Alkylation
with bromide 10 (prepared from alcohol 99) gave lactam
11. N-Boc protection of 11 followed by acylation with
ethyl chloroformate provided 12 as a 1:1 cis:trans mix-
ture.12 Carbonyl reduction was effected by removal of
the N-Boc group, treatment with Meerwein’s salt, and
reduction with NaCNBH3 to give pyrrolidine 13. Sapon-
ification of 13 gave pyrrolidine-4-carboxylic acid 14 as a
1:1 cis:trans mixture of diastereomers. Hydrolysis of
N-Boc protected 13 led to a carboxylic acid, which
was reduced to an alcohol and subsequently converted
into iodide 15. Cyanide displacement, acid hydrolysis,
and removal of the N-Boc furnished 5-aryl(pyrrolidin-
4-yl)acetic acid 16 as a 1:1 cis:trans mixture of diastereo-
mers. S1P receptor binding studies2a showed that
(pyrrolidin-3-yl)acetic acid 16 was a more potent S1P1


receptor agonist than was pyrrolidine-4-carboxylic acid
14 (Table 1). Based on these data, (pyrrolidin-4-yl)acetic
acid analogs were targeted for further investigation.


The synthesis of (pyrrolidin-4-yl)acetic acid analogs
based on 5 is shown in Scheme 2. Conversion of phenol
8 to the corresponding triflate followed by palladium
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Table 1. Inhibition (IC50, nM) of 33P-S1P binding to S1P receptorsa,b


N
H


CO2H


N


O N


R


Compound R Stereo S1P1 S1P3 S1P4 S1P5


4 1.2 530 1600 23


5 0.6 12,000 70 1.0


14 25 4800 2700 130


16 2.2 2100 390 390


22a trans 5.7 >1000 150 300


22b cis 7.9 1500 160 140


22c trans 1.0 >1000 120 68


22d trans 1.4 3100 110 57


22e F3C trans 5.5 >1000 230 50


22f
F


F trans chiral 1 1.2 690 32 5.1


22g
F


F trans chiral 2 0.8 1100 800 11


22h
F


F
trans 2.0 460 110 21


a Displacement of 33P-labeled sphingosine-1-phosphate (S1P) by test


compounds from human S1P receptors expressed on CHO cell


membranes. Data are reported as means for n = 3 measurements. SD


were generally within ±20% of the average.
b S1P2 IC50 values for new compounds were all greater than 10 lM.
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catalyzed cyanation13 and N-Boc protection gave lactam
17. Allylation of 17 furnished a 76:3:1 mixture of readily
separable 3,5-trans, 3,5-cis and bis-allyl adducts. The
higher trans stereoselectivity presumably resulted from
the favorable approaching of allyl iodide to the less-
hindered face of the enolate intermediate of 17. The
double bond of 18 was oxidized under Sharpless’
conditions14 and subsequent methylation provided pyr-
rolidinone 19. Conversion of 19 to pyrrolidine 20 was
achieved using the procedures analogous to those
described in Scheme 1. Treatment of nitrile 20 with
hydroxylamine furnished N-hydroxyamidine 21, which
was coupled to various benzoic acids using EDC
followed by dehydration at elevated temperature and
removal of the N-Boc to provide the amino acids exem-
plified in Table 2. Most of the derivatized benzoic acids
used to prepare the new analogs were either commercial-
ly available or synthesized as described previously.8


The cis ester 23 was prepared by racemizing the trans
allyl adduct 18 using LiHMDS at �78 �C and then
converting the resulting allyl group to methyl ester 23.
Transformation of 23 to the final amino acid was

accomplished using the procedure analogous to that of
19. The configuration of methyl acetates on C-3 of
pyrrolidone relative to the aryl group on C-5 was
determined using 1D NOE experiments (Scheme 2,
inset). Direct NOE effects between H3 and H5 on the
cis analog were not observed. The cis and the trans
configurations were, therefore, assigned based on their
distinct NOE patterns generated by irradiating H4 and
H40 , respectively.


The S1P receptor binding affinities (IC50) for new com-
pounds were determined in competitive binding assays
in transfected Chinese hamster ovary (CHO) cell mem-
branes expressing S1P receptors with 33P-labeled S1P
as the ligand.2a The functional activities (EC50) were
determined by measuring the binding of 35S-GTPcS to
S1P receptors expressed in CHO cell membranes.2a All
of the new pyrrolidine acids were found to be full ago-
nists (in a range of 70–120% of max) of S1P1,3,5 recep-
tors and inverse agonists of S1P4 receptor; none of the
new compounds were found binding to S1P2 receptor
(IC50 > 10 lM).15 Compound-induced peripheral blood
lymphocyte (PBL) lowering in mice was measured by
the reduction percentage of the absolute PBL counts
determined at a 3-h time point after the oral administra-
tion of the test compound in comparison to those from
vehicle controls.2a The murine PBL lowering has been
previously shown to correlate with immunosuppressive
efficacy in rodents.16


The S1P receptor binding data for pyrrolidine-4-carbox-
ylic acid 14 and (pyrrolidin-4-yl)acetic acid 16, both of
which have substituted thiophene ether side chain, are
shown in Table 1. The binding affinity of pyrrolidine-
4-carboxylic acid 14 for S1P1 is about one order of mag-
nitude less than that of (pyrrolidin-4-yl)acetic acid 16,
indicating that (pyrrolidin-4-yl)acetic acid provides the
more optimal spacial orientation between the amino
group and the carboxylic acid. Compound 16 is about
1000-fold selective for S1P1 over S1P3 and has modest
affinity for both S1P4 and S1P5. Compound 16 was also
found to lower peripheral lymphocyte count in mice
after a relative high oral dose (39% vs control after a
10 mpg/kg po dose).


The receptor binding data of new (pyrrolidin-4-yl)acetic
acids having derivatized oxadiazole ring are also shown
in Table 1. The racemic 2,4-trans analog 22a was deter-
mined to be slightly more S1P1 potent than the cis ana-
log 22b; this was found to generally hold for this series
of compounds. For other trans analogs, sterically
more-hindered groups, such as cyclopentyl and cyclo-
hexyl groups, enhanced S1P1 binding affinities by about
half a log unit. Fluorination of the alkyl groups slightly
enhanced receptor binding affinities but decreased the
selectivity for S1P1 over S1P3. The former, but not the
latter, was observed of analogs of 5.10


Several of the new (pyrrolidin-4-yl)acetic acid analogs
were selected for further evaluation in the mouse PBL
lowering assay. Analogs 22b, 22c, 22d, 22g, and 22h
were all found to induce a PBL response after oral
administration, with 22f, 22g, and 22h being able to
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Scheme 2. Reagents and conditions: (a) PhN(Tf)2, EtN-i-Pr2, DMF, rt (88–100%); (b) Pd(PPh3)4, Zn(CN)2, DMF, 80 �C; (c) (Boc)2O, DMAP,


CH2Cl2, rt (over two steps, 61–88%); (d) 1—LDA, THF, �78 �C; 2—allyl iodide, THF, �78 �C (76–86%); (e) 1—RuCl3ÆxH2O, NaIO4,


CCl4:CH3CN:H2O, rt; 2—TMSCHN2, benzene, CH3OH, rt (over two steps, 94%); (f) 20% CF3CO2H, CH2Cl2, rt (89%); (g) (CH3)3OÆBF4, CH2Cl2,


rt; (h) NaCNBH3, CH3OH, pH 3–4, rt (85–100%); (i) NH2OHÆHCl, NaHCO3, CH3OH, reflux (74–93%); (j) derivatized benzoic acid, EDC, CH3CN,


1 h at rt and 16 h at 120 �C (40–60%); (k) NaOH, EtOH, rt (100%). The relative configurations of substitutes on the pyrrolidinone ring were assigned


based on 1D NOE 1H NMR experiments (inset). Curved arrows point away from the irradiated proton to the proton that exhibits NOE effect.


Table 2. Rat pharmacokinetic data (2.0 mpk po, 1.0 mpk iv) for selected S1P receptor agonistsa


Compound PK parameters


4 Clp = 12.3 mL/min/kg, Vdss = 10.0 L/kg, t1/2 = 6.7 h, %F = 79


5 Clp = 4.1 mL/min/kg, Vdss = 2.8 L/kg, t1/2 = 8.5 h, %F = 67


22a Clp = 7.4 mL/min/kg, Vdss = 6.6 L/kg, t1/2 = 10.7 h, %F = 79


22b Clp = 3.4 mL/min/kg, Vdss = 2.9 L/kg, t1/2 = 10.9 h, %F = 27


22g Clp = 2.1 mL/min/kg, Vdss = 1.3 L/kg, t1/2 = 5.6 h, %F = 36


22h Clp = 3.5 mL/min/kg, Vdss = 2.2 L/kg, t1/2 = 4.4 h, %F = 23


a Plasma compound concentrations used to calculate pharmacokinetic parameters were obtained after iv administration (1.0 mpk) and po admin-


istration (2.0 mpk) of test compounds to male Sprague–Dawley rats (n = 2), respectively.
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do so after doses of less than 1.0 mpk po.17 The pharma-
codynamic ED50 value for 22g in this assay was deter-
mined to be approximately 0.3 mpk po, making it
comparable to 4 (ED50 = 0.4 mpk po). Rat pharmacoki-
netics for selected compounds (Table 2) appeared to
parallel those for analogs of 5, with isobutyl analogs
22a and 22b as well as fluoroalkyl analogs 22g and 22h
all being low clearance compounds with good oral
bioavailability.


In summary, a series of 2-aryl(pyrrolidin-4-yl)acetic
acids have been identified as potent and selective S1P1


receptor agonists. Unlike the previously described ami-
no phosphonic acids,7,8 these amino acids exhibit good
overall pharmacokinetic properties in rat and effectively
lower peripheral lymphocytes in mice after oral admin-
istration. This work demonstrates that a (pyrrolidin-4-
yl)acetic acid scaffold can be utilized to afford potent
and selective S1P1 receptor agonists. Further, this also
supports the continued investigation of this structurally
novel scaffold as a potential replacement for the zwitter-
ionic azetidine-3-carboxylic acid pharmacophore of S1P
receptor agonists such as 4 and 5.
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Abstract—The synthesis and biological evaluation of novel tetrahydroisoquinoline, tetrahydroquinoline, and tetrahydroazepine
antagonists of the human and rat H3 receptors are described. The substitution around these rings as well as the nature of the sub-
stituent on nitrogen is explored. Several compounds with high affinity and selectivity for the human and rat H3 receptors are
reported.
� 2006 Elsevier Ltd. All rights reserved.

Histamine is known to play an important role in the hu-
man body, with actions spanning diverse physiological
roles, from acting as a neurotransmitter in the central
nervous system (CNS) to peripheral effects on gastric
acid secretion and smooth muscle contraction.1 The
action of histamine is mediated through four distinct
receptors known to date as histamine H1, H2, H3, and
H4 receptors.2 Centrally administered histamine H3


antagonists lead to increased histamine levels3 and
may consequently be useful for the treatment of a vari-
ety of CNS disorders such as attention deficit and hyper-
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Figure 1. Structures of non-imidazole based histamine H3 antagonists.

activity disorder, cognitive disorders, schizophrenia or
obesity.4


Attempts to identify selective non-imidazole containing
ligands for the H3 receptors have resulted in the identi-
fication of several potent antagonists (Fig. 1) such as
UCL 2190 (1)5, A-923 (2)6, JNJ-5205872 (3)7, ABT-
239 (4)8, and compounds 59 and 6.10


Initial efforts employing a medium throughput screen
identified a novel tetrahydroisoquinoline (7) as a potent

ahydroquinolines; Tetrahydroazepines.
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Scheme 2. Reagents and conditions: (a) H2, 10% Pd/C, NaOAcÆ3H2O,


EtOH, 60 psi, 4 h, 72%; (b) NaN3, H2SO4, toluene, 4 h, 79%; (c) LAH,


THF, 5 h, 70%; (d) BBr3, CH2Cl2, �78 �C, 3.5 h; (e) Boc2O, NaOH,


dioxane, 18 h, 89% (two steps).


Scheme 3. Reagents and conditions: (a) H2, PtO2, MeOH, 60 psi, 12 h,


100%; (b) BBr3, CH2Cl2, 4 h, �78 �C; (c) Boc2O, NaOH, dioxane, 77%


(two steps).


Table 1. Binding affinities (nM) of tetrahydroisoquinolines at the


human H3 receptora


R Ki
b, nM ± SEM


20 21 22 23


a >300 2.4 ± 0.7 0.60 ± 0.10 154 ± 32


b 84.2 ± 13.7 0.54 ± 0.13 0.34 ± 0.07 95.2 ± 2.9


c 15.4 ± 1.3 1.01 ± 0.43 0.35 ± 0.09 59 ± 20
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antagonist11 (Ki = 2.4 nM, IC50 = 6.6 nM) at human his-
tamine H3 receptor in vitro (Fig. 2). We were intrigued
by this water-soluble compound and sought to further
explore this structure type. This paper reports the
SAR of a number of tetrahydroisoquinolines, tetrahy-
droquinolines, and tetrahydroazepines.


The synthesis of 6-hydroxy tetrahydroisoquinoline com-
pounds is outlined in Scheme 1. 6-Hydroxy-3,4-dihydro-
1H-isoquinoline-2-carboxylic acid tert-butyl ester 812


was alkylated with 1-(3-chloro-propyl)-piperidine, fol-
lowed by removal of the Boc group, and further elabo-
ration of the newly unmasked nitrogen by reaction
with aldehydes, ketones, acid chlorides, sulfonyl chlo-
rides, and isocyanates to give the final products (11).


The other tetrahydroisoquinoline regioisomers were
prepared as described in Scheme 1 from the corre-
sponding hydroxy-3,4-dihydro-1H-isoquinoline-2-car-
boxylic acid tert-butyl ester intermediates.13 The 8-
hydroxy-3,4-dihydro-1H-isoquinoline-2-carboxylic acid
tert-butyl ester 12 was prepared as detailed in Scheme
2. The indanone 13 was prepared in two steps from
3-(3-methoxyphenyl)propanoic acid.14 The bromo sub-
stituent, whose role was to assure the desired regio-
chemistry, was removed by hydrogenation. Curtius
rearrangement of the resulting ketone 14 provided the
isoquinolinone 15, which was reduced to the corre-
sponding isoquinoline 16,15 demethylated, and protect-
ed with a Boc group.


In a similar manner, the tetrahydroquinoline com-
pounds were synthesized from the corresponding
hydroxy-3,4-dihydro-2H-quinoline-1-carboxylic acid
tert-butyl esters which were obtained by reduction of the
substituted quinolines (17) as illustrated in Scheme 3.16


The 7-hydroxy-1,3,4,5-tetrahydro-benzo[c]azepine-2-
carboxylic acid tert-butyl ester was prepared in an
analogous manner as that described in Scheme 2
from 6-methoxy-3,4-dihydro-2H-naphthalen-1-one.17


The corresponding 7-hydroxy-1,2,4,5-tetrahydro-
benzo[d]azepine-3-carboxylic acid tert-butyl ester was
prepared as described in the literature.18

Figure 2. Initial Screen Hit.


Scheme 1. Reagents and conditions: (a) 1-(3-chloro-propyl)-piperidine, Cs2C


4 h, 87%; (c) aldehyde, MP-CNBH3, CH2Cl2/MeOH (9:1), rt, 18 h; (d) acid c


18 h; (f) isocyanate, Et3N, CH2Cl2, rt, 18 h.


d >300 7.4 ± 0.92 0.53 ± 0.19 >300


e >300 2.1 ± 0.6 8.1 ± 0.81 >300


a Binding potencies were assessed by displacement of [3H]N-a-meth-


ylhistamine using cloned human H3 receptors.
b Values are means of at least three experiments.

A representative subset of compounds based on the
tetrahydroisoquinoline core is shown in Table 1.
The receptor shows a preference for the orientation

O3, KI, DMF, 90 �C, 18 h, 67%; (b) 4 M HCl in dioxane, CH2Cl2, rt,


hloride, Et3N, CH2Cl2, rt, 18 h; (e) sulfonyl chloride, Et3N, CH2Cl2, rt,







Table 3. Binding affinities (nM) of tetrahydroisoquinolines and


tetrahydroazepines at the human and rat H3 receptorsa


R Ki
b (nM)


22 28 29


hH3 rH3 hH3 rH3 hH3 rH3


b 0.34 0.64 0.34 0.56 0.26 1.1


c 0.28 0.46 0.20 0.80 0.53 0.97


f 0.17 0.89 0.20 1.29 0.72 1.6


h 4.9 39.6 17.1 32.5 42.3 —


i 23.8 74.5 2.9 70.1 12.1 38.1


j 19.4 36.7 — — 11.6 48.8


a Binding potencies were assessed by displacement of [3H]N-a-meth-


ylhistamine using cloned human H3 and rat H3 receptors.
b Values are means of at least three experiments.
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provided by the 6- and 7-substituted tetrahydroiso-
quinolines (21 a–e and 22 a–e). The dibasic com-
pounds (22a–c) have subnanomolar affinity for the
human H3 receptor as does the monobasic compound
22d.


The data on a representative set of tetrahydroquinoline
compounds are shown in Table 2. In general, these com-
pounds were less active than the most closely homolo-
gous tetrahydroisoquinoline regioisomers shown in
Table 1.


Encouraged by the data on the 6- and 7-hydroxy tet-
rahydroisoquinolines, tetrahydrobenzazepines were
prepared and evaluated at both the human and rat
histamine H3 receptors (Table 3). Reports in the liter-
ature19 (for different chemical series) have described
significant potency differences between the human
and rat receptors. Likewise, we also saw a species dif-
ference with all the compounds being less potent at
the rat receptor. We selected compounds 22b and
28f based on their high affinity for human H3 recep-
tors for further evaluation.20 These compounds
potently inhibited the ex vivo binding of [3H]R-a-
methylhistamine in rat brain homogenates (IC50 = 1.1
and 5.3 mg/kg, po, for 22b and 28f, respectively).
The oral bioavailability of compounds 22b and 28f
in rat after a dose of 10 mg/kg was found to be
69% and P100%, respectively.


In conclusion, we have discovered highly potent ligands
for both the human and rat H3 receptors. The full
biological profile of these compounds will be published
in due course.

Table 2. Binding affinities (nM) of tetrahydroquinolines at the human


H3 receptora


R Ki
b, nM ± SEM


24 25 26 27


a >300 54 ± 10 129 ± 27 >300


b >300 41 ± 4 156 ± 24 >300


c 141 ± 19 31 ± 8 187 ± 11 >300


d — 18 ± 2.9 7.3 ± 0.5 >300


e — — 22.6 ± 6 >300


a Binding potencies were assessed by displacement of [3H]N-a-meth-


ylhistamine using cloned human H3 receptors.
b Values are means of at least three experiments.
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Abstract—Using a scaleable, directed library approach based on orthogonally protected advanced intermediates, we have prepared
a series of potent keto-1,2,4-oxadiazoles designed to explore the P2 binding pocket of human mast cell tryptase, while building in a
high degree of selectivity over human trypsin and other serine proteases.
� 2006 Elsevier Ltd. All rights reserved.

Mast cells are involved in allergic disease by virtue of
pro-inflammatory mediators stored inside the secretory
granules. Upon degranulation, mucosal and respiratory
mast cell subpopulations release numerous effectors
including the tetrameric serine protease tryptase. With
trypsin-like specificity, tryptase processes substrates
with immediate and long-term effects with all of the
physiological responses associated with asthma. For
example, tryptase activates kininogens, leading to the
potent bronchoconstrictor bradykinin, and it is capable
of amplifying its own signal through stimulating mast
cells to further degranulate. Tryptase also processes
vasoactive intestinal peptide, or down-regulating this
bronchodilatory agent, and it behaves as a potent mito-
gen toward smooth muscle cells, endothelial cells, and
fibroblasts. This effect on smooth muscle cells is of
primary concern for long-term sufferers of acute
asthma.1–14 Crystallization of tryptase in 1998 by Pere-
ira and colleagues revealed a homotetrameric structure
that was amenable to structure-guided design.15 Previ-
ously, we have described the preparation of a-ketohet-
erocycles elaborated with prime-side (P 0) binding
moieties to afford potent and selective tryptase inhibi-
tors.16 The best-characterized example in this series (1,
Fig. 1) showed potency of 5.4 nM for tryptase. Our goal
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in this program required that we improve selectivity over
trypsin and other enzymes, and to improve drug-like
properties within this series. We also sought to develop
a robust synthetic strategy that would allow rapid ana-
logue preparation and large-scale synthesis of these
inhibitors to support in vivo studies (See Table 1).


Our improved synthesis of [1,2,4]oxadiazole-containing
tryptase inhibitors took advantage of orthogonal
protecting groups as illustrated in Scheme 1. Commer-
cially available N-a-benzyloxycarbonyl-N-e-tert-butyl-
oxycarbonyl-LL-lysine 2 was converted to its N-a-
allyloxycarbonyl derivative 4 via the Weinreb-amide 3.
Reduction to the aldehyde 5 followed by treatment with
acetone cyanohydrin afforded the diastereomeric cyano-
hydrins 6a,b. Subsequent protection as the diastereo-
meric TBS ethers 7a,b and then conversion to the N-
hydroxy-amidines 8a,b in the presence of 50% aqueous
hydroxylamine in ethanol at 50 �C provided the needed
material for analogue preparation, without the need for
intermediate chromatography.


Taking advantage of our distal pocket binding knowl-
edge on the prime side of the core, we then prepared
further advanced intermediates suitable for analogue
exploration. The use of the 3,4-dichlorophenethyloxy-
phenyl group (Scheme 2) gave us not only a modest
increase in potency over the lead structure 1, but also
provided us with a more facile, higher-yielding synthesis
that again avoided chromatography. Mitsunobu-based
coupling between 3,4-dichlorophenylethanol 9 and



mailto:jpalmer@rigel.com





Table 1. Enzyme inhibition and pharmacokinetics data for 1


O
H
N N


O


NH2


O


N O
O


1


Potency (lM)


Human B tryptase 0.0054


Selectivty (lM)


Trypsin 0.190


Thrombin 64


Plasmin 0.43


Kallikrein 43


APC >150


Chymotrypsin >150


Elastase >150


Chymase >150


Urokinase >150


Granzyme K >150
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methyl 4-hydroxyphenylacetate 10, followed by saponi-
fication of the ester, extraction of neutral by-products,
acidification, and filtration, permitted the product 11
to be isolated in near quantitative yield. 11 was convert-
ed to its N-hydroxysuccinimidoyl ester 12, which was
then coupled with 8a,b under neutral conditions to give
the intermediate esters 13a,b and then cyclized via heat-
ing in toluene, utilizing a Dean–Stark type apparatus.
The diastereomeric 1,2,4-oxadiazoles, 14a,b, were then
N-a-deprotected via Pd-catalyzed reductive cleavage
using tributyl stannane to give 15a,b, which were thus
set up for the final stages of the synthesis. Although
the diastereomeric nature of the intermediates (via the
silyloxy group) complicated intermediate analysis, we
were fortunate in discovering that one of the diastereo-
mers of 14a,b could in fact be isolated by crystallization,
although at this point we did not care which one. Subse-
quently, the silyl group was to be removed and the
secondary alcohol oxidized, thus removing the chiral
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Scheme 1. Reagents and conditions: (a) N,O-Dimethylhydroxylamine, DCC,


(d) LiAlH4, THF, 0 �C; (e) acetone cyanohydrin, NEt3, CH2Cl2, rt; (f) TBSC


50 �C.

center. For ease of preparation in subsequent steps, we
used the crystalline material (stereochemistry unas-
signed) and at a later stage repeated the sequence with
a mixture of 14a,b and obtained similar results.


With the a-amino group now available for derivatiza-
tion, we prepared a library of compounds to explore
the P2 residue of tryptase (Scheme 3). Through coupling
with the appropriate acylating agent (acid chloride, ami-
nocarbonyl chloride, isocyanate, etc.) in the presence of
appropriate bases, 15a,b derivatives of type 16a,b were
made. Deprotection of the silyl group with tetrabutylam-
monium fluoride gave alcohols 17a,b, which were then
oxidized using either Dess–Martin periodinane or
through a Swern procedure to give the Boc protected,
penultimate intermediate 18. Finally, HCl-mediated
deprotection of the N-e group yielded inhibitors 19–44.


Compounds 19–44 were assayed against tryptase and
trypsin according to conditions outlined in Ref. 17.
Table 2 shows the results as organized by P2 binding
moiety, represented by R2, as attached through linker L.


While good potency was inherent in this series, thanks
to the distal pocket binding moiety on the prime side,
the goal of achieving several 100-fold selectivity over hu-
man trypsin required an extensive analysis of different
binding elements elsewhere in the active site. In this ser-
ies, we explored the effects of aliphatic and aromatic
amides, carbamates, and ureas as linkers between the ly-
sine a-amine group and the P2-targeting group. Simple
aliphatic amides (compounds 19–25) showed the lowest
selectivity, with only the sterically hindered (and possi-
bly anomalous, within this series) pivalamide 36 display-
ing the targeted selectivity. Carbamates, both simple and
extended (26, 27, 30, and 32) showed modest (80- to 130-
fold) selectivity, suggesting that the atom next to the
linker carbonyl should bear minimal substituents. The
ureas began to show an improvement in selectivity (29,
31, and 33–35) but we still felt that the intrinsic potency
against trypsin was too high. When we introduced an
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Scheme 2. Reagents and conditions: (a) PPh3, DIAD, CHCl3; (b) NaOH, THF/H2O; (c) Et2O extraction, followed by acidification to pH 3;


(d) N-hydroxysuccinimide, DCC, THF, 70 �C; (e) THF, rt; (f) toluene, reflux, Dean–Stark trap; (g) Pd(PPh3)4, BuSn3H, THF, rt.
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aromatic amide at R2, we achieved the desired increase
in selectivity but not at the cost of potency, as exempli-
fied by compounds 38–44. In one case the heteroaromat-
ic example 39 showed a modest increase in trypsin
potency, so fine tuning of this substituent was clearly
called for. Ultimately, the p-fluorobenzamide 44
displayed both the highest potency (2.5 nM) and
selectivity (440-fold) over trypsin that we had yet seen
in this program. The 3,4-difluorobenzamide 43 was
equally selective, and we profiled this compound further
against an extended panel of serine proteases. This
derivative showed greater than 100-fold selectivity
against over a dozen serine proteases in both trypsin

and chymotrypsin-like sub-families. Table 3 indicates
the results obtained.


An additional goal of this program was to improve
pharmacokinetic parameters, for instance increasing
terminal half-life and lowering clearance of these com-
pounds when dosed in vivo, so that they could be
used in animal models of disease. We made the initial
choice of the 3,4-dichlorophenethyl group in the distal
pocket to block oxidative pathways wherein unsubsti-
tuted phenyl groups might be susceptible to oxidation
and rapid clearance. The same logic was applied in
the use of fluorobenzamides at the P2 position; to this







Table 2. Enzyme inhibition data for compounds 19–50


H
N


NH2.HCl


O


N


O


O


N


Cl
Cl


R2


O


Linker (L)


Compound R2 L type Tryptase Trypsin Selectivity


19 Aliphatic amide 0.0046 0.044 10


20 Aliphatic amide 0.0068 0.12 18


21 n-Pentyl Aliphatic amide 0.0098 0.18 18


22 Aliphatic amide 0.0065 0.3 46


23 O Aliphatic amide 0.022 1.1 50


24 O Aliphatic amide 0.0037 0.19 51


25 CF3 Aliphatic amide 0.0029 0.22 76


26 O Carbamate 0.0047 0.38 81


27
O


Carbamate 0.005 0.415 83


28 O (Hetero)aromatic amide 0.046 3.9 85


29 N Urea 0.0096 0.85 89


30 O
O Carbamate 0.005 0.5 100


31 N Urea 0.032 3.8 119


32 O Carbamate 0.017 2.2 129


33 N Urea 0.018 2.4 133


34 N Urea 0.0092 1.4 152


35 NO Urea 0.0057 0.87 153


36 t-Bu Aliphatic amide 0.00375 0.625 167


37 t-Bu O Carbamate 0.011 1.9 173


38


F


Aromatic amide 0.0062 1.1 177


39
O


(Hetero)aromatic amide 0.0023 0.48 209


40
F


Aromatic amide 0.0058 1.7 293


41


F


F


Aromatic amide 0.00325 1.15 354


42


Cl


Aromatic amide 0.00655 2.55 389


(continued on next page)
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Table 2 (continued)


Compound R2 L type Tryptase Trypsin Selectivity


43
F


F
Aromatic amide 0.0076 3.3 434


44
F


Aromatic amide 0.0025 1.1 440


Inhibition constants (Ki(app.)) are given in lM.


Table 3. Enzyme inhibition data for compound 43


H
N


NH2.HCl


O


N


O


O


N


Cl


Cl
O


F
F


43


Potency (lM)


Human B tryptase 0.0076


Mouse tryptase 0.365


Monkey tryptase 0.40


Selectivity (lM)


Trypsin 3.3


Thrombin >150


Plasmin 0.91


Kallikrein 83


APC >150


Chymotrypsin >150


Elastase >150


Chymase >150


Urokinase >150


Granzyme K >150


Cathepsin G >150


Factor VIIa >150


Factor Xa >150


Factor IXa >150


Factor XIa >150


Table 4. Pharmacokinetic data for compound 44


H
N


NH2.HCl


O


N


O


O


N


Cl
Cl


O


F


44


Potency (lM)


Human B tryptase 0.0025


Mouse tryptase 0.365


Monkey tryptase 0.40


PK (0.5 mg/kg, iv, rat, n = 3)


Cmax (lM) 1.01 ± 0.25


CL (ml/min/kg) 45 ± 7.9


Vc (ml/kg) 457 ± 113


Vss (ml/kg) 7800 ± 1280


MRT (min) 173 ± 14


AUC (lm min) 18 ± 3.3


Terminal half-life (min) 174 ± 16


PK (5 mg/kg, po, rat, n = 3)


Absorption (%) 12


Bioavailability (%) 9


Terminal half-life (min) 135 ± 59
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end we performed pharmacokinetic studies18 on com-
pound 44, which showed a similarly high degree of
selectivity against all proteases tested. Table 4 shows
the results.


The long half-life values and mean residence time are
consistent with limited first-pass metabolism. Thus, we
achieved our intent of blocking metabolic hot-spots by
use of the halogenated aromatic rings. The relatively
low absorption (12%, cassette dosing) could be ex-
plained by a number of factors, including the relatively
high molecular weight (599.5) of the parent free base
of 44, and also the presence of a primary amine func-
tion. That the oral bioavailability of 9% represented a
high percentage (75%) of absorbed 44 suggested further
evidence that first-pass metabolism pathways were
curtailed.


In summary, we have demonstrated a series of highly
potent and selective human tryptase inhibitors, an effi-
cient method by which they can be prepared in library
fashion, and finally, an example of a metabolically

restricted compound member of the series that may be
further developed as a possible therapy for indications
implicated by excess mast-cell tryptase release.
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at 405 nm.Trypsin—trypsin (Athens Research Institute)
was incubated at 10 nM with variable concentrations of
inhibitor in 50 mM Tris (pH 7.4), 150 mM NaCl, 1.5 mM
EDTA, 0.05% Tween 20, and 10% DMSO. The reaction
was initiated with substrate, Tosyl-Gly-Pro-Lys-pNA
(Centerchem), supplied at the Km (25 lM). The change
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18. Plasma concentrations of the compounds were deter-
mined by LC/MS/MS. The plasma sample was processed
using acetonitrile precipitation, then the supernatant was
injected onto the LC column. The limit of quantitation
of the assay was 1–6 nM. Pharmacokinetic data were
analyzed by WinNonlin-Pro (Pharsight Corp.), using
compartmental and non-compartmental analysis for iv
and po data, respectively. Pharmacokinetic parameters,
including the area-under-the-curve (AUC), clearance
(CL), volume of distribution (Vd), and mean residence
time (MRT), were determined. Clearance and mean
residence time were calculated as follows: CL = dose/
AUC and MRT = Vd/CL. Oral absorption (Abs) and
bioavailability (F) in rats were evaluated in portal vein
(pv) and jugular vein (jv) cannulated animals. The
plasma concentrations of the compounds in the portal
and jugular vein were quantified and used to calculate
the area-under-the-curve (AUC). Oral absorption and
bioavailability were calculated from dose-normalized
AUC values as follows: Abs = AUCpo,pv/AUCiv,jv and
F = AUCpo,jv/AUCiv,jv.
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Abstract—The synthesis and evaluation of several chemical modulators of heat shock protein 90 (Hsp90) dimerization is presented.
These agents may represent useful tools to study the importance of N-terminal dimerization and also to determine subunit inter-
face(s) in Hsp90.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Schematic representation of cycling between the open and


closed conformations of Hsp90. N, N-terminus; M, middle domain;


and C, C-terminus.
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The molecular chaperone Hsp90 plays a key, but poorly
understood, role in the folding, assembly, and activation
of a large number of signal transduction molecules, in
particular kinases, transcription factors, and steroid
hormone receptors.1 In carrying out these functions
Hsp90 hydrolyzes ATP as it cycles between ADP- and
ATP-bound forms, and this ATPase activity is regulated
by the transient association with a variety of co-chaper-
ones.2 Current models of the Hsp90 chaperone cycle
propose that client protein capture occurs via an N-ter-
minal ‘molecular clamp,’ in a manner analogous to the
DNA binding functions of GyrB and MutL.3 In this
model, ATP binding to the N-terminal domain
promotes an intermonomeric N-terminal dimerization
reaction (molecular clamp) that favors client protein
binding (Fig. 1).


The role of ATP-driven N-terminal dimerization in the
Hsp90 chaperone cycle has, however, recently been
questioned.4 To help resolve this controversy, we set
to develop several chemical modulators of Hsp90 dimer-
ization (Fig. 2).


Protein modulation through use of small-molecule
chemical inducers or disruptors of dimerization has been
successfully utilized for other proteins.5 Chemical mod-
ulation of dimerization may be used to manipulate cellu-
lar regulatory pathways from signal transduction to
transcription, and to create model systems for study of
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the specific interactions between proteins and small-mol-
ecule chemical ligands. This strategy utilizes a homo- or
hetero-dimer to induce or inhibit proximity of two
proteins.


The ansamycin antibiotic geldanamycin (GM) binds
with high affinity to the Hsp90 N-terminal ATP-pocket6


and, synthetically, is a convenient choice to create chem-
ical modulators of Hsp90 dimerization. To better
explore the spatial characteristics of Hsp90 N-termini
dimerization, we chose to enter two variables in our
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Figure 2. Hsp90 dimerization modulators.
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dimer synthesis. One variable pertains to linker length,
while the other to linker rigidity and ability to spatially
orient the two adjoined GM molecules. If the model
proposed in Figure 1 is correct, these dimeric GM com-
pounds should specifically modulate N–N domain
dimerization reactions, without altering the C-terminal
dimerization site. The synthesis of these compounds
and their affinity for the Hsp90 ATP-pocket are report-
ed here; detailed analyses of their effects on quaternary
interactions of Grp94, the endoplasmic reticulum
Hsp90 member, summarized below, will be detailed else-
where.7 In brief, the intermolecular subunit interface in
native Grp94 was analyzed by a combined chemical
crosslinking/tandem mass spectrometry approach. Two
primary subunit interactions were identified, the expect-
ed C-terminal homodimerization domain and a novel
intermolecular N+M interaction site.7 Neither interface
was altered upon addition of ATP, ADP, radicicol or
GM. In contrast, the binding of GM-4-GM and, to a
lesser degree, GM-9-GM selectively disrupted the inter-
molecular N+M interactions without disrupting the
C-terminal homodimerization interactions. These data
are consistent with either a ‘spacing’ function for the
GM dimers, with the two GM moieties constraining
the intermolecular dynamics of the N-terminal domains
and/or a ‘blocking’ function, where binding of the GM
dimer to one subunit imposes a steric block to interac-
tions with the paired subunit. Experiments are currently
underway to distinguish between these two alternatives.


Synthesis of geldanamycin dimers. When bound to
Hsp90, GM is buried inside the protein cavity leaving
the C17 methoxy functionality exposed to the solvent.
This group easily undergoes a Michael reaction when
in the presence of primary amines, resulting, in general,
in compounds with retained Hsp90 binding ability, and
thus, much chemistry on GM has used this modifica-
tion.8 Here, Hsp90-dimerization modulators were creat-
ed by reacting GM with the corresponding a,e-diamines
(Scheme 1).9 For the synthesis of GM dimers coupled
via a saturated 4- or 9-carbon linker, respectively, the
corresponding diamine was stirred with 2 equiv of GM
at room temperature in dry DMF. Reaction initiation
was easily observed as the solution instantly turned from
deep yellow (color of GM) to dark purple (color of C17-
alkylamino-desmethoxy-GMs) upon diamine addition.
Complete conversion was observed after 30–60 min.

Scheme 1. Synthesis of GM dimers. Reagents and conditions: (a) DMF, rt, 3


DIEA, DMF, rt, 24 h.

For dimers bearing an unsaturated linker, the diamine
was not commercially available and had to be first syn-
thesized. We chose to start their synthesis from the cor-
responding a,e-dichlorides. These were reacted with
NaN3 to result in diazides, which were further reduced
to the diamine via a Staudinger reaction, and later iso-
lated as dihydrochlorate salts.10 Dimers containing a
double bond in the linker were successfully created by
the reaction of these diaminoalkene hydrochlorates with
GM in dry DMF using DIEA as base. Coupling of these
diaminoalkenes with GM required 24 h to complete,
likely due to steric constraints imposed on the addition
of a second GM to the GM-linker-NH2 intermediate.
Surprisingly, 1,4-diamino-2-butyne hydrochlorate failed
to satisfactorily react with GM under these conditions
and a large amount of derivatives with hydrolyzed ansa
ring was observed. Our previous experience in the syn-
thesis of GM-heterodimers suggested that this impedi-
ment may be overcome by generating the amine from
a Boc-protected amine via TFA treatment.8 Boc-pro-
tected 1,4-diamino-2-butyne was generated from the
corresponding amine upon treatment with BocON in
the presence of TEA in CH2Cl2.10a In this fashion, the
synthesis of GM dimer containing the butyne linker
was achieved in 50% yield.


Competitive binding to Hsp90. We next proceeded to
assess whether these dimers retain binding affinity for
the Hsp90 ATP-pocket (Fig. 3).11 An assay that mea-
sures the ability of compounds to compete BODIPY-la-
beled GM binding to Hsp90 was used.12 Competitive
displacement studies were performed with these dimers
and the Hsp90 inhibitors GM and its C17-allylamino
derivative, 17AAG.13 EC50 values were determined as
the competitor concentrations were 50% of the fluores-
cent GM-BODIPY displaced. As seen in Figure 3, all di-
mers retained good binding to Hsp90. Recorded EC50s
ranged from 45 ± 3 nM for GM-4T-GM, to 91 ± 4 nM
for GM-4GM and 345 ± 5 nM and 465 ± 7 nM for
GM-4C-GM and GM-9-GM, respectively. In the same
assay, recorded EC50s for GM and 17AAG were
35 ± 2 nM and 45 ± 3 nM, respectively.


In summary, these agents have the characteristics
that allow for their use as chemical modulators of
Hsp90 dimerization and thus, may represent useful
tools to study the importance of N-terminal

0–60 min; (b) DIEA, DMF, rt, 24 h; (c) TFA/CH2Cl2 (1:4), 1 h, rt; (d)
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Figure 3. Competitive binding of synthesized dimers to Hsp90 alpha.
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dimerization and also to determine subunit inter-
face(s) in Hsp90.
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Abstract—SAR and PK studies led to the identification of N-(1-{(3R)-3-(3,5-difluorophenyl)-3-[4-methanesulfonylphenyl]
propyl}piperidin-4-yl)-N-ethyl-2-[4-methanesulfonylphenyl]acetamide as a highly potent and selective ligand for the human
CCR5 chemokine receptor with good oral pharmacokinetic properties.
� 2006 Elsevier Ltd. All rights reserved.

The chemokine receptor CCR5 is expressed on T-lym-
phocytes, monocytes, macrophages, dendritic cells,
microglia and other cell types. These receptors detect
and respond to several chemokines, principally ‘regulat-
ed on activation normal T-cell expressed and secreted’
(RANTES) and macrophage inflammatory proteins
(MIP) MIP-1a and MIP-1b, resulting in the recruitment
of cells of the immune system to sites of disease. CCR5
is also a co-receptor for HIV-1 and other viruses, allow-
ing these viruses to enter cells. Individuals who are
homozygous for a 32-base pair deletion in the gene
encoding CCR5, whilst otherwise healthy, are strongly
protected against HIV-1 infection.1 Other studies indi-
cate a role for CCR5 and its ligands in disorders such
as rheumatoid arthritis,2 multiple sclerosis,3 transplant
rejection4 and inflammatory bowel disease.5 These
observations suggest that molecules that modulate the
CCR5 receptor would have potential benefit in a wide
range of diseases. The antagonism of CCR5 by small
molecules has become an active area of research in many
pharmaceutical companies.1,6
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We have previously reported our initial investigations
into small molecule inhibitors of CCR5 which led to
the identification of 1-(3,3-diphenylpropyl)-piperidinyl
amides 1 as a suitable lead compound for further opti-
misation.7 Further optimisation led to the identification
of compound 2a as a potent (IC50 1.7 nM) and bioavail-
able CCR5 antagonist.8 We now wish to report further
optimisation of pharmacokinetics (PK) and potency in
this series.9


In order to study the PK of 2a in more depth, and to
determine the absolute configuration that afforded
greater potency, we developed an enantioselective
synthesis of 2a that could also be used to prepare
analogues with different substitution on the undecorated
phenyl ring. The route (Scheme 1) involved the
diastereoselective conjugate addition of an aryl-cuprate
species under the control of an imidazolidinone chiral
auxiliary (4).10 The substrate for the conjugate addition
(5) was prepared by reaction of the acid chloride derived
from cinnamic acid 3 with the imidazolidinone 4.
Addition of a cuprate prepared from an aryl Grignard
to 5 mediated by di-n-butylboron triflate proceeded
smoothly to give the product 6 as a single diastereoiso-
mer (>95% dr by 1H NMR). The auxiliary was removed
either by reduction to the alcohol with subsequent
oxidation to the aldehyde 7 using Dess–Martin
periodinane, or by reduction directly to the aldehyde 7
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with di-iso-butylaluminium hydride. Reductive
amination of 7 with 4-substituted piperidine 88 gave
the target compounds 9. The 3-trifluoromethyl analogue
9h was accessed11 by the conjugate addition of 4-thio-
anisolemagnesium bromide (10) to the 3-trifluorometh-
ylcinnamoyl derivative (11) of the opposite enantiomer
of the auxiliary, with subsequent S-oxidation to the
methanesulfonyl intermediate 6h (Scheme 2).


CCR5 binding potency was assayed by displacement of
the binding of [125I]MIP-1a to membranes prepared
from Chinese hamster ovary (CHO) cells stably express-
ing recombinant human CCR5.12 The results are shown
in Table 1. Compound 9a was approximately twice as
potent as its racemate, 2a, suggesting that it was the
more active enantiomer. The rat PK of compound 9a,
the lead compound 1 and the di-4-fluorophenyl ana-
logue 2b was studied. Data for clearance (Cl), volume
of distribution (Vss) and terminal half-life (t1/2) deter-
mined from iv dosing, and oral bioavailability (F%)
are shown in Table 2. Compound 9a had a moderately
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Scheme 2. Reagents and conditions: (a) SOCl2, CH2Cl2, rt; ent-4, iPr2NEt, rt
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high clearance and was 13% bioavailable. The PK
parameters of the lead compound 1 were similar to those
of 9a. In contrast, the di-4-fluorophenyl analogue 2b had
a low clearance, a longer half-life and was 56% bioavail-
able. It appears that the fluoro groups are acting to
block oxidative metabolism at the 4-position of the
phenyl rings, however this substitution pattern is also
associated with loss of potency (IC50 780 nM).
We decided to try to reduce metabolism of 9a without
a loss of potency by exploring substitution of the
undecorated phenyl. The results (Table 1) demonstrate
clear SAR around this phenyl ring. The 3-chloro (9d)
analogue maintained the potency of 9a and the 3-fluoro
(9b) analogue gave an increase in potency. Other small
3-substituents such as trifluoromethyl (9h), cyano (9p)
and methoxy (9q) were somewhat less potent. More
bulky groups such as isopropyl (9o) and tert-butyl (9n)
led to a bigger drop in potency. The 4-fluoro analogue
(9c) was around 50-fold less potent than 9a, while other
4-substituents such as methoxy (9f) gave a large drop in
potency. The 3,4-di-fluoro (9e) and 3,4,5-tri-fluoro (9i)
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Figure 1. Single crystal X-ray structure of 6g (R = 3,5-di-F) showing R


absolute configuration at induced chiral centre.


Table 3. Dog in vivo PK parameters for compound 9g


Cl (mL/min/kg)a Vss
a (L/kg) t1/2


a (h) F%b


18 5.7 3.9 86


a Compound dosed 1 mg/kg iv, n = 3 animals.
b Compound dosed 4 mg/kg po, n = 2 animals.


Table 1. CCR5 binding data for diphenylpropylpiperidine compounds


N


MeO2S N


Et


O
SO2Me


R
9


Compound R IC50
a (nM)


2a — 1.7


2b — 780


9a H 0.76


9b 3-F 0.22


9c 4-F 46


9d 3-Cl 1.0


9e 3,4-Di-F 21


9f 4-OMe 132


9g 3,5-Di-F 0.32


9h 3-CF3 20


9i 3,4,5-Tri-F 25


9j 2,3-Di-F 20


9k 2,6-Di-F 560


9l 2,5-Di-F 32


9m 3-F-5-Cl 1.1


9n 3-tBu 500


9o 3-iPr 110


9p 3-CN 56


9q 3-OMe 25


a IC50s were derived from triplicate measurements whose standard


errors were normally <5% in a given assay. Assay-to-assay variability


was within ±2-fold based on the results of the standard compound 1.


Table 2. Rat in vivo PK parameters for selected compounds


Compound Cla (mL/min/kg) Vss
a (L/kg) t1/2


a (h) F%b


1 54 2.7 0.9 11


2b 10 1.7 2.4 56


9a 43 5.1 0.8 13


9b 54 5.3 1.8 nt


9g 28 5.3 2.6 38


9m 20 7.1 5.2 32


nt, not tested.
a Compounds dosed 1–2 mg/kg iv, n = 3 animals.
b Compounds dosed 5–10 mg/kg po, n = 3 animals.
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analogues were intermediate in potency between the
3- and 4-fluoro compounds. ortho-Substitution with
fluoro (9j and 9l) led to a similar reduction in potency,
while the analogue with a fluorine in both ortho
positions (9k) was substantially less potent. However,
the 3,5-di-fluoro analogue (9g) showed a significant in-
crease in potency (IC50 0.32 nM). The 3-fluoro-5-chloro
analogue (9m) had similar potency to 9a.


The rat PK of compounds 9b, 9g and 9m was studied. 9b
had a high clearance and short half-life suggesting that
the 3-fluoro was not having an effect on the metabolism.
However, the 3,5-di-halo compounds (9g and 9m) had a
lower clearance, longer half-lives and good bioavailabil-
ity. It appears that the incorporation of a halogen into
both meta positions reduces oxidative metabolism of
the phenyl ring. On the basis of its excellent potency

and good rat PK, compound 9g was selected for further
studies. The (S)-enantiomer of 9g was prepared via the
same synthetic route (Scheme 1) but using the opposite
enantiomer of the chiral auxiliary. The chiral purities
of 9g and ent-9g were determined by analytical chiral
HPLC to be >97% ee and 96% ee, respectively. The
CCR5 binding IC50 of ent-9g (which contained 2% of
the (R)-isomer) was 40 nM, showing that essentially all
the potency resides in the (R)-isomer. The absolute con-
figuration of 9g was confirmed as (R) by single crystal
X-ray of the product from the conjugate addition reac-
tion, 6g (Fig. 1). Compound 9g was tested for its ability
to inhibit MIP-1b-stimulated calcium transients in
human AlloT cells and was found to have an IC50


of 0.12 nM. Also 9g was shown to have an IC50 of
2.8 nM in an assay measuring the inhibition of chemo-
taxis of human AlloT cells in response to MIP-1b. 9g
was found to be extremely selective for binding to
CCR5 over other chemokine receptors (human CCR1,
CCR2b, CCR3, CXCR1 and CXCR2) and other
GPCRs (human M1, M2 and 5-HT2A): it showed less
than 50% inhibition at 10 lM in all cases, implying that
its selectivity for CCR5 versus these other receptors is of
the order of 30,000-fold or better. Compound 9g had
acceptable physicochemical properties: logD7.4 = 2.2,
plasma protein binding = 72% and 82% in rat and hu-
man plasma, respectively, thermodynamic aqueous solu-
bility at pH 7.4 = 160 lM, pKa = 7.5. Compound 9g
showed excellent oral bioavailability in the dog (Table
3). The iv and po PK profiles for 9g in the rat and
dog are shown in Figures 2 and 3, respectively.


Compound 9g showed good stability to metabolism in
human hepatocytes in vitro (Clint = 3 lL/min/106 cells)8
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Figure 2. PK profile for compound 9g in rat; dosing at 2 mg/kg iv


(n = 3) and at 4 mg/kg po (n = 3).
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Figure 3. PK profile for compound 9g in dog; dosing at 1 mg/kg iv


(n = 3) and at 4 mg/kg po (n = 2).
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and was tested for inhibition of human cytochrome P450


activity, achieving our target of IC50 >10 lM versus the
1A1, 2C19, 2C9 and 3A4 isoforms. However, 9g gave an
IC50 of 1.6 lM versus the 2D6 isoform and was found to
have an IC50 of 7.3 lM in a hERG ion channel binding
assay.13 In view of the excellent potency and PK proper-
ties of 9g, we predicted that an acceptable margin with
respect to these two off-target activities could be
achieved in humans.


In summary, SAR and PK studies in the homochiral
1-[3-(4-methanesulfonylphenyl)-3-phenylpropyl]piperidine
series have led to the identification of 9g as a highly
potent antagonist at the human CCR5 receptor with
good oral PK properties. This compound has potential
as an oral treatment of diseases in which CCR5 plays
a role.
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Abstract—Buprenorphine analogs have been synthesized. In the studies of analgesic and addictive effects in mice and [35S]GTPcS
binding assay in human brain tissue, an analog of buprenorphine where the tert-butyl is replaced by a cyclobutyl moiety (16) has
been identified as a selective j-partial agonist which gives antinociceptive effects, but has low abuse potential. The results may lead to
lower degrees of dysphoria than full j-agonists.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Buprenorphine and its analogs.

Opioid analgesics are very important in human life.
For example, unrelieved pain destroys a person’s qual-
ity of life and is one of the driving forces behind inter-
ests in physician-assisted suicide and euthanasia.1


However, opioids have several undesirable effects. Phy-
sician reluctance to prescribe opioids in the past has
related to the associated risk of addiction and respira-
tory arrest.2


The importance of subtle structural differences be-
tween agonists and antagonists is evidenced far more
exten-sively with opioids than any other class of
drugs.3 The effect by altering substituents can also
be seen in the structurally related family of buprenor-
phine (BUP), etorphine, and diprenorphine having
two-carbon bridge substituent not in morphine
(Fig. 1).4


Although BUP may not be entirely devoid of abuse
potential, its propensity to produce addiction appears
to be much lower than that of other potent opioids.5


However, it is still required that non-addictive opioids
should be developed.
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The present study aims to provide BUP analogs having
better analgesia, but with lower side effects. Analgesia
and self-administration (SA) assays6 in mice are the pri-
mary bioassays used in this study and provide an initial
model to assess the relative benefit/risk ratio of therapy
and dependence.


BUP analogs, 4, 4d, 5, 14, 15, 16, and 17, were prepared
by modification of the known procedures (Scheme 1).7,8


The compound 19 was reacted with cyclopropyl magne-
sium bromide to give the mixture of 2 and 2d in the ratio
of about 7:3 (HPLC data). Compounds 2 and 2d were
separated by the silica gel column chromatography to
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Table 2. Efficacies (max analgesic effects, %) of 4, 4d, 5, 14, and BUP


Test 4 4d 5 14 BUP


Tail clip 100 100 100 No effect 46.7


Tail flick 100 100 100 18.6 65.3


Hot plate 100 100 100 10.4 58.5


Writhing 100 100 100 100 100
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Scheme 1. Synthetic pathway for 1–17. Reagents and conditions: (i)


RMgBr, THF, reflux, 1.5 h; (ii) KOH, diethyleneglycol, 220 �C, 2 h;


(iii) CNBr, CH2Cl2, reflux, 4 h; (iv) KOH, diethyleneglycol, 175 �C,


1.5 h; (v) R1CH2Br, Mg(OAc)2, DMF, 100 �C, 2 h.
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give 62% and 26% yields, respectively. The compound 3
was separated by the fractional crystallization in 60%
yields. These compounds, 2, 2d, and 3, were identified
by comparing their 1H NMR spectra with those of the
known tetrahydrothebaine analogs.10 O-Demethylated
4, 4d, and 5, were obtained by hydrolysis of methoxy
moiety of 2, 2d, and 3.


Compounds 14–17 were prepared in several steps from 2
and 3. Compounds 2 and 3 were converted to 6 and 7
with CNBr in 95% yields. Compounds 6 and 7 were
hydrolyzed to free amines 8 and 9 in 89–90% yields.
Amines 8 and 9 were alkylated to give 10–13 in 78–
80% yields. Hydrolysis of 10–13 afforded compounds
14–17 in 68–79% yields. Finally, diastereomerically pure

Table 1. Potencies of 4, 4d, 5, 14, and BUP in analgesic tests


Test


4 4d 5


Tail clip 27.5 (14.0–55.0) 122.0 (62.0–241) 3.


Tail flick 19.7 (12.5–31.0) 197.0 (106–365) 2.


Hot plate 11.0 (7.8–15.0) 77.0 (47.0–126) 1.


Writhing 0.59 (0.4–0.9) 13.0 (7.0–24.0) 0.


ND, not determined.
a According to Litchfield and Wilcoxon procedure.11

free bases 4, 4d, 5, and 14–17 were converted to the cor-
responding HCl salts in 94–97% yields. HCl salts of 4,
4d, 5, and 14–17 were prepared for the biological
evaluations.


Compounds, 4, 4d, 5, 14, and BUP (1st set: Tables 1–5),
were screened for analgesic and addictive activity6 in
male DBA mice after intravenous injection.


Rank order of full agonists in their analgesic potencies
was as follows: 5 > 4 > 4d (Table 1). The potency of 5
was 100–544 times higher than that of BUP. The full
agonists, 4, 4d, and 5, showed higher analgesic effects
than those of 14 and BUP (Table 2).


Comparisons of additive properties of the compounds
are summarized in Table 3. Analysis showed that
there are different SA potencies in the following or-
der: 5 > 4 > 4d P 14 P BUP. Comparisons of efficacy
criteria (Table 4) showed no difference between
samples.


The important results have been obtained from the
analysis of benefit/risk ratio. In comparing the analge-
sic and reinforcing effect (Table 5), the highest safety
index was found in 4. Addictive safety of the com-
pounds when assessed together with analgesic poten-
tial decreased in the following order:
4 > 5 > BUP = 4d P 14. Addiction liability of BUP is
demonstrated in the clinical study.5


Compounds, 15, 16, 17, and BUP (2nd set: Tables 6–10),
were also screened for analgesic and addictive activity6


in male SHR mice.


On the basis of analgesic effect analysis, 15 and 17
demonstrated lower potencies when compared to
BUP (Tables 6, 7, and 10). Their efficacies were either
a bit lower (17) or similar (15) to that of BUP. While
16 was 33–299% more potent than BUP depending on
the test (Table 6). It was more efficient in terms of
maximum analgesic action across analgesic tests
(Table 7).

ED50
a (lg/kg)


14 BUP


7 (1.8–7.8) ND ND


4 (1.6–3.8) ND 312.0 (200–600)


5 (0.8–3.1) ND 195.0 (120–310)


055 (0.04–0.08) 235.9 (131–424) 29.5 (16.0–53.0)







Table 3. Potencies of 4, 4d, 5, 14, and BUP in SA test


Parameter 4 4d 5 14 BUP


Unit ED50
a 0.62 (0.37–1.04) 1.28 (0.72–2.28) 0.028 (0.021–0.036) 1.35 (0.62–2.9) 2.04 (1.0–3.9)


Optimal unit doseb 1.54 2.56d 0.04 3.2 7.68


Dosec 28.5 65.3d 1.25 70.9 143.54


a lg/kg/injection, calculated by the aid of N+ values, taken from the ascending part of dose–response curve. A unit dose supporting an initiation of


SA in 50% of subjects.
b lg/kg/injection, unit dose corresponding to the maximum values of reinforcing criteria (delta and R). A unit dose supporting an initiation of SA in


maximum number of subjects.
c Obtained lg/kg, dose consumed during SA session at the concentration corresponding to the highest R value.
d Corresponding to maximum N+ criterion.


Table 5. Safety indices of 4, 4d, 5, 14, and BUP


Compound Writhing test ED50


(lg/kg)


Safety index for


unit ED50 dose


Safety index for optimal


unit dose


Ratio of dose consumed for the SA


session to analgesic ED50


BUP 29.5 0.07 0.26 4.9


4 0.59 1.05 2.6 48.3


4d 13.0 0.1 0.2 5.0


5 0.055 0.51 0.73 22.7


14 235.9 0.006 0.01 0.3


Table 6. Potencies of 15, 16, 17, and BUP in analgesic tests


Test ED50 (lg/kg)


15 16 17 BUP


Tail clip 633.0 (357–1122) 28.4 (15.4–52.0) ND 46.6 (22.5–96.7)


Tail flick 358.7 (208.7–617.7) 10.1 (5.3–19.3) 80.3 (53.5–120.5) 40.4 (24.9–65.5)


Hot plate 186.7 (117.8–295.8) 17.6 (9.4–33.0) 190.3 (89.7–404.0) 23.3 (14.5–37.5)


Writhing 22.4 (11.5–43.6) 11.2 (5.0–26.8) 47.4 (24.1–93.3) 22.3 (10.5–47.3)


Table 4. Efficacies of 4, 4d, 5, 14, and BUP in SA test


Parameter (max) 4 4d 5 14 BUP


delta 13.75 ± 3.15 2.0 ± 18.76 25.38 ± 4.68 13.00 ± 4.80 13.00 ± 2.36


R 0.23 ± 0.06 0.21 ± 0.13 0.30 ± 0.04 0.19 ± 0.06 0.24 ± 0.06


N+ 87.5 75 100 75 87.5


Table 7. Efficacies (max analgesic effects, %) of 15, 16, 17, and BUP


Test 15 16 17 BUP


Tail clip 88.9 100 44.4 100


Tail flick 84.5 100 81.0 100


Hot plate 100 100 100 100


Writhing 100 100 100 100


Table 8. Potencies of 15, 16, 17, and BUP in SA test


Parameter 15 16 17 BUP


Unit ED50 3.6


(1.9–6.9)


4.1


(2.6–6.3)


3.78


(2.5–5.6)


1.15


(0.6–0.21)


Optimal unit dose 4.29 8.7 4.34 1.92


Dose 180 1,240 200 80
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In experiments with initiation of iv self-administration
in drug-naive mice, 16 demonstrated much lower poten-
cy ratios (0.06–0.28) when compared to BUP (Table 8).
Efficacy values of reinforcing actions of BUP and 17
were close to each other (Table 9).

Compound 16 appears to be one of candidates in
the safe drugs (Table 10). Compound 16 exhibits
very interesting pharmacological properties: it is
more potent and effective as an analgesic when com-
pared to BUP and at the same time it is less potent
as a reinforcing agent. Compound 16 may not exhib-
it drug dependence liability at the doses tested in
cancer and non-cancer pain compared with BUP.
The comparatively long analgesic effect of 16 must
be noted.12


In addition, the [35S]GTPcS assay of 16 was carried
out using human membranes which was initially doc-
umented in human neuroblastoma SH-SY5Y cells13 as
a valuable approach to demonstrate and quantify
affinity of different opioid receptor agonists and par-
tial agonists.14


The assays of specific receptor binding, defined with
naloxone, were conducted, as described previously.14a


The concentration of protein in human brain cortical
membranes (n = 4) was 1.50 mg/mL ± 0.03 (SEM),







Table 9. Efficacies of 15, 16, 17, and BUP in SA test


Parameter (max) 15 16 17 BUP


delta 11.56 ± 10.14 103.5 ± 41.65 21.56 ± 8.35 16.22 ± 4.78


R 0.21 ± 0.14 0.45 ± 0.15 0.24 ± 0.07 0.28 ± 0.05


N+ 56 83 56 67


Table 10. Safety Indices of 15, 16, 17, and BUP


Compound Writhing test


ED50 (lg /kg)


Safety index for unit


ED50 dose


Safety index for optimal


unit dose


Ratio of dose consumed for the SA


session to analgesic ED50


BUP 22.31 0.05 0.086 3.59


15 22.4 0.16 0.19 8.04


16 11.2 0.37 0.78 110.7


17 47.4 0.08 0.09 4.2
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determined by the method of Bradford15 with bovine
serum albumin as the standard. The values of Kd


and Bmax are 0.83 (nM) and 64.4 (fmol/mg protein)
for [3H]DAMGO, 0.70 (nM) and 50.2 (fmol/mg
protein) for [3H]U69593, and 4.98 (nM) and 70.3
(fmol/mg protein) for [3H]DPDPE, respectively.


Second, the agonist stimulation of [35S]GTPcS to hu-
man brain cortical membranes was studied with 16
and selective reference agonists at opioid receptors.
Compound 16 increased the in vitro binding of
[35S]GTPcS to human brain cortical membranes
dependent upon concentration but with a maximum
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Figure 2. Stimulation of [35S]GTPcS binding by U69593 and 16 in the


presence of specific j-antagonist (norBNI) in human brain cortical


membranes. Shown are mean values ± SEM from 3 to 4 independent


experiments. Each experiment was carried out in duplicate.

stimulation of 7.2% over baseline. U69593 was defined
in this assay as a full j-agonist and increased stimula-
tion of [35S]GTPcS by ca. 13.4% over baseline. EC50


values of U69593 and 16 were 64.3 and 1.84 nM,
respectively.


The effects of agonist stimulation of 16 and U69593
were antagonized by norBNI, a selective j-opioid
receptor antagonist16 as shown in Figure 2. The shift
in EC50 caused by 3 nM norBNI for 16 and U69593
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Figure 3. Stimulation of [35S] GTPcS binding by 16 in the presence of


specific l-antagonist (naloxone, upper panel) and d-antagonist (nal-


trindole, lower panel) in human brain cortical membranes. Shown are


mean values ± SEM from two independent experiments. Each exper-


iment was carried out in duplicate.
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Figure 4. Relative efficacy of 16 [35S]GTPcS stimulation compared


with U69593. Shown are mean values ± SEM from three independent


experiments. Each experiment was carried out in duplicate.
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was 22.5-fold and 15.9-fold, respectively. The calculat-
ed Ke values of 16 and U69593 for norBNI inhibition
were 0.14 nM (lower panel, Fig. 2) and 0.20 nM
(upper panel, Fig. 2), respectively. Similar values for
inhibition of two agonists indicate that these agonists
activated the same receptor. Stimulation of
[35S]GTPcS by 16 was not antagonized by naloxone
or naltrindole, a preferential antagonist of l or d
receptors, respectively (Fig. 3). The results also
showed that 16 behaved as a partial agonist at the
j-opioid receptor in human brain cortical membranes
and with a relative efficacy of 35% when maximum
stimulation of U69593, a known selective full j-ago-
nist, was set as 100% (Fig. 4).


In summary, a variety of BUP analogs have been syn-
thesized. In the studies of analgesic and addictive ef-
fects in mice and [35S]GTPcS binding assay in
human brain tissue, the new compound 16 has been
identified as a selective j-partial agonist which gives
antinociceptive effects, but has low abuse potential.
It is reported that the activation of j-receptors leads
to the suppression of unpleasant l and d mediated
side effects such as the rewarding effect.17 The fact
that this compound has a profile (j-partial agonist)
may lead to lower degrees of dysphoria than full
j-agonists.18 The compound may be valuable for the
development of long-acting analgesic, as a requirement
for protracted use in neuropathic pain and drug abuse
medication.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.02.017.
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Critical modifications of the ISO-1 scaffold improve
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Abstract—Based on the scaffold of (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1), an inhibitor
of the proinflammatory cytokine MIF, two critical modifications and chiral resolution have significantly improved the potency of
the inhibition. Compound (R)-17 is 20-fold more potent than ISO-1 and inhibits MIF tautomerase activity with an IC50 of 550 nM.
� 2006 Elsevier Ltd. All rights reserved.

Macrophage migration inhibitory factor (MIF) is a pro-
inflammatory cytokine, critically involved in the patho-
genesis of inflammatory disorders.1,2 Our recent studies
have clearly defined MIF as a critical factor in the path-
ophysiology of sepsis.3 We showed that abolition of
MIF activity during sepsis by antibodies or ISO-1 im-
proves cardio-circulatory efficiency and prevents the
lethality associated with sepsis.3,4 We designed our spe-
cific inhibitor ISO-1 to fit into the hydrophobic active
site of MIF, an interaction confirmed by the crystal
structure of the MIF complex with ISO-1 (Scheme 1).5


Administration of ISO-1 in a clinically relevant model
of sepsis confers moderate protection (80% vs 40% con-
trol). These results identify ISO-1 as the first small mol-
ecule inhibitor of MIF proinflammatory activities with
therapeutic implications and indicate the potential of
the MIF active site as a novel target for therapeutic
interventions in human sepsis. To improve the potency
of ISO-1, herein, we explored the SAR of ISO-1.


Previously, we have identified critical functional groups
within the ISO-1 scaffold as evidenced by the loss of its
MIF inhibitory effect upon methylation of the para-
hydroxyl functional group, oxidation of 4,5-dihydrois-
oxazole to isoxazole or reduction of methyl ester to alco-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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hol.5 Herein, we discovered that mono-fluorination onto
the ortho position of the phenolic group of ISO-1 im-
proved the inhibition of MIF activity up to 41%
(Scheme 5). Hence, we investigated the alkyl tail of
ISO-1 with various ester and amide analogues. The
new synthetic route provides the precursor (ISO-1-acid)
in large scale (Scheme 2).9 Esterification and amide for-
mation between the ISO-1-acid and alcohol (or amine)
were accomplished using a standard DCC coupling pro-
tocol (DCC, DMAP or HOBt) (Scheme 3).9


As summarized in Schemes 3 and 4, we found that the
ester analogues are more potent inhibitors than the
amide counterpart (e.g., compounds 14 (IC50 = 2.5 lM)
vs 6 (IC50 = 24 lM) and 3 (IC50 = 8.5 lM) vs

Scheme 1. MIF tautomerizes dopachrome methyl esters and the


structure of MIF inhibitor dubbed ‘ISO-1.’
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Scheme 5. Synthesis of stereoisomers of ISO-1 and compound 17.


Scheme 4. Synthesis of compounds 10–16.


Scheme 3. Synthesis of compounds 2–9.


Scheme 2. Synthesis of the ISO-1-acid.
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7(IC50 = 26 lM)). We further investigated the influence
of the bulkiness of the ester group on the potency of
inhibiting MIF activity. The esterification process of
ISO-1-acid was accomplished with TMSCl using the
following alcohols: ethanol, 10; 1-propanol, 11; 2-propa-
nol, 12; 1-butanol, 13; cyclohexanol, 14; cyclohexyl-
methanol, 15; and neopentylalcohol, 16 (Scheme 4).9


As shown in Scheme 4, the most bulky alcohol (com-
pound 16, neopentyl ester analogue) shows a superior
inhibition activity (IC50 = 1.5 lM) which is ten times
more potent than ISO-1.


The crystal structure analysis of MIF/ISO-1 complex
predicted that the (R)-isomer of ISO-1 binds in the
active site, suggesting that the (R)-isomer would bind
with higher affinity to the MIF active site. This is evident
from the hydrogen bond formation between the side-
chain nitrogen of Lys-32 and both the carbonyl oxygen
of the carboxymethyl group and the oxygen of the
isoxazoline ring.6 Previously, we have shown the impor-
tance of the absolute configuration of the amino acid

Schiff bases in the inhibitory effect of MIF.5 Hence, we
needed to resolve the optically active ISO-1 and deter-
mine the inhibitory activity for each isomer. Chiral res-
olution was accomplished as previously described
through fractional crystallization of the diastereomeric
cinchonidine salts of methylated ISO-1-acid (Scheme
5).7,9 The (S)-configuration salts were found to be less
soluble and were crystallized out from the chiral mix-
ture. The (S)- and (R)-configuration salts were then
acidified by 1 N HCl, demethylated with BBr3, and
esterified with TMSCl in methanol to yield (S)-ISO-1
(90% ee) and (R)-ISO-1 (90% ee). Both isomers were
tested for activity in the MIF dopachrome tautomerase
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assay. (R)-ISO-1 inhibited MIF tautomerase activity
with an IC50 of 7 lM, but (S)-ISO-1 was 50% less active
with an IC50 of 13 lM (Scheme 5).


In order to obtain the most potent, specific, small mol-
ecule, MIF inhibitor, three critical steps need to be inte-
grated into the ISO-1 scaffold: (1) mono-fluorination
onto the ortho position of the phenolic group of ISO-
1; (2) a neopentyl ester functional group replacing the
methyl ester of ISO-1; (3) chiral resolution to obtain
an (R)-isomer. Compound 17 emerged after all as a po-
tent inhibitor of MIF activity with an IC50 of 750 nM.
After the classical chiral resolution, (R)-17 inhibited
MIF tautomerase activity with an IC50 of 550 nM, while
the (S)-17 was 50% less active with an IC50 of 1.1 lM
(Scheme 5). Compound (R)-17 is 20 times more potent
than the parent compound ISO-1.


After two critical modifications on ISO-1 scaffold, we
have improved the inhibition of MIF tautomerase activ-
ity to a nanomolar concentration (550 nM), which is 20
times potent than ISO-1. The in vivo and in vitro studies
of the new inhibitor are currently under investigation.
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for 6 h. The mixture was neutralized to pH 4 by using 1 N
HCl. Excess methanol was removed in vacuo to precipitate
out the oxime. The precipitations were filtered and washed
with water. The product was dried under vacuum and
yielded a white solid (4.9 g, 88%): 1H NMR (270 MHz,
acetone-d6) d 8.07 (s, 1H), 7.55 (d, J = 8.2 Hz, 2H), 6.95 (d,
J = 8.2 Hz, 2H), 3.82 (s, 3H). Preparation of ISO-1-acid. To
a solution of 4-methoxybenzaldoxime (4 g, 26 mmol) in
anhydrous DMF (500 mL) was added NCS (5.2 g,
39 mmol). The reaction mixture was stirred for 5 h at rt
affording the chloro oxime. To this solution, vinylacetic
acid (6.6 mL, 78 mmol) was added, followed by the
dropwise addition of triethylamine (5.5 mL, 39 mmol) in
DMF (50 mL). The reaction mixture was stirred under N2


at rt for 48 h. The solvent was removed in vacuo and the
residue was taken up in EtOAc. The EtOAc solution was
washed with 0.5 N HCl, water, and brine, and dried with
anhydrous MgSO4. The final solution was concentrated in
vacuo and dried under vacuum pump to afford 1 in
quantitative yield. A solution of 1 (40–50 mM in dry
dichloromethane) was treated with an excess (8–10 equiv)
of boron tribromide (1 M solution in dichloromethane,
Aldrich cat No.: 211222) at 0 �C under N2. The reaction
mixture was allowed to reach room temperature over 5–6 h
and then quenched with aqueous saturated NaHCO3


(caution: BBr3 reacts violently with water). The mixture
was stirred for 1/2 h and then diluted with water and
CH2Cl2. The organic layer was separated from aqueous and
discarded. The aqueous portion was neutralized with 1N
HCl to pH 4 and extracted with EtOAc. The combined
EtOAc solution was washed with brine and dried with
anhydrous MgSO4 to afford ISO-1-acid as a pale yellow
powder in good yield (75%). 1H NMR (300 MHz, acetone-
d6) d 10.65 (br, 1H), 8.75 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H),
6.85 (d, J = 8.7 Hz, 2H), 5.01 (m, 1H), 3.50 (m, 1H), 3.05
(m, 1H), 2.68 (m, 2H); ESI-MS m/z 220 (M�). General DCC
coupling procedure for formation of esters or amides. A
solution of ISO-1-acid (100 mM in dry dichloromethane)
was treated with 1.1 equiv DCC, 0.2 equiv DMAP, and
1.5 equiv alcohols (or 0.2 equiv HOBt and 1.5 equiv
amines). The mixture was stirred for 8 h at rt. The formed
white precipitate was filtered off and washed with CH2Cl2
and the filtrate was evaporated to dryness. The residue was
purified on silica gel (hexane/EtOAc/MeOH 4:3:1) to give
the esters or amides as a white solid. Compound 2 (65%
yield): 1H NMR (300 MHz, acetone-d6) d 8.75 (br, 1H),
7.54 (d, J = 8.7 Hz, 2H), 7.38 (m, 2H), 7.22 (m, 1H), 7.11
(m, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.10 (m, 1H), 3.54 (m,
1H), 3.27 (m, 1H), 2.96 (m, 2H); ESI-MS m/z 296 (M�).
Compound 3 (60% yield): 1H NMR (300 MHz, acetone-d6)
d 8.78 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.02 (d, J = 8.7 Hz,
2H), 6.90 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.10
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(m, 1H), 3.76 (s, 3H), 3.53 (m, 1H), 3.25 (m, 1H), 2.76 (m,
2H); ESI-MS m/z 326 (M�). Compound 4 (40% yield): 1H
NMR (300 MHz, acetone-d6) d 8.75 (br, 1H), 7.55 (d,
J = 8.7 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.03 (d,
J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.11 (m, 1H),
3.55 (m, 1H), 3.23 (m, 1H), 2.95 (m, 2H), 1.30 (s, 9H); ESI-
MS m/z 352 (M�). Compound 5 (30% yield): 1H NMR
(300 MHz, acetone-d6) d 8.75 (s, 1H), 7.72 (d, J = 8.7 Hz,
2H), 7.17 (d, J = 8.7 Hz, 2H), 6.86 (s, 2H), 5.10 (m, 1H),
3.55 (m, 1H), 3.25 (m, 1H), 2.96 (m, 2H), 2.05 (s, 9H); ESI-
MS m/z 338 (M�). Compound 6 (80% yield): 1H NMR
(300 MHz, acetone-d6) d 8.79 (s, 1H), 7.52 (d, J = 8.7 Hz,
2H), 7.00 (br, 1H), 6.85 (d, J = 8.7 Hz, 2H), 4.94 (m, 1H),
3.64 (m, 1H), 3.42 (m, 1H), 3.10 (m, 1H), 2.52 (m, 1H), 2.37
(m, 1H) 1.90–1.00 (m, 10H); ESI-MS m/z 301 (M�).
Compound 7 (88% yield): 1H NMR (300 MHz, acetone-
d6) d 9.10 (br,1H), 8.80 (br, 1H), 7.53 (m, 4H), 6.84 (m, 4H),
5.06 (m, 1H), 3.72 (s, 3H), 3.49 (m, 1H), 3.17 (m, 1H), 2.73
(m, 1H), 2.60 (m, 1H); ESI-MS m/z 325 (M�). Compound 8
(95% yield): 1H NMR (270 MHz, acetone-d6) d 7.52 (d,
J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 6.07 (br, 1H), 5.02
(m, 1H), 3.46 (m, 1H), 3.13 (m, 5H), 2.56 (m, 2H), 1.51 (m,
4H), 1.38 (s, 9H); ESI-MS m/z 414 (M+Na+). Compound 9
(90% yield): 1H NMR (270 MHz, acetone-d6) d 8.63 (br,
1H), 7.52 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 5.04
(m, 1H), 3.84 (m, 2H), 3.28 (m, 3H), 2.58 (m, 3H), 1.86 (m,
2H), 1.65 (m, 2H); ESI-MS m/z 292 (M+). General TMSCl
esterification procedure. To a solution of ISO-1-acid
(50 mg. 0.23 mmol) in a 3 mL alcohol (ethanol, 10; 1-
propanol, 11; 2-propanol, 12; 1-butanol, 13; cyclohexanol,
14; cyclohexylmethanol, 15; and neopentylalcohol, 16) was
added 0.1 mL TMSCl. The mixture was stirred for 2 hrs at
rt. (for 14, 15 and 16: 3 h at 50 �C). The mixture was
evaporated to dryness and the residue was subjected to
purification on silica gel (hexane/EtOAc 4:3) to afford a
white solid or pale yellow oil in quantitative yield.
Compound 10: 1H NMR (300 MHz, acetone-d6) d 8.74 (s,
1H), 7.52 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.97

(m, 1H), 4.10 (q, 2H), 3.51 (m, 1H), 3.12 (m, 1H), 2.66 (m,
2H) 1.19 (t, 3H); ESI-MS m/z 248 (M�). Compound 11: 1H
NMR (300 MHz, acetone-d6) d 8.75 (s, 1H), 7.51 (d,
J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.98 (m, 1H), 4.01
(t, 2H), 3.51 (m, 1H), 3.15 (m, 1H), 2.66 (m, 2H) 1.60 (m,
2H), 0.89 (t, 3H); ESI-MS m/z 262 (M�). Compound 12: 1H
NMR (300 MHz, acetone-d6) d 8.74 (s, 1H), 7.51 (d,
J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.97 (m, 2H), 4.72
(m, 1H), 3.51 (m, 1H), 3.12 (m, 1H), 2.63 (m, 2H) 1.18 (d,
j = 6.3 Hz, 6H); ESI-MS m/z 262 (M�). Compound 13: 1H
NMR (300 MHz, acetone-d6) d 8.78 (s, 1H), 7.52 (d,
J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.99 (m, 1H), 4.05
(t, 2H), 3.51 (m, 1H), 3.12 (m, 1H), 2.68 (m, 2H) 1.10–1.60
(m, 4H), 0.88 (t, 3H); ESI-MS m/z 276 (M�). Compound
14: 1H NMR (300 MHz, acetone-d6) d 8.84 (br, 1H), 7.52
(d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.98 (m, 1H),
4.72 (m, 1H),3.51 (m, 1H), 3.15 (m, 1H), 2.66 (m, 2H) 1.90–
1.20 (m, 10H); ESI-MS m/z 302 (M�). Compound 15: 1H
NMR (300 MHz, acetone-d6) d 8.78 (s, 1H), 7.55 (d,
J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 5.02 (m, 1H), 3.90
(d, J = 6.7 Hz, 2H), 3.51 (m, 1H), 3.15 (m, 1H), 2.72 (m,
2H) 1.80–0.90 (m, 11H); ESI-MS m/z 302 (M�). Compound
16: 1H NMR (300 MHz, acetone-d6) d 8.79 (s, 1H), 7.54 (d,
J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 5.05 (m, 1H), 3.82
(m, 2H), 3.52 (m, 1H), 3.18 (m, 1H), 2.75 (m, 2H) 0.96 (s,
9H); ESI-MS m/z 292 (M+). Classical resolution of acid 1
via crystallization of the cinchonidine salts. (R,S)-1 (1.3 g,
5.5 mmol) was dissolved in hot acetone (25 mL), cincho-
nidine (1.61 g, 5.5 mmol) was added, and the solution
was cooled to rt and allowed to stand at �20 �C
overnight. The resulting white solid was filtered to give
(S)-1 salts. The filtrate was concentrated in vacuo to
afford (R)-1 salts. To a solution of (R)-1 salts or (S)-1
salts (200 mg, 0.4 mmol) in chloroform (3 mL) was added
1 N HCl in ether (3 mL, 3 mmol). The resulting white
precipitate was filtered off and the filtrate was concen-
trated in vacuo to give (R)-1 or (S)-1 in quantitative
yield.
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Abstract—We have screened molecules for inhibition of MetAP2 as a novel approach toward antiangiogenesis and anticancer ther-
apy using affinity selection/mass spectrometry (ASMS) employing MetAP2 loaded with Mn2+ as the active site metal. After a series
of anthranilic acid sulfonamides with micromolar affinities was identified, chemistry efforts were initiated. The micromolar hits were
quickly improved to potent nanomolar inhibitors by chemical modifications guided by insights from X-ray crystallography.
� 2006 Elsevier Ltd. All rights reserved.

Methionine aminopeptidases (MetAPs) play an impor-
tant role in removing the initiator methionine residue
from nascent polypeptide chains and are believed to be
one of the essential enzymes involved in protein matura-
tion. There are three known mammalian methionine
aminopeptidases, MetAP1, MetAP2, and the recently
reported MetAP1D.1,2 The latter is closely related to
MetAP1 and is located in the mitochondria. The well-
studied types 1 and 2 remove methionine from the N-
terminus of proteins during protein synthesis, but ap-
pear to play different roles in cell function.3 Eukaryotic
cells contain two types, (MetAP1 and MetAP2), while
prokaryotes have only MetAP1. MetAP2 appears to
play a critical role in cell proliferation and tumor
growth, and is expressed at higher concentrations in tu-
mors as compared to normal cells.4 Many efforts have
been focused on the inhibition of MetAP2 since the en-
zyme was identified as an endogenous target for the anti-
angiogensis/antitumor agent TNP-470, a well-studied
semi-synthetic product under clinical development.5


Recently, it has been reported that an irreversible
MetAP2 inhibitor potently inhibits the proliferation of
human fibroblast-like synoviocytes (HFLS-RA),

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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suggesting the possibility of usage for the treatment of
rheumatoid arthritis.6


Since the finding of clinical implication of an inhibition
of MetAP2 as an anti-tumor agent, several classes of
compounds have been reported to possess inhibitory
activities against MetAP2.


Various synthetic analogues of the natural products
fumagillin, ovacillin, and bengamide have been evaluat-
ed as MetAP2 inhibitors.7 We have also previously
examined bestatin analogues as MetAP2 inhibitors,
and revealed that a reversible inhibitor effectively sup-
presses tumor growth and inhibits angiogenesis in
animal models.8 After establishing that MetAP2 inhibi-
tors are promising anti-cancer agents, we shifted our
focus to search for orally active reversible inhibitors.
In this study, we have used an affinity selection/mass
spectrometry (ASMS) screening method9 to identify
molecules that bind to human MetAP2 containing
Mn2+ in the enzyme active site.10 Activity was confirmed
by evaluation of enzyme inhibitory activity and inhibi-
tion of cell proliferation using assay described
previously.8b


From several classes of small molecule inhibitors
possessing less than 10 lM inhibitory activities against
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MetAP2, anthranilic acid sulfonamide 1 (IC50 = 9 lM
for MetAP2) was chosen as a starting point to develop
a structure–activity relationship study. We envisioned
that a sulfonamide is an attractive lead, showing prom-
ising pharmacokinetics (data not shown) as well as a
high synthetic feasibility.


Based on the X-ray structures shown in Figure 1, we felt
the active site would be able to accommodate substitut-
ed anthranilic acids with substituents at 5 and 6
positions. We also observed that the sulfonamide back-
bone is angled and fits tightly to allow both aromatic
rings to reside in a hydrophobic environment. Chloro
substitution at the para-position on the sulfonyl phenyl
shows a relatively tight binding due to a narrow hydro-
phobic region of the enzyme.


Compounds 1–5 were prepared from commercially
available anthranilic acids and well-established chemis-
try. Compounds 6–8 were synthesized by the route illus-
trated in Scheme 1 (I). Commercially available 2-amino-
5-bromo benzoic acid was methylated, followed by ben-
zenesulfonylation to yield the 5-bromo methyl ester.
Organometallic couplings, followed by the saponifica-
tion of the ester under microwave conditions, provided
the final products.


Compounds 9 and 10 were synthesized by the procedure
illustrated in Scheme 1 (II). 2-Aminonaphthalene was
reacted with diethyl ketomalonate in acetic acid to form
an isatin derivative.12 Ring opening was carried out by
treatment with 30% hydrogen peroxide in 1 N sodium
hydroxide to yield 2-aminonaphthalene-1-carboxylic
acid.13 Sulfonamide formation was carried out with
in situ protection of the carboxyl group as its TMS ester,
followed by reaction with appropriate arylsulfonyl
chloride.


Sulfonamides 12 and 14 were prepared by the route
shown in Scheme 2.14 Commercially available 7-ni-
tro-1-tetralone was reduced, followed by bromination
to yield its hydrobromic acid salt. The resulting amine
was reacted with the aryl sulfonyl chloride to generate
sulfonamides, and the ketone was reacted with
MeMgBr to insert a methyl group. Carbonylation
was carried out in methanol to yield methoxycarbonyl
group insertion, followed by hydrogenation, and the

H331


E364


E459
D251


MN
H231


Figure 1. Stereo view of MetAP2 complex of compound 1 from an


X-ray crystal structure of an inhibitor–enzyme complex.11 Mn2+ ions


are shown as pink spheres.

ester was then removed. The enantiomeric mixture
was separated by a chiral column to obtain compound
14 (S-configuration). Compound 12 was synthesized
from the same route except omitting the hydrogena-
tion step.


Tetrahydro naphthalene derivatives 11 and 13 were pre-
pared from the route shown in Scheme 3. A substituted
naphthalene derivative was hydrogenated to obtain the
tetrahydronaphthalene derivative, followed by treat-
ment with trifluoromethane sulfonic acid anhydride to
activate the hydroxyl group. After formation of a Schiff
base, it was reacted with hydrochloric acid to obtain the
amine. Final analogues were then prepared according to
the method described in Scheme 1. Compounds 11 and
13 can also be made by hydrogenation of 9 and 10
(PtO2, H2, and HOAc).


Enzyme inhibition assay results ([E] IC50) as well as pro-
liferation inhibition data on human microvascular endo-
thelial cells (HMVEC, IC50) are shown in Table 1. Some
analogues were examined in the enzymatic assay to







Table 1. Inhibition of human methionine aminopeptidase type-2


Compound [E] IC50 (lM) [E] IC50
a (lM) IC50


b (lM)


1 9.1 >100 3


2 3.9 >100 2


3 11 0.3


4 1 0.1


5 0.35 >100 0.4


6 0.09 >100 10


7 1.1 60


8 10 100


9 0.019 3.8 0.5


10 0.015 0.5


11 0.009 3.3 0.4


12 0.02 1.9 0.15


13 0.01 2.6 0.18


14 0.027 9.2 0.13


a Enzyme inhibition in the presence of 40 mg/mL of human serum


albumin.8b


b HMVEC cell line growth inhibition.8b


Table 2. % protein binding of some MetAP2 inhibitors


Compound Rat plasma binding


3 98.1% ± 0.2


4 99.7% ± 0.1


6 99.8% ± 0.1


9 99.8% ± 0.1


10 99.2% ± 0.2
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determine the effect of 40 mg/mL of human serum albu-
min. As was expected from the X-ray data, relatively
larger hydrophobic groups were accepted at the active
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site of the enzyme. Interestingly, even weak inhibitors,
such as 3–5, showed relatively potent inhibition of
HMVEC proliferation, which might be due to off-target
effects. On the other hand, compounds 9–11 were potent
inhibitors of MetAP2 with good selectivity against Me-
tAP1 (e.g., 9: MetAP1 IC50 = 47lM) and other amino-
peptidases (e.g., 9, Pfu-MetAP, AP, AP-1, and AP-M;
IC50 > 100 lM), and displayed moderate activity in the
cellular proliferation (HMVEC) assay.


Compounds 11–14 possess excellent inhibitory activity.
Among them, an S-configuration on the compound 14
was preferred over the R-configuration in every assay
tested (data not shown).


In light of the propensity of serum albumin to bind
hydrophobic anionic compounds, we examined the ex-
tent of protein binding of selected MetAP2 inhibitors,
as shown in Table 2. Rat plasma (pH 7.4) was spiked
with compounds to a concentration of 10 lM. The plas-
ma sample was centrifuged and the sample was
fractionated, extracted and unbound compound was
measured in the supernatant by LC methods. These
compounds are found to be highly protein bound.


In conclusion, we have shown that the modification of
anthranilic acid sulfonamide 1 has led to inhibitors of
human MetAP2 with good to potent activities against
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the enzyme and against HMVEC proliferation. The
compounds also display high affinity to serum albumin.
Therefore, our efforts shifted to identifying molecules
having less protein binding, while maintaining potent
biological activity.
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Abstract—Aliphatic carbocyclic replacement of the benzyl group of compound 1 yielded compounds with high affinity for the
melanocortin-4 receptor (MC4R). Compounds with a cyclohexyl group showed a consistent high affinity, while different polar
groups with less basicity were good replacements for the original diethyl amines. Substitution of the polar group found in these priv-
ileged structures with an aliphatic moiety produced compounds with high affinity for MC4R.
� 2006 Elsevier Ltd. All rights reserved.

The five melanocortin receptors form a family of type I
G-protein-coupled receptors (GPCRs). Each member of
the melanocortin receptor family has been cloned and
characterized.1 The MC4R is expressed in the hypothal-
amus and is thought to play a critical role in regulating
metabolism, feeding, and reproductive behavior.2 We
have been interested in developing tools for the pharma-
cological characterization of the melanocortin receptors
(MCRs) with a primary focus on finding ligands selec-
tive for MC4R.3 Our approach has been to employ a
privileged structure-based paradigm for the generation
of the initial active leads.4,5 In these studies, we have
found that compounds presenting an aromatic hydro-
phobic and a polar group can be coupled with a dipep-
tide address element to afford products with activity and
selectivity for the MC4R (Fig. 1).3 We have shown that
there is a fair amount of flexibility in the privileged
structure with monocyclic and bicyclic aryl piperazines,
and substituted benzylic piperazines affording interest-
ing activity.6


This structural flexibility initially encountered in the
privileged structure motif suggested that additional
opportunity might exist for finding active constructs
with varied physicochemical properties. In all of our

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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previous investigations we operated under the assump-
tion that an aromatic group and a polar group were
required elements for privileged structure design and
function. In this paper, we examined if aliphatic privi-
leged structures (with different steric and hydrophobic
requirements) would influence the melanocortin activity.
Simultaneously we explored whether a polar group was
required in the privileged structure. Herein we present
our findings in the further optimization of this family
of melanocortin ligands.


The preparation of privileged structures with aliphatic
hydrophobic groups is outlined in Scheme 1. Treatment
of the carboxylic acids (4, X = X 0 = H) with thionyl
chloride formed the acid chloride followed by bromina-
tion with NBS and HBr to provide the a-bromo acid
chloride, which was then reacted with MeOH to afford
the a-bromo methyl esters (4, X = Br, X 0 = Me).7 For
the compound derived from ethyl propionate, bromina-
tion was accomplished by forming the enolate with
LHMDS followed by reaction with NBS. The final
tertiary amines 5 were then obtained by nucleophilic
displacement of the bromine with N-Boc-piperazine,
transformation to the aldehyde (LiAlH4 reduction then
Swern oxidation), and subsequent reductive amination
with the desired amine using NaBH(OAc)3.8


The a,a-disubstituted cyclopentyl derivative was synthe-
sized from cyclopentanone using a Strecker synthesis9 as
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Figure 1. Disconnective analysis of lead series.


Scheme 1. Reagents: (a) 1—SOCl2 CH2Cl2; 2—NBS, HBr, CH2Cl2;


3—MeOH, 45–90%; (b) Boc-piperazine, K2CO3, n-Bu4NI, MeCN,


35–45%; (c) 1—LiAlH4, THF, 90–95%; 2—(COCl)2 DMSO, NEt3,


CH2Cl2, 80%; (d) R 02N, NaBH(OAc)3; 1,2-DCE, 50–85%.
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shown in Scheme 2. Hydrolysis of the intermediate ami-
no nitrile 6 provided the ethyl ester 7 which was allowed
to condense with N,N-bis-(2-chloroethyl)-p-toluenesul-
fonamide giving rise to the piperazine intermediate 8.
Further transformation to the diethylamine and depro-
tection of the tosyl-protecting group afforded 9.

Scheme 2. Reagents: (a) KCN, NH4Cl H2O (b) HCl, MeOH; (c) TsN(CH2C


99%; 2—(COCl)2, DMSO, NEt3, CH2Cl2, 99%; 3—Et2NH, NaBH(OAc)3, 1


Scheme 3. Reagents: (a) 1—LiAlH4, THF, 96%; 2—CrO3, H2SO4, acetone, 7


phthlalimide, DEAD, PPh3, THF, 75–80%.

Different polar groups were prepared as replacement for
the tertiary amine. Using the cyclohexyl ester intermedi-
ate 10 as a precursor (Scheme 3), the amide 11 was pre-
pared by transformation of the ester moiety to the acid
followed by amide formation. The succinimide 12a and
phthalimide 12b were obtained by reduction of 10 to the
alcohol and subsequent Mitsunobu reaction with succin-
imide and phthalimide, respectively.


The N-Boc-piperazine-phthalimide derivative 12b was a
key intermediate for the preparation of most of the
remaining compounds as shown in Scheme 4. Treatment
of this derivative with hydrazine afforded the primary
amine 13 (R1 = R2 = H), which was used to prepare dif-
ferent sulfonamides, amides, and carbamates. Reaction
of 13 with acetyl chloride or methanesulfonyl chloride
yielded the secondary amide 14 (R1 = COMe, R2 = H)
and the secondary sulfonamide 15 (R1 = SO2Me,

H2Cl)2, i-Pr2NEt, DMF, 10% over three steps; (d) 1—LiAlH4, THF,


,2-DCE; (e) HBr, HOAc, 38% over 2 steps.


0%; (b) Et2NH, HOBt, EDCl, CH2Cl2, DMF, 58%; (c) succinimide or







Scheme 4. Reagents: (a) MeCOCl, NEt3 CH2Cl2, 63%; (b) MeSO2Cl, NEt3, CH2Cl2; 70%; (c) BH3ÆTHF, THF, 86%; (d) Cl(CH2)3COOH HOAt,


HATU, i-Pr2NEt, DMF, 69%; (e)tBuOK, THF, 54%.
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R2 = H), respectively. Furthermore, the primary amine
13 (R1 = R2 = H) was transformed to the ethylamine
16 (R1 = Et, R2 = H) (acetylation with acetyl chloride
and reduction with BH3ÆTHF) and converted to the
tertiary amide 17 (R1 = Et, R2 = COMe) and tertiary
sulfonamide 18(R1 = Et, R2 = SO2Me), respectively.
Scheme 4 also shows the preparation of the cyclic amide
19 from the same intermediate 13 (R1 = R2 = H) by ami-
dation with 3-chlorobutaric acid and intramolecular
cyclization promoted by base.


The enantiomers of phthalimide 12b were separable on a
gram scale with chromatography on a chiral AD
column, allowing for the preparation of specific antipo-
des of different compounds.10 The absolute stereochem-
istry of the enantiomers was not determined; rather it
was tracked by the order of elution and designated as
isomer a (first eluting) and isomer b (second eluting).


Finally, a set of compounds was prepared where the polar
group was replaced by an all-carbon moiety as shown in
Scheme 5. The route began with a Strecker synthesis using
N-Boc-piperazine as the amine counterpart, followed by
displacement of the cyano group with various Grignard
reagents,11 providing the all-aliphatic A-domains 20.


The final compounds for this study were constructed
from the privileged structures (previous deprotection

Scheme 5. Reagents: (a) TMSCN, Boc-piperazine, MeOH, 70–80%; (b) R4M

of the Boc group with TFA) and the dipeptide 21 in
the presence of HATU as previously described.3 The
dipeptide 21 incorporated 2 different moieties (Y in
Scheme 6): tetrahydroisoquinoline (TIC) and isoindol
(IIN).12 Treatment of the penultimate intermediates
with TFA provided the desired compounds as the corre-
sponding salt. These materials were either used as isolat-
ed or subjected to salts exchange with HCl (Scheme 6).
In the cases where the piperazines were prepared as race-
mates, the resultant diasteroisomeric pairs were not
separated.


The primary assays were conducted as follows: affinities
were determined by competitive inhibition of 125I-NDP-
a-MSH binding in HEK293 cells stably transfected with
human MC4 receptors.13,14


We initially focused on analogs in which the o-fluoro
benzylic group of 1 was replaced with an aliphatic
substituent. We observed a significant loss of affinity
when the aryl group was replaced by a methyl group,
as in 22 (Table 1).15 However, the introduction of carbo-
cyclic moieties, as in 23–27, afforded compounds with
equal or higher affinity than that of the parent benzylic
derivative 1 (Ki 0.2 lM). Both the cyclopentyl 23 and
cyclohexyl 24 compounds showed low nanomolar affin-
ities: 4 nM. Other groups like cycloheptyl (25) and
cyclohexylmethyl (26) had comparable affinities (13

gBr, THF, 50–60%.







Table 1.


N


N


O
N
H


Cl


O


A


Y


B


Compound A B Y Ki (nM)15


1 o-FPh CH2NEt2 TIC 20


22 Me CH2NEt2 TIC 3427


23 C5H9 CH2NEt2 TIC 4


24 C6H11 CH2NEt2 TIC 4


25 C7H13 CH2NEt2 TIC 13


26 C6H11CH2 CH2NEt2 TIC 13


27
A B


NEt2 TIC 70


28 C6H11 CH2NEt2 IIN 3


28aa C6H11 CH2NEt2 IIN 3


28ba C6H11 CH2NEt2 IIN 5


29 C6H11CH2 CH2NEt2 IIN 5


30 C6H11CH2 CH2NC4H8 IIN 12


31 C6H11CH2 CH2morpholine IIN 10


32 C6H11 CONEt2 IIN 148


33 C6H11 CH2NHSO2Me IIN 26


34 C6H11 CH2NEtSO2Me IIN 3


34aa C6H11 CH2NEtSO2Me IIN 6


34ba C6H11 CH2HEtSO2Me IIN 7


35 C6H11 CH2NEtCOMe IIN 8


35aa C6H11 CH2NEtCOMe IIN 2


35ba C6H11 CH2NEtCOMe IIN 3


36 C6H11 CH2succinimide IIN 10


36aa C6H11 CH2succinimide IIN 10


36ba C6H11 CH2succinimide IIN 18


37 CH2CH(CH3)2 CH2CH(CH3)2 IIN 18


38 C6H11 C6H11 IIN 35


39 C6H11 CH2CH(CH3)2 IIN 54


40 C6H11CH2 C6H11CH2 IIN 326


a Resolved diasteroisomers.


Scheme 6. Reagents: (a)HOAt, HATU, i-Pr2NEt, CH2Cl2, DMF, 55–85%; (b) TFA, DCM or HCl, EtOAC, 99%.
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nM) compared to those of 23 and 24. In contrast, the
achiral a,a-disubstituted cyclopentyl 27 presented a
roughly 10-fold decrease in affinity (70 nM).

Previously we had shown that address elements incorpo-
rating an isoindole (IIN) moiety in place of the tetrahy-
droisoquinoline (TIC) provide active molecules with
melanocortin activity.12 We therefore opted to try this
address element with these new privileged structures. It
was interesting to find that the substitution afforded
comparable (although slightly higher) activity (28 and
29) in comparison with the analogous TIC derivatives
(24 and 26). At this point, we chose to continue our
investigation with the more potent isoindole containing
address element.


We next turned our attention to the nature of the po-
lar group. It was observed that other amine polar
groups such as pyrrolidine and morpholine (com-
pounds 30–31) did not produce a significant variation
in the affinity. The introduction of a diethylcarboxa-
mide group (32) was accompanied by a decrease in
affinity (148 nM). Also, N-methylsulfonamide 33
showed a decrease in affinity with a Ki of 26 nM com-
pared with 28. The N-ethylation of 33 afforded the
tertiary sulfonamide 34 which provided an 8-fold
improvement (3 nM) relative to 33. This trend was
continued with the tertiary amide 35, showing a simi-
lar affinity. Finally, the succinimide, 36, afforded a Ki


of 10 nM. As with our related series,6 we wanted to
learn the effect that the absolute configuration of the
privileged structure had on melanocortin affinity. We
prepared the two diasteroisomers of the final com-
pounds (only the diasteroisiomeric pairs for four com-
pounds 28, 34, 35, and 36 are shown).16 Both isomers
had comparable MC4R affinity.17 Unlike their aro-
matic counterparts, these aliphatic privileged struc-
tures did not show a strong enantiopreference.


Finally we turned our attention to the compounds in
which an aliphatic group replaced the polar group.
Unlike our previous benzylic piperazine series where
these modifications decreased affinity,6 we found that
the all-aliphatic compounds (37, 38, and 39) only suf-
fered a 5- to 10-fold decrease in activity when compared
with the related congeners, that is, 28 and 29. Notably,
these hydrophobic privileged structures still provided a
good potency range (18–54 nM). The compound 40 with
larger aliphatic groups showed a more significant
decrease in affinity (326 nM).
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Data herein illustrate that the use of an aliphatic carbo-
cyclic piperazine-based privileged structure can provide
molecules with potent MC4R affinity.6 As we have seen
with previous privileged structures, the polar groups are
an important component for activity, but in contrast to
the aromatic series, less basic or nonbasic polar groups
showed excellent affinity. That privileged structures de-
void of polar functionality provide active constructs
suggests that our initial hypothesis regarding require-
ments for privileged structure design may have been
oversimplified. In fact, these results suggest that consid-
erable dynamic range with regard to required privileged
structure functionality exists and that careful systematic
evaluation of all new privileged structures is needed.
These results demonstrate the usefulness of the privi-
leged structure approach to find ligands with melano-
cortin activity. Further refinements of these structures
will be presented in due course.
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Abstract—A new class of tumor necrosis factor alpha (TNF-a) synthesis inhibitors based on an N-2,4-pyrimidine-N-phenyl-N 0-
phenyl urea scaffold is described. Many of these compounds showed low-nanomolar activity against lipopolysaccharide stimulated
TNF-a production. X-ray co-crystallization studies with mutated p38a showed that these trisubstituted ureas interact with the ATP-
binding pocket in a pseudo-bicyclic conformation brought about by the presence of an intramolecular hydrogen bonding
interaction.
� 2006 Elsevier Ltd. All rights reserved.

The over-expression of cytokines, such as tumor necro-
sis factor alpha (TNF-a) and interleukin-1b (IL-1b), has
been implicated in a number of serious inflammatory
disorders.1 Consequently, agents that inhibit the prolif-
eration of these proinflammatory cytokines could reduce
inflammation and prevent further tissue destruction in
diseases such as rheumatoid arthritis (RA), osteoarthri-
tis (OA), and Crohn’s disease. Several biological agents
such as the soluble TNF-a receptor etanercept (Enbrel)
and the TNF-a antibody infliximab (Remicade) have
been shown to be a clinically effective treatment for these
disorders.2 However, universal acceptance of these
medications has been limited by their high cost and
need for intravenous or subcutaneous administration.


It has been well documented that potent inhibitors of
p38 mitogen-activated protein (MAP) kinase attenuate
TNF-a expression in vitro as well as in vivo. Many small
molecule TNF-a production inhibitors that function by
competitively binding to the ATP-binding pocket of p38
have been reported. SB2035803(Fig. 1) represents a
prototypical 4-aryl-5-pyridylimidazole-based inhibitor,
although numerous other structural classes (e.g.,
pyrroles, pyrimidines, pyridines, pyrimidones, indoles,
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heteroindoles, ureas, and various fused bicyclic hetero-
cycles) containing a variety of functionality have been
reported to inhibit cytokine activity.4 Several companies
have progressed p38 inhibitors into clinical development
for treatment of chronic inflammatory diseases, with
varying degrees of success.5 BIRB-7966 (Fig. 1) was pro-
gressed into phase II clinical trials before development
was halted due to reported liver toxicity.7


Recently we reported the synthesis and biological
activity of a series of bicyclic pyrazolone-based inhibi-
tors of TNF-a production exemplified by 1 (TNF-a
IC50 = 22 nM, Fig. 1).8 Pyrazolone 1 was a potent inhib-
itor of p38a (IC50 = 54 nM), while showing a good over-
all profile of kinase selectivity. Herein we wish to report
a new structural class of trisubstituted ureas as cytokine
inhibitors.


Synthesis of the described pyrimidine-ureas was accom-
plished in three steps from known starting materials.
A representative procedure for this synthesis is shown
in Scheme 1. Regioselective addition of variably substi-
tuted anilines to 2,4-dichloropyrimidine 2 gave the
corresponding 6-anilino-4-chloropyrimidine 3. A second
nucleophilic addition of various alkyl amine derivatives
to 3 gave the desired disubstituted pyrimidine 4.
Reaction of 4 with an appropriate isocyanate in dichlo-
roethane (DCE) gave the corresponding trisubstituted
ureas 5–6.9
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Table 1. TNF-a data for urea analogs containing an N-4-fluorophenyl


group and an N 0-substituted phenyl group


N N


R


N O


HN R1


F


Compound R R1 TNF-a IC50
a (lM)


5a
HO HN


2-Cl 0.122


5b
HO HN


2-Me 0.176


5c
HO HN


2,6-Di-Cl 63%b


5d
MeO HN


2-Cl 3.10


5e
MeO HN


2-Me 3.65


5f
MeO HN


2-F 2.88


5g
MeO HN


4-CF3 >5


5h N
H


2-Cl 0.843


5i N
H


2-Cl >5


5j


O


H
N


2-Cl 0.539


5k
N


H
N


EtO2C


2-Cl 3.61


5l
N


H
N


PrO2S


2-Cl 1.42


5m
N


N
Me


2-Cl >5


5n N


O
2-Cl >5


a Standard deviation for the assay was ±30% of mean or less.
b Percentage inhibition at 1 lM.
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Figure 1. Small molecule proinflammatory cytokine inhibitors.
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Scheme 1. Reagents and conditions: (a) EtOH, Na2CO3, ArNH2; (b)


NMP, iPr2NEt, R1NH2, 135 �C; (c) DCE, R2NCO, rt to 80 �C.
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The urea analogs synthesized in this study were all tested
for inhibition of TNF-a in an LPS stimulated human
monocytic (THP-1) whole cell-based assay.10


When 2-chlorophenyl urea 5a (Fig. 1) was tested for
inhibition of TNF-a, the compound showed good
potency (IC50 = 122 nM, Table 1). When the 2-chloro
group was substituted with a 2-methyl substituent, the
resulting analog 5b proved to be virtually equipotent
(IC50 = 176 nM). The 2,6-dichlorophenyl derivative 5c
showed somewhat reduced potency relative to the
monosubstituted phenyl analogs. However, when the
2-pyrimidyl group was changed from (1S)-2-hydroxy-
1,2-dimethylpropylamino to (1S)-2-methoxy-1-methyl-
ethylamino, the corresponding phenyl ureas 5d, 5e,
and 5f showed a greater than 10-fold loss in potency.
The 4-substituted phenyl derivative 5g was virtually
inactive in the assay, indicating the need for 2-substitu-
tion on the N 0-phenyl ring to maintain activity.


A series of other 2-pyrimidyl urea analogs (5h–n)
were synthesized containing the N 0-2-chlorophenyl

substitution. The most active analog of this group was
the tetrahydropyran-4-ylamino derivative 5j which
was nearly 5-fold less potent than 5a. The chiral







Table 2. TNF-a data for analogs of N 0-phenyl-substituted ureas


containing various N-substitutions


N N


N


R1


O


HN


R


R2


Compound R R1 R2 TNF-a
IC50


a (lM)


6a
HO HN


4-MeO-Ph 2-Cl 0.092


6b
HO HN


4-MeO-Ph 2-Me 0.135


6c
HO HN


Ph 2-Cl 0.718


6d
MeO HN


Ph 2-Me 1.00


6e
MeO HN


4-Me2N-Ph 2-Cl >5


6f N
H


4-Me2N-Ph 2-Me >5


6g N
H


3-F-Ph 2-Cl 6.16


6h
MeO HN


NH2 2-Cl >5


6i
MeO HN


Me 2-Me >5


a Standard deviation for the assay was ±30% of mean or less.
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a-methylbenzylamino analog 5h also showed sub-nano-
molar activity, whereas the simple benzylamino analog
5i produced an IC50 greater than 10 lM which suggests
that alkyl branching adjacent to the amino linkage is key
to the potency of these compounds. Additionally, the
substituted aminopiperidine derivatives 5k and 5l both
proved to be only low micromolar inhibitors of TNF-
a production. Finally, the 2-pyrimidyl tertiary amino
analogs 5m–n were very poor inhibitors (IC50 > 10 lM),
suggesting a need for the amino NH in maintaining
activity.


Unfortunately, this class of phenyl ureas proved to be
chemically unstable. Although the DMSO stock solu-
tions of inhibitors for biological testing were kept at
4 �C and showed no degradation over several weeks’
storage, solutions (in methanol or DMSO) of com-
pounds stored at room temperature would slowly
decompose over several days. The decomposition was
composed exclusively of hydrolysis back to the aniline
precursor 4. To address this issue, we first investigated
adding electron density into the urea system by modify-
ing the electron-withdrawing 4-fluorophenyl group. This
work produced the series of phenyl urea analogs listed in
Table 2. The first group of 4-methoxyphenyl ureas 6a
and 6b were found to be nearly equipotent with the
corresponding 4-fluorophenyl analogs 5a and 5b. These
4-methoxyphenyl analogs only proved to be slightly
more stable than the 4-fluorophenyl derivatives, decom-
posing more slowly to the pyrimidyl aniline precursor.
Replacement by the unsubstituted phenyl ring as in 6c
further reduced the potency by 6-fold versus 5a. A
similar loss in potency was observed when the
dimethylhydroxypropylamino group was substituted
with the methoxypropylamino group as in 6d, in which
this compound was nearly 3-fold less potent than 5e.
The 4-N,N-dimethylaminophenyl analogs 6e and 6f were
even less active (IC50 > 10 lM).


Other modifications to the 4-fluorophenyl group were
made to investigate not only effects on stability, but also
potency. When the fluoro substituent was moved from
the para position to the meta position to give compound
6g, a near 10-fold loss of potency was observed com-
pared to 5h. The substitution of a phenyl group for an
N-amino group as in 6h resulted in complete loss of
activity. Finally, replacement of the N-phenyl substitu-
ent with a methyl group (6i) also produced an inactive
analog.


Due to an inability to significantly improve chemical
stability while maintaining potency of the series, we were
unable to progress these compounds into further
pharmacokinetic or in vivo studies. However, we were
still interested in the binding mode of these compounds
in p38a. An X-ray crystal structure was obtained and
solved for the co-crystal formed between the
2-chlorophenyl urea inhibitor 6a and mutated p38a13


(Fig. 2) to obtain additional information concerning
the possible mechanism for TNF-a inhibition. This
compound contains several of the necessary interactions
for classical p38 inhibitors. Primary among these is the
hydrogen bonding motif between the 2-aminopyrimidine

functionality of the inhibitor and the Met-109 residue of
the backbone of ATP-binding pocket. Additionally, the
4-MeO-phenyl group positions itself into the well-
defined hydrophobic pocket defined by the ‘gatekeeper’
Thr-106 residue. Most notably, the conformation of the
urea allows for the urea NH to form an intramolecular
hydrogen bond with N-3 of the pyrimidine ring (2.69 Å
N–N distance). This interaction creates a pseudo-bicy-
clic structure for this compound, which adds rigidity
to this class of inhibitors. The 2-chlorophenyl group
is positioned toward the exposed solvent pocket of
the enzyme. As seen by the overlap of bicyclic pyrazo-
lone 1, the carbonyl of urea 6a does not interact with
the amino group of Lys-53, as was seen with the pyraz-
olone carbonyl.8 This may explain the somewhat re-
duced potency of 5a against TNF-a production versus
pyrazolone 1.


We have developed a new class of trisubstituted ureas as
inhibitors of TNF-a production. First generation N-
phenyl ureas showed good potency for inhibition of
TNF-a, but proved to be chemically unstable. Attempts
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to improve chemical stability by modifying the electron-
ic properties of the various substitutions generally led to
loss of potency with no significant improvement in sta-
bility. X-ray crystallography studies with mutated
p38a showed a mode of binding for this class of urea
inhibitors that mimics that of traditional vicinal bis-aryl
MAP kinase inhibitors. Additionally, we observed that
the urea adopts a pseudo-bicyclic orientation due to
the compound’s ability to form an internal hydrogen
bond. Additional studies to improve chemical stability
and test analogs from this class for in vivo anti-
inflammatory activity will be reported in a separate
communication.
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Abstract—The disruption of the p53-Hdm2 protein–protein interaction induces cell growth arrest and apoptosis. We have identified
the 1,4-benzodiazepine-2,5-dione scaffold as a suitable template for inhibiting this interaction by binding to the Hdm2 protein.
Several compounds have been made with improved potency, solubility, and cell-based activities.
� 2006 Elsevier Ltd. All rights reserved.

p53 is a multifunctional protein that regulates cell prolif-
eration by induction of cell growth arrest or apoptosis in
response to DNA damage and/or stress stimuli.1 Muta-
tions in the p53 gene occur in about 50% of all human
tumors,2 and these mutations facilitate carcinogenesis.
However, there are an estimated 50% of human tumors
that have wild-type p53, although its function appears to
be inactivated. The human double minute 2 protein
(Hdm2) inhibits the transcriptional activity of p53 by
binding to its transactivation domain and producing
an autoregulatory feedback loop.3 Blocking this pro-
tein–protein interaction raises the levels of p53 and
brings the cell to growth arrest and apoptosis. The dis-
ruption of the binding between these two proteins is
therefore an attractive therapeutic target for the treat-
ment of wild-type p53 tumors.4


Although the strategy of inhibiting the p53-Hdm2 inter-
action has been demonstrated as feasible by a number of
groups,5 only a few have disclosed small molecules that
specifically block this pathway.6 We have recently
reported the 1,4-benzodiazepine-2,5-dione 1 (Fig. 1) as
a potent inhibitor of the p53-Hdm2 interaction.7 We
now report the improved potency observed from the
introduction of an ortho amino functionality to the ben-
zylic ring 2. We believe this increased potency (2 vs 1
FP-IC50 = 0.25 and 0.85 lM, respectively) is due to an

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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extra donor hydrogen bond interaction between the
amino group and the carbonyl of Val93 of Hdm2, as
shown in Figure 2. However, 2 was found to be less
potent than 1 on the p53 inducible gene 3 (PIG-3)
production cell-based assay, which is typically used as
a downstream protein marker to monitor levels of
p53.8 We hypothesize that this reduction of cell activity
of 2 versus 1 is a consequence of the zwitterionic charac-
ter of 2, which limits the cross-membrane permeability
and adversely modulates the availability of the com-
pound to its intended target Hdm2. To obtain com-
pounds that combine optimized potency, solubility,
and cell-permeability characteristics, we synthesized
novel 1,4-benzodiazepine-2,5-diones bearing (i) different
solubilizing groups in position 1 and (ii) functionalized
benzyl groups in position 4.


The synthesis of the target diazepines is reported in
Schemes 1–7. The synthesis of the benzodiazepine scaffold
could be achieved by the Ugi reaction, as shown in
Scheme 4, or starting from isatoic anhydride (Scheme
7). The synthesis of various benzylamines necessary for
the Ugi reaction is reported in Schemes 1–3. Accordingly,
benzaldehydes 3a–d were reduced to the corresponding
alcohols 4a–d using either sodium borohydride for those
compounds with a methylene group in the benzylic posi-
tion or methyl lithium for compounds with a methyl
group in the benzylic position. Alcohols 4a–d were reacted
with phthalimide under Mitsunobu conditions to gener-
ate intermediates 5a–d, which were deprotected with
hydrazine to yield amines 6a–d.



mailto:kleonar1@prdus.jnj.com

mailto:tlu3@prdus.jnj.com





I
O


OH


NH


OO


O


H


Cl


N
H


NI


O
R1


O


Cl


N+


C-


6a-f, i, ii


16 17 18


19


+ +


N


NI


O
R1


O


Cl


R2


N


NI


O
R1


O


Cl


R2


vi


21-32


(for R1 and R2, see table 1, 2 and 3)


iii


or iv, v


20


Scheme 4. Reagents and conditions: (i) MeOH, rt, 2 days; (ii) AcCl, rt


to 60 �C, 1 h; (iii) chromatographic separation of diastereoisomers, Br-


R2, Bu4NI, K2CO3, THF, 80 �C, 2 h; (iv) 1-bromo-4-chlorobutane,


K2CO3, THF, 80 �C, 2 h; (v) 1-methylpiperazine, K2CO3, THF, 80 �C,


2 h; (vi) NH4Cl, Zn0, AcOH, 80 �C, 3 h.


N


NI


O


O


Cl


Cl


R


OH
O


FP
IC50 μM


PIG-3 production @


0.25


1.1 μM 3.3 μM 30 μM


44 77


10 μM


0.85 60 79.7 208.7 484.3


R


H


NH2


Compds


1


2


Figure 1. IC50 and JAR cell normalized PIG-3 production (ELISA, ng/mg) of our previously published benzodiazepinediones.


O


Cl


H


F


N


Cl


O


O
F


N
H


Cl
F


O
F


F
F


N
H


Cl
F


O
F


F
F


NO2


NH2


Cl
F


NO2


7 8 9


10 6e


i, ii iii, iv


 viv


Scheme 2. Reagents and conditions: (i) MeLi, THF, �78 �C to rt, 1 h;


(ii) phthalimide, Ph3P, DIAD, THF, �78 �C to rt, 0.5 h; (iii) H2NNH2,


THF, 80 �C, 1 h; (iv) pyridine, trifluoroacetic anhydride, 0 �C to rt,


16 h; (v) concd H2SO4, KNO3, 0 �C to rt, 16 h; (vi) LiOH, THF–H2O,


rt, 3 days.


Cl
O


OH


Cl
O


OH


NO2


Cl


N
H


NO2


O


O


Cl


NH2


NO2


i ii


iii


13 14


15 6f


Scheme 3. Reagents and conditions: (i) concd H2SO4, KNO3, 0 �C to


rt, 16 h; (ii) DPPA, THF, t-BuOH, reflux, 3 h; (iii) TFA, CH2Cl2, rt,


1 h.


I


N
N


O


O


Cl Cl


O
Gln72


Leu54


O O
Val93


NH2


Figure 2. Schematic for the binding of the benzodiazepinedione 2 to


Hdm2.


O


H


R1


Cl


OH


R2


R1


Cl


R2


N


R1


Cl


O


O


R2


NH2


R1


Cl


i or ii iii


iv


3a-d 4a-d 5a-d


6a-d


H


Me


NO2 Me F


a b c


d


R1


R2


Scheme 1. Reagents and conditions: (i) NaBH4, THF, rt, 1 h; (ii)


MeLi, THF, �78 �C to rt, 0.5 h; (iii) phthalimide, Ph3P, DIAD, THF,


rt, 3 h; (iv) H2NNH2, THF, 80�C, 1 h.


3464 K. Leonard et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3463–3468







O


Cl


OH


OH


O


Cl


H


OH


Cl O


OH


Cl O


Cl


33 34


35
36


i, ii iii, iv


v


Scheme 5. Reagents and conditions: (i) borane-methyl sulfide


complex, THF, 0 �C to reflux, 16 h; (ii) DDQ, CH2Cl2, rt, 4 h; (iii)


3-bromopropene, CsCO3, THF, reflux, 3 h; (iv) NaBH4, THF, rt, 2 h;


(v) SOCl2, CH2Cl2, rt, 1 h.


NCl Cl NCl Cl


O


H


NCl Cl


OH


NCl NH2


OH


NCl NH2


Cl


39 40 41


42 43


i ii


iii iv


Scheme 6. Reagents and conditions: (i) n-BuLi, diisopropylamine,


DMF, THF, �78 �C to rt, 1 h; (ii) NaBH4, THF, rt, 1 h; (iii) NH3,


Cu0, EtOH, 120 �C, 6 h; (iv) HCl (gas), SOCl2, CH2Cl2, rt, 1 h.


K. Leonard et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3463–3468 3465

The synthesis of the amine 6e is reported in Scheme 2.
Aldehyde 7 was reacted with methyl lithium followed
by Mitsunobu reaction with phthalimide to give
intermediate 8, which was successively deprotected with
hydrazine, followed by reprotection with trifluoroacetic
anhydride to give amide 9. Subsequent nitration of 9
with potassium nitrate in concentrated sulfuric acid
provided the corresponding nitro derivative 10, which
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was deprotected with lithium hydroxide to give the
target benzylamine 6e.


The synthesis of cyclopropylamine 6f is depicted in
Scheme 3. The commercially available acid 13 was
nitrated with concentrated nitric acid to give 14,
followed by a Curtius rearrangement to produce
carbamate 15, which was deprotected in the presence
of TFA to give amine 6f.
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The benzylamines 6a–f were engaged in a four-com-
ponent Ugi reaction with 4-chlorobenzaldehyde 17,
Boc-protected anthranilic acid 16, and 1-isocyanocy-
clohexene 18 (reaction inducer), which after treat-
ment with acetyl chloride and in situ cyclization
provided the target diazepinediones 19 as diastereo-
meric mixtures. Chromatographic separation of dia-
stereomers and subsequent alkylation with the
corresponding solubilizing groups afforded nitroderiv-
atives 20, which were reduced with zinc, to produce
target compounds 21–32, as racemic mixtures
(Scheme 4).


Iodoisatoic anhydride 45 (Scheme 7) was used as
starting material in an alternative route to the
synthesis of substituted benziodiazepinediones.
Accordingly, 45 was reacted with (amino)(4-chloro
phenyl)acetic acid methyl ester to provide the
3-substituted benzodiazepine core 47 followed by suc-
cessive substitution at the N4-position and then at
the N1-position (Scheme 7). Schemes 5 and 6 show
the synthesis of the benzylic chloride intermediates.
In Scheme 5, commercially available 4-chloro salicylic
acid 33 was reduced to the corresponding alcohol
with borane-methyl sulfide complex and then reoxidi-
zed to the aldehyde 34 using DDQ. Protection of
the phenol with allyl bromide and reduction back
to the alcohol yielded 35. Finally, conversion of the
alcohol to the chloride using thionyl chloride pro-
duced 36.

Table 1. FP-IC50 and JAR cell normalized PIG-3 production (ELISA, ng/mg) o
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In Scheme 6, 2,5-dichloropyridine 39 was converted to
the corresponding aldehyde 40 in the presence of LDA
and DMF. Reduction of the aldehyde with sodium
borohydride gave alcohol 41, which was treated with
ammonia to selectively displace the chloride in position
2 leading to intermediate 42. Transformation of the ben-
zylic alcohol to the chloride 43 was achieved by treat-
ment with thionyl chloride.


Alkylation of diazepine 48 with the two chloro deriva-
tives 43 and 36 afforded 4-substituted derivatives 49
and 50, respectively (Scheme 7). Subsequent unmasking
of the phenol was achieved by treatment of 50 with sodi-
um borohydride and dichloro bis (triphenylphos-
phine)palladium (II) to give phenol 51.


Tables 1–3 show the IC50 values obtained in an FP as-
say8 and JAR cell normalized PIG-3 production.9 The
introduction of a methyl group on the benzylic position
of 52 to give 2 resulted in a 3-fold improvement in FP-
IC50 value (Table 1). Although this is a significant in-
crease in potency, there is no difference between the cel-
lular PIG-3 production of these two compounds at 1.1
or 3.3 lM. We hypothesized that this is due to the zwit-
terionic character of these compounds, which limits
their cell permeability. Accordingly, the replacement of
the valeric acid side chain of 2 with a non-charged solu-
bilizing group, such as the methoxyethoxyethyl side
chain of 21, led to a decrease in potency in the FP assay,
but showed better results in the PIG-3 production exper-

f analogues bearing ethylene glycol in position 1 as the solubilizing group
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Table 2. FP-IC50 and JAR cell normalized PIG-3 production (ELISA, ng/mg) of analogues bearing a morpholino side chain in position 1 as a
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iment, indicating that this compound is able to penetrate
the cell, unlike 2 and 52. The replacement of the ortho-
anilino substituent of 21, a hydrogen bond donor, with
the hydroxy group of 49 caused no significant loss of
activity (assuming 3-fold loss of activity due to the lack
of a benzylic methyl group). A significant decrease in
activity is observed, however, with the protected
hydroxyl group of 50, as well as more soluble 2-ami-
no-5-chloro-pyridine 51.


Compounds with morpholino side chains as a solubiliz-
ing group are shown in Table 2. The introduction of
the morpholino group attached to the template with
a two-carbon (22) or three-carbon (23) linker yielded
an increase in PIG-3 production. Further modifications
to the benzylic moiety of these morpholine derivatives
were attempted to improve cell potency. Replacing
the methyl group on the benzylic position with a cyclo-
propyl and moving the amino hydrogen bond donor to
the meta position, as in 24 result in a significant loss of
activity. When the ortho-amine hydrogen bond donor

group is replaced by a methyl group (25), or a fluoro
group (26), a loss of activity is also observed. Similarly,
introduction of an electron-withdrawing fluoro substi-
tuent para to the amino group (27) resulted in a loss
of more than 3-fold potency. Similar loss of potency
was observed when the functional group in the para
position of the amine is an electron-donating hydroxyl,
as in 28.10


Table 3 shows compounds with solubilizing chains
bearing N-methylpiperazine or dimethylamino groups.
Although, introduction of a butyl and propyl
dimethylamines 29 and 31, and the butylpiperazine 32
led to compounds with reduced cell activity, 4-methyl-
piperazinopropyl derivative 30 was found to be equipo-
tent to the methoxyethoxyethyl 21 and morpholinoethyl
22 derivatives.


In summary, we have reported novel 1,4-benzodiaze-
pine-2,5-diones with potent disrupting capacity of the
binding between p53 and Hdm2. The SAR analysis
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of the benzylic position shows that the amino group
in the ortho position can be replaced by a hydroxyl
group, but not by methyl or fluoro, validating our
hypothesis that hydrogen bond donor groups in this
position can establish an extra interaction with the
carbonyl of Val93 of Hdm2. Moreover, the replace-
ment of the valeric acid solubilizing group of 2 with
methoxyethoxyethyl (21), morpholinoethyl (22), and
4-methylpiperazinopropyl (30) resulted in the discov-
ery of new lead compounds with improved cell-based
activity as measured by the level of PIG-3
production.
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Abstract—Several potent, cell permeable 4-aryl-dihydropyrimidinones have been identified as inhibitors of FATP4. Lipophilic ester
substituents at the 5-position and substitution at the para-position (optimal groups being –NO2 and CF3) of the 4-aryl group led to
active compounds. In two cases racemates were resolved and the S enantiomers shown to have higher potencies.
� 2006 Elsevier Ltd. All rights reserved.

Blocking the absorption of fats (triglycerides) by admin-
istration of an anti-absorptive agent is of interest for the
treatment of obesity.1 Ingested dietary triglycerides are
hydrolyzed by gastric and pancreatic lipases, and the
resulting fatty acids are taken up by enterocytes lining
the small intestine where they are re-esterified to triglyc-
erides and then transported into the blood. The lipase
inhibitor orlistat (XenicalTM) blocks fat absorption by
inhibiting the hydrolysis of dietary fat to fatty acids2


with administration leading to a concomitant decrease
in body weight and improvement of blood lipid profiles.
A family of proteins, termed fatty acid transport pro-
teins (FATPs), that mediate the uptake of fatty acids
into cells has been described.3,4 Previous studies5–8 pro-
vided evidence that fatty acid transport protein 4
(FATP4) mediates the transport of fatty acids from
the gut into enterocytes both in vitro and in vivo. We
therefore reasoned that inhibitors of FATP4 might be
expected to have benefits similar to orlistat. Since
FATP4 inhibition would result in the accumulation of
free fatty acids rather than triglycerides, we would also
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expect a different, possibly improved, side-effect profile
compared to orlistat. The FATP family of proteins is
most closely related in sequence to the ATP-utilizing
acyl-CoA-synthetase enzymes.9–12 While much pub-
lished work on FATPs has primarily focused on net fat-
ty acid transport activity, recent data from these
laboratories13 and published in the literature9–12 show
that FATP4 and its closest homolog FATP1 have
acyl-CoA-synthetase activity. A prominent model of fat-
ty acid transport proposes that the acyl-CoA-synthetase
activity of FATPs mediates fatty acid uptake by forma-
tion of fatty acyl-CoA derivatives thereby creating a
concentration gradient that drives uptake.9 Moreover,
human FATP4-mediated uptake of labeled fatty acids
can be competed by long-chain fatty acids (>C-12),
but not by short-chain carboxylic acids, methyl esters
of fatty acids, heterocyclic isosteres of carboxylic acids
with long-chain substituents,14 or other lipophilic mole-
cules. These data are consistent with viewing FATP4 as
a long-chain acyl-CoA-synthetase.


Initially, we sought FATP4 inhibitors using an assay
conducted under comparable conditions to those used
for target validation.6 Thus, a cell-based assay was run
in an HTS format measuring inhibition of the uptake
of a fluorescent long-chain fatty acid, 12-BODIPY-lauric
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Table 1. Inhibition of FATP4 mediated uptake of 12-BODIPY-lauric


acid in HEK 293 cells by dihydropyrimidinonesa,b


NO2


N
H


HN


O


O


O


CH3


R1


1-2


Compound R1 FATP4 IC50 (lM)


2 H >30


1a CH2CH2SEt 1.2


1b CH2CH2SOEt >30


1c CH2CH2SO2Et >30


1d CH2CH2OEt >30


1e n-Pentyl 2.0


1f Et 9.5


1g Me >30


1h Allyl 1.5


1i trans-2-Butenyl 0.65


1j trans-2-Pentenyl 0.64


1k trans-2-Hexenyl 0.26
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acid, into HEK 293 cells stably transfected with human
FATP4.15 In order to identify non-specific inhibitors,
cell-based counter-screens were run measuring inhibi-
tion of uptake of the same substrate into mouse FATP5
and human FATP2. Among the hits from the HTS that
showed selectivity over FATP2 and FATP5, the dihy-
dropyrimidinone 1a (Fig. 1) was found to have an
IC50 value of 1.2 lM. Herein we describe optimization
of this compound series leading to analog 1p.


Dihydropyrimidinones 1 can readily be prepared by the
Biginelli three-component condensation reaction be-
tween a urea, an aldehyde, and a b-ketoester.16–18 In or-
der to probe the SAR at the 5-position alkoxy group
without the need to prepare individual b-ketoesters we
sought a synthetic route to carboxylic acid 2 (Scheme 1).


Condensation between urea, 4-nitrobenzaldehyde, and
2-cyanoethylacetoacetate in the presence of boron triflu-
oride19 afforded 3 which, unlike other esters,20 could be
hydrolyzed by treatment with base under mild condi-
tions to give 2. Esterification of 2 using alcohols or phe-
nols in the presence of EDC afforded several examples
of series 1 (Table 1). To probe the effect of the oxidation

Figure 1. High-throughput screening hit 1a and optimized FATP4


inhibitor 1p.


Scheme 1. Reagents and conditions: (a) urea, 4-nitrobenzaldehyde,


BF3ÆOEt2, (1.3 equiv), CuI (0.1 equiv.), HOAc (0.1 equiv), THF,


reflux, 18 h, 88%; (b) NaOH, Me2CO, H2O, 0–25 �C, 95%; (c)


R1OH, EDC, DMAP, DMF, 50 �C, 16 h, 25–55%.


1l trans-2-Heptenyl 0.09


1m cis-2-Pentenyl 0.70


1n 2-Cyclohexenyl 0.18


1o Cyclobutyl 1.2


1p Cyclopentyl 0.25


S-1p Cyclopentyl 0.20


R-1p Cyclopentyl 25.0


1q Cyclohexyl 0.50


1r Cycloheptyl 1.2


1s trans-4-Et-cyclohexyl 0.15


1t cis-4-Et-cyclohexyl 2.4


1u Ph >30


1v CH2Ph >30


a For assay conditions see Ref. 15.
b All compounds are racemates unless indicated otherwise.

state of the sulfur atom in 1a, we effected oxidations to
the sulfoxide 1b and sulfone 1c as shown in Scheme 2.


Investigations of the SAR at the para-position of the 4-
aryl group were confined to derivatives with the optimal
cyclopentyl ester (vide infra) at the 5-position. Reaction
of cyclopentanol with diketene afforded ketoester 4a
which was subjected to the BF3 catalyzed19 Biginelli
condensation with urea and the appropriate aldehyde
to give 5a–o. A representative amide, 6, was prepared

Scheme 2. Reagents and conditions: (a) m-CPBA, CH2Cl2, 25 �C, 8 h,


68%; (b) i—m-CPBA, CH2Cl2, reflux, 18 h; ii—crystallization


(acetone/hexane), 34%.







Scheme 3. Reagents and conditions: (a) cyclopentanol, DIEA, CH2Cl2, 0–25 �C, 95%; (b) cyclopentylamine, THF, 25 �C, 30%; (c) urea, or N-alkyl-


urea, ArCHO, BF3ÆOEt2, (1.3 equiv), CuI (0.1 equiv), HOAc (0.1 equiv), THF, reflux, 18 h, 50–70%.


Figure 2.
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similarly from ketoamide 4b, and 1-substituted deriva-
tives, 7, were synthesized from N-substituted ureas
(Scheme 3).


Dihydropyrimidinones 8 with heteroaryl and alkyl
groups at the 4-position shown in Figure 2 were pre-
pared similarly from the appropriate aldehyde. A repre-
sentative dihydrothiopyrimidinone 9 was obtained in
65% yield by condensing thiourea with 4-nitrobenzalde-
hyde and b-ketoester 4a in ethanolic HCl.21


In the whole cell uptake assay measuring the inhibition
of uptake of the fluorophore 12-BODIPY-lauric acid,15


carboxylic acid 2 and amide 6 proved to be inactive. In
contrast, several derivatives with lipophilic ester groups
at the 5-position exhibit significant activity (Table 1).
The requirement for a lipophilic substituent is
further illustrated by comparison of thioether 1a
(IC50 = 1.2 lM) with the more polar analogs, sulfoxide
1b, sulfone 1c, and ether 1d all of which were found to
be inactive compounds. The n-pentyl analog 1e exhibits
comparable potency to 1a but shorter chains, as in ethyl
ester 1f and methyl ester 1g, confer little activity. Unsat-
urated aliphatic substituents were next investigated and
it was found that allylic esters show enhanced potencies
compared to saturated analogs. Potency also improved

with increasing chain length (series 1h–l). In the case
of the 2-pentenyl esters the cis and trans isomers have
comparable activities (compare 1j with 1m). Alicyclic
groups were also investigated and, in general, potency
enhancements were observed relative to their open chain
analogs. Within this series, potency improved in the or-
der cycloheptyl (1r) = cyclobutyl (1o) < cyclohexyl
(1q) < cyclopentyl (1p). Substituted cyclohexyl deriva-
tives were also found to be active, and, for compounds
derived from 4-ethylcyclohexanol, the trans isomer 1s
was found to be some 20-fold more active than the cis
isomer 1t. In contrast, aryl (1u) and benzyl (1v) esters
were found to be inactive.


With regard to substituent effects in the 4-aryl ring
system, HTS data indicated that ortho- and meta-substi-
tuted compounds are considerably less potent than para
derivatives.22 When the optimal cyclopentyl ester group
was retained, we found several compounds with approx-
imately 1 lM activity (Table 2) where the para-substitu-
ents were OCF3 (5j), halogen (5d and 5e), and CF3 (5k)
but no significant potency enhancements were observed
compared to the nitro compound 1p. Replacement of
the substituted phenyl group with heteroaromatics did
not result in any significant activity, compounds 8a–e
(Fig. 2) all having IC50 values > 30 lM. Likewise, alkyl







Table 2. Inhibition of FATP4 mediated uptake of 12-BODIPY-lauric


acid in HEK 293 cells by dihydropyrimidinonesa,b


R2


N
H


HN


O


O


O


CH3


5


Compound R2 FATP4 IC50 (lM)


5a H >30


5b Me 4.5


5c F 8.0


5d Cl 1.0


5e Br 1.0


5f CN 1.4


5g OH 26


5h OMe 5.0


5i O-i-Pr 12.7


5j OCF3 1.1


5k CF3 1.0


S-5k CF3 0.6


R-5k CF3 >30


5l NH2 >30


5m NMe2 16


5n SMe 8.0


5o SO2Me >30


a For assay conditions see Ref. 15.
b All compounds are racemates unless indicated otherwise.
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substitution at the 4-position (e.g., derivative 8f) and N-
1 substitution (derivatives 7a–d) led to inactive com-
pounds. Replacement of an oxygen atom by a sulfur
atom in the pyrimidinone ring resulted in a loss in
potency; for example, compound 9, analogous to 1p,
has an IC50 value of 3.4 lM.


The cyclopentyl esters 1p and 5k are among the most
potent analogs found in our SAR investigations. These
racemic compounds were separated into their compo-
nent enantiomers by chiral chromatography on a chiral-

Table 3. The distribution and effect on lipid levelsa in the small intestine of


Duoden


1p in lumen (lM) 9.3


1p in tissue (lM) 4.3


Lipid in lumen (%) Vehicle 69.7 (±


Orlistat 69.6 (±


1p 91.0 (±


Lipid in tissue (%) Vehicle 9.7 (±


Orlistat 5.9 (±


1p 7.9 (±


a Dried luminal content and lyophilized tissue homogenates were extracted s


methanol (2:1) for 1 h. The extracts were dried, weighed and assigned as tot


tissue weight.
b Mean ± SEM.
* p < 0.01.

cell OD column23–25 and their orientations tentatively
assigned by comparing their relative retention times with
those of closely related compounds whose absolute
configurations have been established.24,25 On this basis,
we found that S(+)-1p was more potent than R(�)-1p
(Table 1) with a similar trend for the enantiomeric pair
5k (Table 2).


In order to verify that these lead compounds inhibit
the uptake of native fatty acids as well as BODIPY-
labeled analogs, an assay measuring uptake of radiola-
beled lauric acid was configured.26 All compounds
tested (n � 20) showed similar potency and stereo-
preference in this assay compared to the BODIPY-
lauric acid assay. Finally, none of the compounds
listed in Tables 1 and 2 were found to have any activ-
ity in an uptake assay for mouse FATP5 or human
FATP2 (family members with �40% homology to
FATP4).


Several members of the dihydropyrimidinone series de-
scribed above were found to be orally bioavailable in
DIO mice.27 In an efficacy experiment28 mice were
placed on a high fat diet, administered racemic 1p
(100 mpk), and then given access to food. Pharmaco-
kinetic analyses showed plasma concentrations of
1p > 3 lM at 0.5 h (the Tmax value) and 0.4 lM after
6 h. More importantly, high concentrations (>17-fold
the IC50) of 1p were detected both within the tissues
of the small intestine and in the lumen (Table 3).29


Despite these distributions, dosing of 1p had no signif-
icant effects on the total lipid content of either the lu-
men or the tissue of different parts of the small
intestine. In contrast, orlistat significantly decreased
tissue lipid in the duodenum and increased luminal
lipid in the ileum. These data demonstrate that dosing
of 1p does not affect fat absorption in vivo. Possible
reasons for the observed lack of efficacy include assay
conditions, potency and mechanism of action of the
inhibitors.30


In summary, our study represents the first report of spe-
cific small molecule inhibitors of a member of the FATP
family of proteins.

dihydropyrimidinone 1p and orlistat dosed at 100 mpkb


um Jejunum Ileum


26.7 11.0


4.9 5.5


2.8) 32.1 (±2.0) 6.6 (±1.6)


9.7) 38.2 (±1.8) 30.6 (±3.5)*


24.8) 23.6 (±8.4) 4.8 (±1.4)


0.1) 13.9 (±1.7) 10.9 (±1.6)


0.4)* 9.9 (±1.4) 11.0 (±1.7)


1.4) 11.6 (±1.0) 11.9 (±1.0)


uccessively with H2O–chloroform–methanol (1:3.3:4) and chloroform–


al lipid expressed as percentage of dried luminal material or lyophilized
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Abstract—Novel synthetic routes have been devised for the preparation of previously inaccessible 2,3,7-trisubstituted pyrazolo-
[1,5-d][1,2,4]triazines 2. These compounds are high affinity ligands for the GABAA benzodiazepine binding site and some analogues
show functional selectivity for agonism at a3-containing receptors over a1-containing receptors with the lead compound being 32.
� 2006 Elsevier Ltd. All rights reserved.

GABA (c-aminobutyric acid) is the major inhibitory
neurotransmitter in the brain1 and GABAA receptors
constitute the largest population of inhibitory neuro-
transmitter receptors.2 The purification, sequencing
and cloning of the GABAA receptor have led to the
identification of sixteen subunits (a1–a6, b1–b3, c1–c3,
d, e, p and h).3 Expression of recombinant receptors
shows that at least one a, one b and one c (or d or e)
subunit is required to form a pentameric, functional
GABA-gated chloride ion channel,3,4 with recent studies
suggesting a subunit stoichiometry of two a, two b and
one c subunit.5 As well as an agonist (GABA) binding
site, GABAA receptors also have multiple allosteric
modulatory sites for barbiturates, neurosteroids, anaes-
thetics, avermectins and benzodiazepines which all mod-
ulate opening of the channel.6 Of these, the
benzodiazepine (BZ) site is the best characterised due
to its role in mediating the clinical effects of anxiolytics
such as diazepam.
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It has been shown that the major benzodiazepine sen-
sitive GABAA receptor subtypes in brain are a1bc2,
a2bc2, a3bc2 and a5bc2.4 Currently used anxiolytic
benzodiazepines such as diazepam are nonselective,
high efficacy agonists and these compounds show sed-
ative,7 muscle-relaxant8 and amnesic9 properties.
Zolpidem, which has higher affinity for a1- (the major
subtype of GABAA receptors in the CNS)4 over a2-,
a3- and a5- containing receptors is particularly seda-
tive in animal tests and in human.10 This suggests that
compounds with reduced affinity and/or efficacy at a1-
containing GABAA receptors, yet with affinity and
efficacy at a2- and/or a3-subtypes, may retain the
desirable anxiolytic activity of nonselective benzodiaze-
pines and possess an improved side-effect profile (i.e.,
reduced sedation). Further evidence for the role of
a1-containing receptors in sedation has been provided
by the use of transgenic mice in which the a1 subunit
was rendered BZ insensitive.11,12 In these animals, the
anxiolytic, anticonvulsant and myorelaxant effects of
diazepam were preserved, while its sedative and amne-
sic effects were significantly reduced. To date, only a
limited number of GABAA a2/3 subtype selective
ligands have been reported in the literature.12–16 We
disclosed a series of triazolophthalazines as GABAA


a2/3 agonists which had moderately higher affinity
at a2- and a3- compared to a1-containing receptors17


and we recently reported on series of triazolopyrida-
zines,18 imidazopyrimidines,19 imidazotriazines20 and
imidazopyrazinones21 as functionally selective a2/a3
agonists. In this communication, we describe our
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Scheme 1. Reagents and conditions: (i) NH2NH2ÆH2O, EtOH, reflux, 10


days; (ii) K2CO3, DMF; (iii) MnO2, CHCl3, reflux, 8 h; (iv) 2-


fluorobenzhydrazide, xylene, reflux, 1 h; (v) Dowtherm A, 200 �C, 30 h.
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efforts in designing, synthesising and optimising a nov-
el series of pyrazolotriazines as functionally selective
GABAA a3 agonists.


Compounds were tested for their ability to inhibit the
binding of [3H]Ro15-1788 to the benzodiazepine binding
site of different a subunit-containing (b3,c2, plus either an
a1 or a3) human recombinant GABAA receptors stably
expressed in L(tk�) cells.22 As a general screen for effica-
cy, modulation of chloride ion flux in cells expressing b3c2
plus either a1 or a3 produced by an EC20 equivalent con-
centration of GABA in the presence of an approximate
1000 · Ki concentration of test compound was carried
out. Efficacy is expressed relative to the full agonist chlo-
rodiazepoxide (relative efficacy = 1.0), from at least seven
independent experiments.23 For key compounds, effica-
cies were re-checked using whole-cell patch-clamp record-
ings from L(tk�) cells stably expressing a1b3c2 or a3b3c2
GABAA receptor subtypes using increasing concentra-
tion of test ligand to measure the concentration re-
sponse.14,24 In all cases, good agreement was observed.23


Compound 1 is the development compound identified
from the triazolopyridazine series18 and we sought to
identify alternative leads and intellectual property.
2,3,7-Trisubstituted pyrazolo[1,5-d][1,2,4]triazines 2 were
unique structures at the time we embarked on this strategy
although since then we have published on one such mole-
cule as a GABAA a5 selective inverse agonist for cogni-
tion enhancement.25 Herein we report on the synthesis
and SAR of 2,3,7-trisubstituted pyrazolo[1,5-d][1,2,4]tri-
azines as GABAA a3 selective agonists (Fig. 1).


Starting from commercially available phenyltetronic acid
3, reaction with hydrazine hydrate in ethanol under reflux
for 10 days gave the 3-hydroxy pyrazole 4. (Scheme 1).
Alkylation at the 3-position of 4 with 3-chloromethyl-2-
methyl-1,2,4-triazole followed by oxidation of the pri-
mary alcohol with manganese dioxide gave the aldehyde
6. Condensation of 6 with (2-fluoro)benzhydrazide gave
7 which was cyclised to the target molecule 8 by heating
at 200 �C in Dowtherm A for 30 h.


Compound 7 exists as two distinct tautomers in NMR
solution, the structure as drawn in Scheme 1 and the
tautomer (7a) in Scheme 2. On characterisation of 7
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Figure 1. New class of benzodiazepine receptor ligands (2).

there was evidence for cyclisation in the mass spectrom-
eter to 8. A likely pericyclic mechanism for the thermal
cyclisation of 7 to give 8 is outlined in Scheme 2.


Compound 8 was evaluated in our standard biological
assays and was found to be a high affinity ligand at
GABAA receptors (Ki: a3 = 0.77 nM, a1 = 0.39 nM)
with functional selectivity favouring a3-containing
receptors (0.44 rel to CDZ) over a1-containing receptors
(0.18 rel to CDZ) as measured in the electrophysiologi-
cal assay.


In order to allow optimisation studies at the 2-(R1) and
3-(R2) positions, the versatile 3-bromo intermediate 14
was synthesised as described in Scheme 3. Reaction of
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Scheme 3. Reagents and conditions: (i) NH2NH2ÆH2O, EtOH, reflux,


1 h; (ii) TsCl, Et3N, CH2Cl2, rt, 16 h; (iii) MnO2, CHCl3, reflux, 8 h;


(iv) 2-fluorobenzhydrazide, xylene, reflux, 1 h; (v) Dowtherm A


(0.025 M), 180 �C, 3 days; (vi) 4 N NaOH, dioxane–H2O, 60 �C, 3 h;


(vii) Br2, AcOH, rt, 2.25 h.







3552 R. W. Carling et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3550–3554

hydrazine hydrate with tetronic acid (9) in refluxing eth-
anol for just 1 h gave the 3-hydroxy pyrazole 10.26 The
2-hydroxy group was protected with tosyl to give 11,
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Scheme 4. Reagents and conditions: (i) 3-(chloromethyl)-2-methyl-


1,2,4-triazole hydrochloride, Cs2 CO3; DMF, rt to 60 �C, 25 h; (ii) 2-


(tributylstannyl)pyridine, Pd(PPh3)4, CuI, dioxane, 100 �C, 18 h; (iii)


thiophene-3-boronic acid, Pd2dba3, P(t-Bu)3, Cs2CO3, dioxane,


80–90 �C, 41 h.


Table 1. Effect of 3-aryl changes on a3 affinity and a1 and a3 efficacy


N


N
N


N
O


F


N


N
N Me


R


Compound R Ki
a a3


(nM)


Efficacyb,c


a1


Efficacyb,c


a3


8 H 0.77 0.18 0.44


16 2-F 0.45 0.22 0.40


17 2-Cl 8.7 0.32 0.32


18 2-Me 23 — —


19 2-CF3 >33 — —


20 3-F 0.28 0.23 0.46


21 3-Cl 1.1 0.35 0.45


22 3-CN 1.6 0.35 0.28


23 3-CF3 0.54 0.30 0.46


24 3-CH2OH 6.6 0.50 0.50


25 3-NH2 14 0.42 0.38


26 4-F 6.3 0.09 0.31


27 2,3-F2 1.5 0.27 0.40


28 2,5-F2 0.20 0.29 0.46


29 2,6-F2 0.55 0.23 0.45


30 3,5-F2 >33 — —


a Ki values for binding to the BZ sites of stably expressed human


recombinant GABAA receptors with the composition a3b3c2. Inhi-


bition of the binding of 1.8 nM [3H]Ro15-1788 was measured and the


concentration required to inhibit binding by 50% (IC50) was con-


verted to a Ki value according to the Cheng–Prusoff equation.22 Data


shown are means of three to ten experiments.
b Modulation of chloride ion flux in cells expressing b3c2 plus either a1


or a3 produced by an EC20 equivalent concentration of GABA in the


presence of an approximate 1000 · Ki concentration of test com-


pound.23 Efficacy is expressed relative to the full agonist chlorodia-


zepoxide (relative efficacy = 1.0), from at least seven independent


experiments.
c Efficacy measurement of effect of test compound on a current at


GABA EC20 using whole-cell patch-clamp electrophysiological


recording.14,24 Efficacy is expressed relative to the full agonist chlo-


rodiazepoxide (relative efficacy = 1.0), from at least seven indepen-


dent experiments.

before oxidation of the primary alcohol, condensation
with (2-fluoro)benzhydrazide and subsequent cyclisation
at elevated temperature to give 12. Removal of the tosyl
group with sodium hydroxide in aqueous dioxane, fol-
lowed by bromination of 13 in acetic acid, gave 14.


The 2-position of 14 was alkylated with 3-(chlorometh-
yl)-2-methyl-1,2,4-triazole hydrochloride in the presence
of caesium carbonate in DMF and Suzuki or Stille
chemistry was used to elaborate the 3-position in high
yield as shown in Scheme 4.


Fluorinated and di-fluorinated phenyl groups (com-
pounds 16, 20 and 26–30) were introduced using the
route described in Scheme 1, starting from the appropri-
ate fluorophenyl tetronic acid. The other 3-substituted
phenyl analogues (Table 1) as well as all the 3-heteroaryl
analogues (Table 2) were prepared using palladium
catalysed couplings in a similar way to the heterocyclic
couplings described in Scheme 4. Optimisation studies
at the 7-position (R3) were easily carried out essentially
using the route outlined in Scheme 1 but starting with 2-
fluorophenyl tetronic acid and by using the appropriate
acylhydrazides in the penultimate step (compounds 38–
45, Table 3; and 46–49 and 51, Table 4). Compound 50
was made starting from phenyl tetronic acid as in

Table 2. Effect of 3-heteroaryl changes on a3 affinity and a1 and a3


efficacy


N


N
N


N
O


F


X


N


N
N R


Compound X Ki
a a3


(nM)


Efficacyb,c


a1


Efficacyb,c


a3


31 2-Thienyl 0.10 0.01 0.12


32 3-Thienyl 0.10 �0.02 0.21


33 2-Furyl 0.11 �0.09 0.16


34 2-Pyridyl 1.4 0.45 0.56


35 3-Pyridyl 0.98 0.35 0.52


36 4-Pyridyl 0.14 0.10 0.19


37 5-Pyrimidyl >33 — —


a Ki values for binding to the BZ sites of stably expressed human


recombinant GABAA receptors with the composition a3b3c2. Inhi-


bition of the binding of 1.8 nM [3H]Ro15-1788 was measured and the


concentration required to inhibit binding by 50% (IC50) was con-


verted to a Ki value according to the Cheng–Prusoff equation.22 Data


shown are means of three to ten experiments.
b Modulation of chloride ion flux in cells expressing b3c2 plus either a1


or a3 produced by an EC20 equivalent concentration of GABA in the


presence of an approximate 1000 · Ki concentration of test com-


pound.23 Efficacy is expressed relative to the full agonist chlorodia-


zepoxide (relative efficacy = 1.0), from at least seven independent


experiments.
c Efficacy measurement of effect of test compound on a current at


GABA EC20 using whole-cell patch-clamp electrophysiological


recording.14,24 Efficacy is expressed relative to the full agonist chlo-


rodiazepoxide (relative efficacy = 1.0), from at least seven indepen-


dent experiments.







Table 4. Effect of 7-heteroaryl changes on a3 affinity and a1 and a3


efficacy


N


N
N


N


R


O


N


N
N Me


F


Compound R Ki
a a3


(nM)


Efficacyb,c a1 Efficacyb,c a3


46 3-Pyridyl 1.1 0.15 0.16


47 Pyrazinyl 2.7 0.03 0.18


48 2-Furyl 0.85 0.01 0.19


49 3-Furyl 0.61 0.07 �0.12


50d 2-Thienyl 1.6 �0.03 0.19


51 cy-Propyl 0.36 �0.08 �0.01


a Ki values for binding to the BZ sites of stably expressed human


recombinant GABAA receptors with the composition a3b3c2. Inhi-


bition of the binding of 1.8 nM [3H]Ro15-1788 was measured and the


concentration required to inhibit binding by 50% (IC50) was con-


verted to a Ki value according to the Cheng–Prusoff equation.22 Data


shown are means of three to ten experiments.
b Modulation of chloride ion flux in cells expressing b3c2 plus either a1


or a3 produced by an EC20 equivalent concentration of GABA in the


presence of an approximate 1000 · Ki concentration of test com-


pound.23 Efficacy is expressed relative to the full agonist chlorodia-


zepoxide (relative efficacy = 1.0), from at least seven independent


experiments.
c Efficacy measurement of effect of test compound on a current at


GABA EC20 using whole-cell patch-clamp electrophysiological


recording.14,24 Efficacy is expressed relative to the full agonist chlo-


rodiazepoxide (relative efficacy = 1.0), from at least seven indepen-


dent experiments.
d Unsubstituted 3-phenyl group.


Table 3. Effect of 7-aryl changes on a3 affinity and a1 and a3 efficacy


N


N
N


N
O


N


N
N Me


F


R


Compound R Ki
a a3 (nM) Efficacyb,c a1 Efficacyb,c a3


16 2-F 0.45 0.22 0.40


38 3-F 1.2 0.38 0.57


39 4-F 0.94 0.36 0.60


40 2,4-F2 2.0 0.42 0.78


41 2,5-F2 1.3 0.52 0.52


42 2,6-F2 0.52 0.29 0.55


43 2,3,6-F3 2.7 0.45 0.55


44 2,4,6-F3 2.6 0.37 0.59


45 2-Cl 21 �0.02 0.02


a Ki values for binding to the BZ sites of stably expressed human


recombinant GABAA receptors with the composition a3b3c2. Inhi-


bition of the binding of 1.8 nM [3H]Ro15-1788 was measured and the


concentration required to inhibit binding by 50% (IC50) was con-


verted to a Ki value according to the Cheng–Prusoff equation.22 Data


shown are means of three to ten experiments.
b Modulation of chloride ion flux in cells expressing b3c2 plus either a1


or a3 produced by an EC20 equivalent concentration of GABA in the


presence of an approximate 1000 · Ki concentration of test com-


pound.23 Efficacy is expressed relative to the full agonist chlorodia-


zepoxide (relative efficacy = 1.0), from at least seven independent


experiments.
c Efficacy measurement of effect of test compound on a current at


GABA EC20 using whole-cell patch-clamp electrophysiological


recording.14,24 Efficacy is expressed relative to the full agonist chlo-


rodiazepoxide (relative efficacy = 1.0), from at least seven indepen-


dent experiments.
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Scheme 1. For experimental details of the synthesis of all
the compounds described in this paper, please refer to
the patent literature.27 The a-methyl 1,2,4-triazolylm-
ethyloxy group at the 2-position was kept as a constant
in all the compounds in this communication since prec-
edent showed that in the structurally related triazolopy-
ridazine series, it was an absolute requirement for a3/a1
functional selectivity.18,28


The o-fluoro 3-phenyl analogue 16 has essentially an
identical binding and efficacy profile to the prototype
molecule 8 (Table 1). However, the o-position of the
3-phenyl ring only tolerates small substituents since
significant loss of a3 affinity is observed with chloro,
methyl and in particular trifluoromethyl. The p-fluoro
analogue 26 loses an order of magnitude in binding
affinity but keeps functional selectivity for a3, whilst
the m-position of the 3-phenyl group tolerates a wider
range of substituents though polar groups lose affinity
and selectivity. 2,3-, 2,5- and 2,6-Difluoro substitution
(compounds 27, 28 and 29) is well tolerated but as with
all of the analogues in Table 1, efficacy at a1 is too high
with our requirement for an ideal compound being an
a1 antagonist and an a3 agonist.


Of the 3-heteroaryl changes carried out, the most inter-
esting compound is the 3-thiophene 32, which has sub-

nanomolar affinity at a3 receptors, is an antagonist at
a1 receptors and has a3 efficacy of 0.21 relative to the
full agonist CDZ. The 2-thiophene 31 and the 2-furan
33 also retain high affinity but have an inferior efficacy
profile. The 2- and 3-pyridyl analogues (34 and 35) show
nanomolar binding affinity at a3 receptors but both
have raised efficacy at a1 receptors. The 4-pyridyl deriv-
ative (36) retains subnanomolar a3 affinity but has insuf-
ficient functional selectivity, whilst the 5-pyrimidyl
compound 37 is significantly lower in binding affinity.


Precedent within the triazolopyridazine series suggested
that large substituents on the 7-aryl ring would cause a
significant reduction in binding affinity and so only
the changes outlined in Table 3 were carried out. The
3- and 4- mono fluoro analogues 38 and 39 showed
increased efficacy at both a1 and a3 subtypes in compar-
ison to 16 and the prototype molecule 8 but kept a
window of selectivity. Difluoro and trifluoro substitu-
tion offered no advantage, with the 2,5-difluoro
analogue (41) in particular losing selectivity. Replacing
the 2-fluoro substituent with chloro (45) results in
reduced affinity, selectivity and efficacy.


Of the 7-heteroaryl changes carried out, the 2-furan (48)
and the 2-thiophene (50) have lower efficacy than 16 and
have a comparable affinity and efficacy profile to 32.
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Other heterocycles such as 3-pyridyl (46), 3-pyrazinyl
(47) or 3-furyl (49) retained affinity but offered no
improvement in efficacy or functional selectivity. Inter-
estingly, the 7-cyclopropyl analogue (51) retained affini-
ty but lost considerable efficacy in comparison to 16.


A novel synthesis of previously inaccessible 2,3,7-trisub-
stituted pyrazolo[1,5-d][1,2,4]triazines has been devel-
oped to identify the prototype 8 as a high affinity ligand
for the GABAA BZ binding site with functional selectivity
for agonism at a3-containing receptors over a1-contain-
ing receptors. The chemistry has been further developed
to enable efficient introduction of 2- and 3-substituents
as the last steps in the synthesis. The pyrazolo[1,5-
d][1,2,4]triazine series has produced compounds with
extremely high GABAA binding affinity some of which
show selective in efficacy for a3-containing subtypes over
a1-containing subtypes. The best compound identified
from this series is 32 which has high in vitro affinity
(0.1 nM), functional selectivity favouring a3 (0.21) over
a1 (�0.02), very good receptor occupancy (0.54 mg/kg
po)18 and good rat oral bioavailability (32%).
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Abstract—The design, synthesis, and biological evaluation of potent inhibitors of the TrkA kinase is presented. A homology model
is created to aid in the enhancement of potency and selectivity of isothiazole inhibitors found during a high-throughput screen.
Three different syntheses are utilized to make diverse analogs within this series. Aminoheterocycles are found to be good urea
surrogates, whereas bicyclic substituents on the C3 thio group were found to be extremely potent TrkA inhibitors in kinase and cell
assays.
� 2006 Elsevier Ltd. All rights reserved.

Prostate and pancreatic cancers are two of the most
common forms of cancers in the US and will kill an
estimated 62,000 Americans in 2005.1 In the case of
pancreatic cancer, little progress has been made over
the past 50 years in the treatment of this particularly
painful disease, which has a 5-year survival rate of
4.6% from first diagnosis.1 Prostate cancer is the most
common non-cutaneous malignancy in men in the US,
and when tumors become resistant to anti-hormonal
therapy, other non-hormone related treatment options
are severely limited.2 Clearly, new therapies are urgently
needed to treat these diseases.


TrkA is a part of a family of receptor tyrosine kinases
that also includes TrkB and TrkC. These kinases are
receptors for the neurotrophin family of ligands, which
includes nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), and neurotrophins 3–5.3


Members of this family of ligands and receptors are
found to be up-regulated in a variety of human cancers,
particularly prostate4 and pancreatic cancers,5 and are
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thought to play a key role in the progression of those
diseases. In the case of pancreatic cancer, increased
expression of TrkA also correlates with an increased
level of pain. Staurosporine Trk inhibitors from
Cephalon have showed excellent preclinical anti-tumor
efficacy6,7 and have entered human clinical trials.8


However, few Trk inhibitors are known and very few
show kinase selectivity.9–11


The therapeutic implications of an effective Trk inhibi-
tor may well go beyond cancer therapy. The link of
the Trks and their ligands with CNS related processes
has implicated this signaling cascade with a range of
other diseases, most notably pain.12 Because of the
therapeutic promise associated with inhibiting TrkA,
and the relative lack of potent and selective inhibitors,
a high-throughput screen was initiated which revealed
that several isothiazoles were effective in inhibiting the
TrkA kinase. Herein is reported the synthesis and
analysis of several series of potent and selective TrkA
kinase inhibitors.


To better understand how the original lead isothiazole
inhibitor (1) would bind to TrkA, a homology model
of the kinase domain was constructed from insulin
receptor (IR-pdb code: 1IRK). The homology model
was built by first aligning the primary sequences of
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Figure 1. Lead isothiazole inhibitor of the TrkA kinase, found through


a high-throughput screen.
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TrkA with IR, and then constructing the 3D structure of
TrkA based on the 3D structure of IR, using the homol-
ogy model interface within the MOE software suite.13


Figure 2 depicts the active site of TrkA with 1 in a puta-
tive binding conformation. The unsubstituted carbox-
amide of 1 makes two key hydrogen bonds with the
same residues of the protein backbone where ATP
would normally interact. This proposed binding mode
is supported by previous SAR studies that have shown
that replacements for this carboxamide such as CN or
tetrazole, or even a methylcarboxamide are universally
not tolerated. This carboxamide also appears to rigidify
the inhibitor through an intramolecular hydrogen bond
with the internal nitrogen of the urea. The urea appears
to be pointed toward a solvent exposed region, whereas
the p-chlorobenzyl substituent is directed into a portion
of the protein where the sugar of ATP normally binds.
These orientations are in accord with SAR observations
at C5 that lipophilic urea substituents have decreased
potency.


Notably, this docked structure suggested that there was
an un-utilized lipophilic pocket in the vicinity of the ben-
zylic carbon. Thus, analogs were designed to optimally
fill this space. In addition, the conformation of the urea
suggested that it could be replaced by other functional
groups, such as aminoheterocycles.


The initial synthesis of thiosubstituted isothiazole ureas
is shown in Scheme 1. Compound 2 is made through the

Figure 2. Compound 1 docked into a homology model of TrkA.

addition of p-methoxybenzylthiol with malonitrile. This
intermediate is then reacted with PhOCONCS followed
by ring closure with iodine to result in the isothiazole 3.
Thiol deprotection is accomplished with mercury ace-
tate, TFA, and hydrogen sulfide. The cyanide is then
hydrolyzed with sulfuric acid to provide the key interme-
diate 4. Functionalization of the thiol is accomplished
under mildly basic conditions with benzyl halides, and
urea formation occurs through the addition of amines
to result in final analogs 5a–h (Table 1).


The original lead 1 was shown to be a potent inhibitor in
the TrkA kinase assay14 and also relatively potent in the
TrkA cell assay.15 Unfortunately, it also had some ki-
nase selectivity issues, particularly the VEGFR-2 ki-
nase16 where it was only 4· selective. Substitution on
the C3 benzylic carbon produced remarkable effects in
potency and particularly VEGFR-2 kinase selectivity.
Substitution with methyl or ethyl at this position re-
tained kinase potency and enhanced cellular TrkA
potency. Substitution with i-Pr was tolerated, whereas
n-Pr, CF3, and Ph substitution resulted in a loss of
potency. Importantly, all substituents at this position
showed a large increase in VEGFR-2 kinase selectivity
from 4· (R = H, 1) to as high as 111· when R = Et
(5b). For synthetic ease, all compounds were originally
synthesized as racemates. However, it was possible to
utilize chiral chromatography to separate enantiomers.
Thus, 5b was separated to provide the R enantiomer
5c and the S enantiomer 5d. The R enantiomer (5c)
was determined to be >10· more potent than the S
enantiomer, and VEGFR-2 kinase selectivity was in-
creased to 1300·. Presumably, these benzylic substitu-
ents are filling the lipophilic pocket on TrkA, as
predicted (Fig. 1). The reason for increased selectivity
over VEGFR-2 appears to be caused by a difference in
this lipophilic pocket between VEGFR-2 and TrkA. It
is not entirely clear, but the pocket in VEGFR-2 is com-
posed mainly of aliphatic residues (Val, Ile, and Leu). In
the TrkA pocket, at least three Phe residues exist in
place of these aliphatic VEGFR-2 residues. This is
undoubtedly causing a change in the size, shape, and
nature of this pocket between the two proteins, thus
potentially leading to the selectivity trends observed.
As previously mentioned, the C4 cyanide analog 6
showed essentially no TrkA potency, presumably due
to its lack of the key carboxamide hydrogen bond do-
nor–acceptor motif.


Based on the docked structure of 1, aminoheterocyclic
replacements for the urea were then targeted to further
elucidate the binding mode of inhibitors and to improve
ADME properties. Scheme 2 depicts a first generation
synthesis that allowed late-stage incorporation of di-
verse C5 aminoheterocycles, while conserving the most
potent substituents at the other isothiazole positions.
Compound 717 was first hydrolyzed to the methyl ester
and both sulfurs were oxidized to sulfones. It has been
shown previously that aromatic methylsulfones are
excellent leaving groups when participating in nucleo-
philic aromatic substitutions, and that the C5 sulfone
is more reactive than the C3 sulfone.17 Thus, displace-
ment of the C5 methylsulfone of 8 with ammonia in







Table 1. TrkA kinase and cell inhibiton, and VEGFR-2 kinase selectivity for isothiazoles 1, 5a–h, and 6


N S


H
NS H


N
O


X


R


Cl


Compound X Ra TrkA kinase inhibition IC50
b (nM) TrkA cell inhibition IC50


b (nM) VEGFR-2 kinase selectivityb


1 CONH2 H 7 300 4·
5a CONH2 Me 3 96 57·
5b CONH2 Et 9 70 111·
5c CONH2 Etc 4 46 1300·
5d CONH2 Etd 52 978 10·
5e CONH2 i-Pr 16 290 188·
5f CONH2 n-Pr 35 600 71·
5g CONH2 CF3 110 2870 NT


5h CONH2 Ph 2600 NT NT


6 CN H >5000 NT NT


(NT, not tested).
a Compounds were tested as racemic mixtures, unless otherwise noted.
b Values are means of at least two experiments, assay error is <2·.
c R enantiomer.
d S enantiomer.
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Scheme 2. The synthesis of aminoheterocycle-substituted isothiazoles. Reagents: (i) H2SO4, MeOH, 93%; (ii) oxone, 94%; (iii) NH3, THF, 75%; (iv)
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Scheme 1. The synthesis of isothiazole analogs. Reagents: (i) PhOCONCS, 70%; (ii) I2, pyridine, 91%; (iii) Hg(OAc)2, H2S, TFA, 95%; (iv) H2SO4,


85%; (v) R1R2CHX, (i-Pr)2NEt; (vi) R3NH2.
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THF, Boc protection, and then displacement of the C3
sulfone with p-chlorobenzylthiol results in compound 9
in good yield after Boc deprotection. Notably, the
ammonia displacement must be done in THF; early at-
tempts with methanol resulted in bis addition of ammo-
nia to two isothiazoles, both at the C5 position.
Standard Pd-mediated aminations then are successful
in creating the amino-heterocycle bond,18 and the ana-
log is completed through a Weinreb amidation to give
10.


While the original route to the aminoheterocycle-substi-
tuted isothiazoles allowed late-stage examination of the
aminoheterocycle portion of analogs, it did not allow
late-stage modulation of the C3 thio substituent. Thus,
a second synthetic method was created to allow facile
variation of the C3 thio substituent with a fixed amino-
heterocycle at C5. In designing such a scheme, there was
a desire to avoid the harsh C3 sulfur deprotection con-
ditions used previously in Scheme 1. Thus, a 2,4,6-tri-
methoxybenzyl-protecting group was utilized in place

of the p-methoxybenzyl group (Scheme 3). Compound
11 was reacted with a heteroaryl isothiocyanate followed
by ring closure with iodine to yield compound 12. The
cyanide was then hydrolyzed with sulfuric acid, and
the crude product was subjected to relatively mild
deprotection conditions: 10% TFA in dichloromethane
in the presence of triethylsilane. This procedure cleanly
deprotected the C3 thiol in 73% yield (two steps).
Notably, it was found that the triethylsilane is
absolutely required to scavenge the benzyl cation as it
is formed and to prevent the reversibility of the
deprotection reaction. The thiol can then be capped with
a variety of electrophiles under standard conditions to
examine the effects of the C3 substituent.


Table 2 shows TrkA kinase and cell potency for a range
of C5 aminoheterocycles. Notably, a diverse set of
aminoheterocycles are shown to be adequate urea surro-
gates. Surprisingly, all aminoheterocycles revealed simi-
lar TrkA kinase and cell potency. Variation of the C3
sulfur substituent in this series showed that the replace-







Table 3. TrkA kinase and cell inhibiton for isothiazoles with sulfur


linked C3 bicycles 5i-o


N S


H
NS


OH2N
3


5
H
N


O
RX


n


Compounda X n R TrkA kinase


inhibition


IC50
b (nM)


TrkA cell


inhibition


IC50
b (nM)


5i Cl 1 H 10 110


5j Cl 1 Me 8 118


5k H 2 H 105 1170


5l H 2 Me 111 1020


5m H 3 H <1 17


5nc H 3 H <1 7


5od H 3 H 91 >1000


a Compounds were tested as racemic mixtures, unless otherwise noted.
b Values are means of at least two experiments, assay error is <2·.
c R enantiomer.
d S enantiomer.


Table 2. TrkA kinase and cell inhibition for aminoheterocycle isothiazole analogs 10a–g and 14a–c


N S


H
NS


R1


OH2N


R2


Compound R1 R2 TrkA kinase inhibition IC50
a (nM) TrkA cell inhibition IC50


a (nM)


10a p-Chlorobenzyl H >5000 NT


10b p-Chlorobenzyl 2-pyr 33 756


10c p-Chlorobenzyl 3-pyr 19 581


14a CH(Me)(p-chlorobenzyl) 3-pyr 29 NT


14b CH2(cyclohexyl) 3-pyr 610 >1000


10d p-Chlorobenzyl 4-pyr 45 344


14c o-Chlorobenzyl 4-pyr 28 NT


10e p-Chlorobenzyl 4-pyrimidine 47 NT


10f p-Chlorobenzyl
N O


179 >1000


10g p-Chlorobenzyl
N
H


O
84 NT


(NT, not tested).
a Values are means of at least two experiments, assay error is <2·.
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Scheme 3. Alternate synthesis of aminoheterocycle-substituted isothiazoles. Reagents: (i) (Het)NCS, EtOAc, 60%; (ii) I2, pyridine, 81%; (iii) H2SO4;


(iv) Et3SiH, TFA, CH2Cl2, 73%—two steps; (v) R1R2CHX, (i-Pr)2NEt, DMF.
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ment of the phenyl ring with a saturated cyclohexyl
group was not tolerated (14b), whereas an o-chloroben-
zyl group was well tolerated (14c).


While the aminoheterocyclic urea replacements did dem-
onstrate that the urea could be replaced with other func-
tionality, TrkA potency was not increased, and ADME
properties were not significantly improved. To further
enhance potency, attention turned back to the C3 substi-
tuent. Based on the knowledge that substitution of the
benzylic position was beneficial (Table 1), this structural
motif was retained, while cyclizing the benzylic substitu-
ent back onto the phenyl ring to create a bicyclic moiety,
thus further rigidifying the structure. Utilizing the syn-
thetic pathway of Scheme 1, several such analogs were
synthesized in the C5 urea series (Table 3). Compounds
5i and 5j largely retained potency when compared to the
acyclic ethyl derivative 5b. In these cases, the potency of
the methylated and unsubstituted urea were similar.
Enlarging the ring to a 6-membered size resulted in a
�10· decrease in potency (5k and 5l). However, further
ring enlargement to a 7-membered ring provided the
most potent TrkA inhibitors synthesized to date. An
approximately 10· improvement in potency from the
5-membered ring is realized and a <1 nM kinase potency
is achieved along with 17 nM cell potency (5m). Separa-
tion of these enantiomers again showed that the major-
ity of the potency resides in the R enantiomer (5n), and a
further increase in potency, now to 7 nM in the cell, is

achieved. It should also be noted that, although not test-
ed regularly, compounds in all series tended to inhibit
TrkB with similar potency. TrkC selectivity was not
determined.
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In conclusion, a homology model was utilized to design
highly potent and selective inhibitors of the TrkA ki-
nase. These compounds were synthesized through three
novel synthetic routes, which allowed access to diverse
functionality. Aminoheterocycles were shown to be
good urea surrogates for inhibiting TrkA, whereas C3-
thiosubstituted bicycles were shown to be extremely po-
tent TrkA inhibitors, on par or better than all other
known TrkA inhibitors. These compounds should offer
the scientific community excellent tools for further
understanding the TrkA signaling cascade, and the
implications for inhibiting this pathway. Further in vivo
studies are needed to determine if these inhibitors will
have desirable anti-cancer therapeutic benefits.
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Abstract—Flavonoids appear to play a major role in reducing the risk of cardiovascular diseases by decreasing the blood lipid levels.
In continuation of our drug discovery program on antidyslipidemic agents we have isolated three furano-flavones 1–3 and a rare
flavonol glycoside 4 from the aerial parts of Indigofera tinctoria. Our results disclose that the treatment with diastereomeric flavo-
noid mixture 1 and 2 (80:20) significantly decreased the plasma triglycerides (TG) by 60%, total cholesterol (TC) 19%, glycerol (Gly)
13%, and free fatty acid (FFA) 25% accompanied with increase in high density lipoproteins-cholesterol (HDL-C) by 8% and
HDL-C/TC ratio 36% in high fat diet (HFD) fed dyslipidemic hamsters at the dose of 50 mg/kg body weight. The flavonoid 3
has exhibited moderate antidyslipidemic activity.
� 2006 Elsevier Ltd. All rights reserved.

When carbohydrates are in low supply or their break-
down is incomplete, fats become the preferred source
of energy in diabetic patients. As a result, the fatty acids
are mobilized into the general circulation leading to sec-
ondary triglyceridemia in which total serum lipids in
particular triglycerides as well as the levels of cholesterol
and phospholipids increase. This rise is proportional to
the severity of the diabetes. Uncontrolled diabetes is
manifested by a very high rise in triglycerides and fatty
acid levels. An increase in plasma lipids, particularly
cholesterol, is a common feature of atherosclerosis, a
condition involving arterial damage, which may lead
to ischemic heart disease, myocardial infarction, and
cerebrovascular accidents. These conditions are respon-
sible for one-third of deaths in industrialized nations.1


The discovery of new drugs from traditional medicine is
not a new phenomenon. Flavonoids, a heterogeneous
group of ubiquitous plant polyphenols, are a frequent
component of the human diet.2 Flavonoids have exhib-
ited a variety of biological and pharmacological activi-
ties, including the inhibition of enzymes,3 free radical
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scavenging,4 anti-inflammation,5 and inhibition of tu-
mor promotion.6 A number of epidemiological studies
have implied a role for flavonoids in reducing the risk
of coronary heart disease (CHD).7–9 Among the natural-
ly occurring flavonoids (see Fig. 1), hesperetin 5, hesper-
idin 6, naringenin 7, and naringin 8 have been evaluated
as potential agents for improving the cholesterol metab-
olism in diet-induced hypercholesterolemic animals.10–15


As a part of our drug discovery program on Indian
medicinal plants, we have recently discovered the anti-
dyslipidemic activity in the alcoholic extract and its
chloroform fraction of the aerial parts of Indigofera tin-
ctoria.16–21 Further work on the plant led to isolation22


of three furano-flavonoids 1–323,24 and a rare flavonoid
glycoside 4,25 and also to discover the antidyslipidemic
activity in the furano-flavonoids (1–3). The compounds
1 and 2 have earlier been reported for their in vitro
inhibitory effect on human platelet aggregates.26 The
major compound pseudosemiglabrin 1 has inhibited
U46619-induced platelet aggregates by 85% at a final
concentration of 6.5 lg/ml, whereas semiglabrin 2 pro-
duced 70% inhibition at a much higher dose (45 lg/
ml).26 The formation of platelet aggregates is an impor-
tant pathogenic factor in widespread cardiovascular dis-
ease. Pirrung and Lee reported the total synthesis of
diastereomers 1 and 2.26


No significant differences were observed in the food
intake and weight gain between the groups (data not
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Figure 2. Effect of flavonoid 1–4 supplementation on plasma TG, TC


in dyslipidemic hamsters at the dose of 50 mg/kg body weight (values


are means ± SD of eight hamsters in each group).
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Figure 1. Modified flavonoids 1–3 and flavonoid glycoside 4 isolated


from Indigofera tinctoria; lipid lowering compounds (naturally occur-


ring flavanone derivatives 5–8 and synthetic fenofibrate 9).
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shown). As such, the compound 1–4 supplement did not
apparently adversely affect the hamsters. All the
flavonoids (1–4) were administered orally at the dose
of 50 mg/kg body weight for seven consecutive days.
Our experimental27–29 results disclose that the flavonoid
1 and 2 mixture has significantly lowered the TG30 from
11.97 to 4.90 mM (P < 0.01) by 60%, Chol31 from 11.72
to 9.25 mM by 19%, Gly32 from 0.70 to 0.61 mM by
13%, and FFA33 from 0.394 to 0.294 (P < 0.1) by
25%, and increased the HDL-C34 from 2.23 to
2.43 mM by 8%, the HDL-Cholesterol to TC (0.26;
P < 0.05) ratio by 36%, when compared to high fat diet
(HFD) fed hamsters (Table 1; Fig. 2 and 3). Higher the
TG levels and lower the HDL-C increase the risk of cor-
onary heart disease (CHD).34 In latter case, the high-
density lipoproteins (HDL) mediate the reverse trans-
port of cholesterol from peripheral tissues to the liver,
which will disallow the slow accumulation of lipids in ar-
tery walls. The flavonoid mixture (1 and 2) has exhibited
both the above beneficiary effects. It has decreased the
TG by 60% and increased the HDL-C by 8%. The flavo-

Table 1. Percentage decrease/increase of plasma lipids with the


treatment of flavonoids 1–4 in dyslipidemic hamsters at the dose of


50 mg/kg body weight


Lipids HFD + flavonoid


1 and 2 3 4


TG �60*** �41* �27*


TC �19 NC NC


HDL-C +8 +28 +14


Gly �13 �6 �6


FFA �25* +7 NC


HDL-C/TC +36** +26** +16


NC, no change.
* P < 0.1.
** P < 0.05.
*** P < 0.01.


Gly, FFA, and HDL-C/TC ratio in dyslipidemic hamsters at the dose


of 50 mg/kg body weight (values are means ± SD of eight hamsters in


each group).

noid 3 also has exhibited good TG lowering property al-
most similar to flavonoid 1 and 2 mixture. It lowered the
TG from 11.97 to 7.04 mM by 41% (P < 0.05). This
compound, however, did not affect the cholesterol con-
centration. It has lowered the Gly from 0.70 to
0.66 mM by 6% and enhanced the HDL-C from 2.23
to 2.86 mM (P < 0.05) by 28% and the ratio between
HDL-cholesterol/Total cholesterol from 0.19 to
0.24 mM (P < 0.05) by 26%. The flavonoid 4 has exhib-
ited very weak TG lowering activity. It lowered the TG
from 11.97 to 8.72 mM (P < 0.1) by 27%, Gly from 0.70
to 0.66 mM by 6% and there is no change in cholesterol
and FFA content. The HDL-cholesterol and total
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cholesterol ratio increased from 0.19 to 0.24 mM by
26%. The currently marketed drug fenofibrate 9 did
not show significant activity at the dose of 50 mg/kg
body weight in our experiments. However, it lowered
the TG by 42%, TC 18%, Gly 36%, and FFA 20%,
and increased the HDL-C/TC by 10% in our experi-
ments at the dose of 108 mg/kg b.w. in the same hamster
model.28,29,35,36 The flavonoid 1 and 2 mixture has
potent triglycerides (TG), glycerol (Gly), and free fatty
acid (FFA) lowering activity37 with mild cholesterol
lowering property. The flavonoid 3 has exhibited moder-
ate triglycerides and glycerol lowering activity.


In conclusion, we have isolated three known furano-
flavonoids 1–3 and a rare flavonoid glycoside 4 for the
first time from I. tinctoria through activity guided frac-
tionation and discovered the potent antidyslipidemic
activity of isolated compounds. The compound 1 and
2 were earlier reported for their in-vitro inhibitory effect
on human platelet aggregation, which is also one of the
factors in cardiovascular diseases. Further studies are
needed to find out the mechanism of action either by
isolating the individual components or by synthesis
and also beneficial use of these compounds in human
patients with dyslipidemia.
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Abstract—We herein report a group of allosteric inhibitors of integrin a2b1 based on an arylamide scaffold. Compound 4 showed an
IC50 of 4.80 lM in disrupting integrin I-domain/collagen binding in an ELISA. These arylamide compounds are able to block
collagen binding to integrin a2b1 on the platelet surface. Further we find that compound 4 recognizes a hydrophobic cleft on the
side of the a2 I-domain, suggesting an alternative targeting site for drug development.
� 2006 Elsevier Ltd. All rights reserved.

Integrins are homologous heterodimeric proteins con-
sisting of two trans-membrane subunits, a and b, that
non-covalently interact.1 Each ab combination has its
own binding specificity and signaling properties.2 The
a2b1 integrin is a primary platelet adhesion receptor that
can complex with collagen through the MIDAS motif
within the a2 I-domain.3 Despite the significant thera-
peutic potential, only a few peptide-based agents have
been reported to regulate the integrin a2b1 functions
by targeting the a2 I-domain.4 Herein, we report a group
of synthetic inhibitors based on an arylamide scaffold
identified from screening a focused small molecule li-
brary. These compounds bind to an allosteric site on
the a2 I-domain and inhibit the I-domain/collagen (type
I) binding both in vitro and in whole cells.


Arylamide derivatives have been previously reported as
a good template for membrane-binding proteins.5 Other
advantages of using these arylamide derivatives in drug
development include: (1) they are prepared via straight-
forward modular synthesis, readily permitting modifica-
tion of backbone and termini with different functional
groups and (2) the rigid conformation enforced by the
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intra-molecular hydrogen binding lowers the entropy
penalty upon binding to the receptors.5a


We used an enzyme-linked immunosorbent assay (ELI-
SA) for fast initial screening to identify the lead com-
pounds.6 In this assay, soluble type I collagen was
immobilized on a 96-well plate, and a recombinant
GST-tagged a2 I-domain construct was added, along
with increasing concentrations of various arylamide
derivatives. The amount of I-domain binding in the
presence of the arylamide derivatives was measured by
the activity of a peroxidase that was conjugated to an
anti-GST antibody using a colorimetric reaction that
generates absorbance at 405 nm.


The IC50 values of the arylamide derivatives are listed in
Table 1. Compound 4, with two flanking LL-2-naphthyl-
alanine (Nal) residues and tert-butyl groups on the
center phenyl rings, potently disrupted the collagen/I-
domain binding with an IC50 value of 4.8 lM. As a
comparison, compound 1, with DD-2-Nal residues
appended, showed about 4-fold weaker potency, sug-
gesting the LL-isomer provides better spatial complemen-
tarity. However, the tert-butyl groups appear to be not
essential in the target recognition. In general, arylamides
with aromatic, hydrophobic residues at both termini (1,
4, 5, 7, 9, and 12) are more potent inhibitors, suggesting
the target area on the a2 I-domain has the same proper-
ty. However, the limited solubility of these compounds
precluded more detailed studies. Arylamide derivatives
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Table 1. Results of the ELISA and adhesion assays for the arylamide derivatives
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R5 R5


Compound R1 R2 R3 R4 R5 IC50 (lM)


ELISA Adhesion


1 DD-2-Nal1 DD-2-Nal t-Bu H H >20 14.4


2 DD-3-Pya2
DD-3-Pya t-Bu H H >50 >100


3 3-Pya H H H H >50 >100


4 LL-2-Nal LL-2-Nal t-Bu H H 4.80 3.40


5 DD-2-Nal DD-2-Nal H H H 19.7 16.9


6 DD-2-Nal H H H H >50 64.6


7 LL-2-Nal LL-2-Nal H H H 6.23 10.1


8 LL-2-Nal H H H H >50 85.3


9 DD-Phe DD-Phe H O(CH2)2NH2 H >50 43.2


10 Gaba3 Gaba t-Bu H H >50 >100


11 DD-Arg DD-Arg t-Bu H H >50 >100


12 DD-Trp DD-Trp t-Bu H H >20 17.34


13 DD-Ala DD-Ala t-Bu H H >50 >100


14 Gly Gly t-Bu H H >50 >100


15 H H t-Bu H O(CH2)2NH2 >50 >100


16 H H t-Bu H O(CH2)2Gua4 >50 >100


(1) Nal, naphthylalanine; (2) Pya, pyridinylalanine; (3) Gaba, gamma-amino butyric acid; (4) Gua, guanidium.
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with small amino acid residues attached (10, 13, and 14)
showed few inhibitory effects. Compounds with only one
amino acid residue attached (3, 6, and 8) showed signif-
icantly lowered potency, indicating the necessity of the
intact arylamide scaffold. It is also suggested that the to-
tal number of charges that these arylamide derivatives
carry does not affect their binding to the a2 I-domain
to a large extent.


The inhibitory effects of these arylamide derivatives in
disrupting collagen/integrin a2b1 association in whole
cells were tested using a previously described platelet
adhesion assay.7 The inhibitory effects of the arylamide
derivatives were determined by measuring the number of
gel-filtered human platelets bound to immobilized type I
collagen on a 96-well plate. Consistent with the ELISA
results, compound 4 showed the strongest inhibitory
potency with an IC50 of 3.4 lM in disrupting collagen
binding to intact platelets. This finding indicated that
these arylamide derivatives are able to block type I col-
lagen binding to integrin on the platelet surface (Sup-
porting information Fig. 2).


Furthermore, the collagen-induced platelet aggregation
can be blocked by compound 4. Addition of soluble type
I collagen to a suspension of washed platelets results in
platelet aggregation caused by the activation of integrin
a2b1. We found this aggregation is blocked in the pres-
ence of 5.0 lM 4, confirming that the collagen/integrin
a2b1 interaction is the target for these inhibitors.


Because amphiphilic compounds can cause cell lysis,8 we
examined the leakage potential of these arylamide deriv-

atives in phospholipid vesicles. Compound 4 failed to
induce a fluorescent dye, Tb(DPA)3, to leak from
phospholipid vesicles at lipid/compound ratio up to
10:1 (Supporting information Fig. 3), suggesting that
these arylamide compounds did not significantly affect
the cell membrane. Further toxicity tests for these com-
pounds were conducted using a lactate dehydrogenase
(LDH) release assay. Platelets release LDH when their
plasma membrane is perturbed. In the presence of
30 lM of arylamide 4, the level of LDH released by plate-
lets is not significantly higher than the negative control.


In order to study the binding mode of these arylamide
derivatives to integrin a2 I-domain, we have conducted
(1H,15N)-2D-HSQC NMR experiments. NMR samples
containing 15N-labeled I-domain protein (0.25 mM), in
the presence of 0, 0.5, and 1.0 equivalence of arylamide
derivative 4, were prepared. Figure 1 shows the results
of the HSQC experiments, with the amino acid residues
that showed significant and moderate chemical shift
changes upon addition of arylamide 4 colored in magen-
ta and orange, respectively. Five amino acids (Lys294,
Lys301, Y311, Ser316, and Asp317, labeled in Fig. 1)
showed significant chemical shift changes upon addition
of the arylamide derivatives and 12 other amino acids
(Val208, Ala209, Thr246, Gln269, Asp273, Asn289,
Lys298, Ser305, Ile306, Arg307, Phe313, and Ala319)
showed moderate chemical shift changes. Noticeably,
12 out of these 17 affected residues are located around
a hydrophobic cleft on one side of the a2 I-domain, sug-
gesting that arylamide 4 inhibits the collagen/a2 I-do-
main association by targeting an allosteric site that
is different from the collagen-binding MIDAS site.







Figure 1. (1H,15N)-2D-HSQC NMR experiment results on I-domain/


arylamide binding. The residues that showed significant and moderate


chemical shift changes upon the addition of 4 (1.0 equiv) are shown in


magenta and orange, respectively. The amino acid residues that


showed significant chemical shift changes upon addition of 4 were


labeled. The integrin a2 I-domain is shown in green cartoon represen-


tation with mesh. The type I collagen triple-helix bundle ligand is


shown in blue tubes.
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Furthermore, this cleft overlaps with the a7–b6 loop,
which plays an essential role in the integrin conforma-
tional change in the signaling pathway (Supporting
information Fig. 5).9 Interestingly, it has been recently
reported that a marketed drug, lovastatin, complexes
with the analogous aL I-domain at a similar site.10 This
finding may suggest an alternative strategy to target the
integrin I-domains and provide therapeutically useful
agents. Along these lines, the compounds described here
may serve as research tools or early leads for subsequent
optimization.
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Abstract—3-Benzimidazol-2-yl-1H-indazole analogs were developed as inhibitors of receptor tyrosine kinases (RTK). The synthesis
and SAR of this series is reported.
� 2006 Elsevier Ltd. All rights reserved.

A B


C


D


2


N
H


N


NH
N


N
H


O


NH2


N
H


N


A B


C
D


   1

Tumor angiogenesis is the process that leads to the for-
mation of blood vessels in a tumor, which in turn sup-
ports cancer cell survival, local tumor growth, and the
development of distant metastasis.1–3 The key mediator
of this process is vascular endothelial growth factor
(VEGF) binding to its respective receptor tyrosine ki-
nase (RTK) to promote the proliferation, migration,
and survival of endothelial cells. Additional pro-angio-
genic RTKs and their growth factors are basic fibroblast
growth factor (bFGF) and platelet derived growth fac-
tor (PDGF) with additional functions in early angiogen-
esis and the stabilization of newly formed blood vessels,
respectively. Demonstration of several tumors to secrete
VEGF has made VEGFR-2 as well as PDGFR and
FGFR expression aid tumorigenesis directly with auto-
crine and/or paracrine signaling through these receptors,
resulting in deregulated autonomous growth.4,5 There-
fore blocking, in particular, VEGF signaling through
these receptors has become an attractive target for
anti-cancer therapy. The approaches to block signaling
include the neutralizing anti-VEGF antibody, soluble
VEGF receptors, antisense oligonucleotides targeting
VEGF, and small molecule inhibitors of the receptor
tyrosine kinases. There are multiple RTK inhibitors in
development targeting VEGFR-2 and in some cases
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PDGFR. The most advanced small molecule inhibitors,
BAY43-9006 and SU11248, have both been approved
for advanced renal cell carcinoma,6,7 while PTK787 is
currently in Phase III trials.8


During the course of our RTK inhibitor program, we
desired an alternate scaffold to the 4-amino-3-ben-
zimidazol-2-ylhydroquinolin-2-one series (Fig. 1, 1).9–12


One idea entailed contracting the B ring from a 6-mem-
bered ring to a 5-membered ring which would change
the orientation of the benzimidazole (rings C and D) rel-
ative to the B ring, while retaining the donor–acceptor–
donor motif necessary for binding to the hinge region of
the RTKs. The scaffold that arose from this effort was
the 3-benzimidazol-2-yl-1H-indazole scaffold (2, hereaf-
ter referred to as indazole benzimidazole). While the un-
adorned indazole benzimidazole (2) exhibited

 VEGFR-2   IC50   3.3 μM
 HMVEC     EC50   5.9 μM


VEGFR-2  IC50   0.025 μM
HMVEC    EC50  0.078 μM


Figure 1. Potency of 4-Amino-3-benzimidazol-2-ylhydroquinolin-2-


one (1) and 3-Benzimidazol-2-yl-1H-indazole (2) in VEGFR-2 and


inhibition of VEGF-mediated proliferation of endothelial cells


(HMVEC).
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significantly less activity against VEGFR-2 compared to
the unsubstituted 4-amino-3-benzimidazol-2-ylhydro-
quinolin-2-one (1), we felt this series could be optimized
to yield potent RTK inhibitors. A dedicated effort en-
sued to improve the affinity of this scaffold toward
VEGFR-2 and the other RTKs of interest and to ex-
plore the SAR of this series.13


Initially, a number of basic amines were surveyed on the
D ring to attempt to improve both in vitro potency and
solubility. Substitution of the 4 0 position of the benz-
imidazole with morpholine (Table 1, 3) led to loss of
activity, while moving the morpholine to the 5 0 position
(4) improved affinity 20-fold over the unsubstituted
indazole benzimidazole (2). Replacing the morpholine
with 1-methylpiperazine (5) yielded similar affinity but
somewhat improved the inhibition of VEGF-mediated
proliferation of endothelial cells (HMVEC). The piper-
idinylpiperidine substituent (6) conferred even greater
potency against VEGFR-2, while retaining the good cel-
lular activity achieved with 1-methylpiperazine. Substi-
tution with an acyclic amine (7) showed similar
potency to the cyclic amines 4 and 5. In addition to basic
amines, a number of other substituents were tolerated

Table 1. Structure–activity relationship of substituents on ring D of the ind


N
H


N


N
N


4'


5'


Compound R0 VEGFR-214


IC50 (lM)


V


I


2 H 3.3 0


3 4’- N O >3.0 >


4 5’- N O 0.16 0


5 5’- N N CH3 0.13 0


6 5’- N N 0.078 0


7
5’- N


H3C
N CH3


0.15 0


8 5’- N
N


0.083 0


9 5’-
O N 0.17 0


10
5’-


N
N


CH3


0.26 0

on ring D, including aromatic heterocycles (8), ethers
(9) and alkylamino heterocycles (10).


Because of the attractive in vitro profile of 6, the SAR of
the A ring was investigated using the 5 0-piperidinylpi-
peridine D ring substituent. Substitution at C-4 of
ring A was sensitive to the nature of the substituent
(Table 2, 11–12) with the 4-benzyloxy substituent result-
ing in lower VEGFR-2 affinity, while the 4-tert-butyl
urea gave equipotent affinity compared to 6.


A diverse group of substituents were incorporated at
C-5 and C-6, and found to have improved enzymatic
potencies (Table 2, 13–20) compared to unsubstituted
6. Potency in cells, however, was static or worse, except
when electronegative substituents, such as fluoro (18)
and trifluoromethyl (20), were incorporated at C-6,
which presumably increased the lipophilicity of the mol-
ecules and thus improved permeability of the com-
pounds through the cell membrane. At C-7, fluorine
(21) was the only substituent that maintained activity.


Our program focused on VEGFR-2 affinity but consid-
ered concurrent affinity for VEGFR-1, PDGFRb, and

azole benzimidazole


R'


H


EGFR-1


C50 (lM)


PDGFRb14


IC50 (lM)


FGFR-1


IC50 (lM)


HMVEC


EC50 (lM)


.72 3.4 1.4 5.9


3.0 >3.0 0.83 >10


.050 0.26 0.10 0.16


.044 0.17 0.082 0.097


.028 0.69 0.048 0.097


.008 0.50 0.018 0.22


.096 1.4 0.21 7.0


.048 0.44 0.098 0.27


.17 1.9 0.27 0.30







Figure 2. Docking model of compound 18 in VEGFR-2 homology


model. Surface of the binding site is colored by atom-type (Oxygen,


red; Nitrogen, blue; and Carbon, white). Hydrogen bonds to hinge


residues are labeled, as is the surface from the catalytic Lys866.


Table 2. Structure–activity relationship of substituents on ring A of the indazole benzimidazole


R
N
H


N


NH
N


4
5


6
7


N


N


Compound R VEGFR-2


IC50 (lM)


VEGFR-1


IC50 (lM)


PDGFRb
IC50 (lM)


FGFR-1


IC50 (lM)


HMVEC


EC50 (lM)


6 H 0.078 0.028 0.69 0.048 0.097


11 4-OBn 0.66 0.063 1.8 0.094 0.46


12 4-NH(CO)NHt-Bu 0.070 0.004 0.44 0.003 0.24


13 5-OBn 0.030 0.003 0.083 0.008 0.19


14 5-OPh 0.044 0.028 0.008 0.015 0.080


15 5-
HN


0.044 0.021 1.7 0.016 0.22


16 5-NH(CO)NHt-Bu 0.005 0.001 0.081 0.001 0.35


17 5-CO2Me 0.031 0.015 0.063 0.073 0.13


18 6-F 0.028 0.010 0.31 0.028 0.033


19 6-OBn 0.021 0.011 0.18 0.023 0.22


20 6-CF3 0.052 0.002 0.062 0.002 0.004


21 7-F 0.33 0.15 2.3 0.20 1.4


22 7-OBn >3.0 >3.0 >3.0 >3.0 1.8


23 7-NH(CO)NHt-Bu >3.0 >3.0 >3.0 >3.0 —
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FGFR-1 to be advantageous. For the indazole benz-
imidazole series, VEGFR-1 and FGFR-1 affinity
tracked consistently for most compounds and was typi-
cally better than VEGFR-2 affinity. While the com-
pounds did exhibit affinity for PDGFRb, they were
typically 2- to 39-fold less potent against PDGFRb than
VEGFR-2. Compound 14, however, showed 5-fold
selectivity for PDGFRb over VEGFR-2 suggesting the
5-phenoxy as a potential starting point for PDGFRb
selective compounds. Conversely, the aliphatic 5-cyclo-
hexylmethyl amine substituent (15) yielded significantly
lower affinity against PDGFRb while retaining potency
against the other RTKs. These observations of various
kinase selectivity profiles make this series an interesting
tool to begin examining the effect of such profiles on
cell-based activity and efficacy.


In order to rationalize the observed SAR from a 3D
structural perspective, a homology model for VEGFR-2
was built and used to dock representative ligands.15


Figure 2 shows the docking model for compound 18,
with three hydrogen bonds from the indazole benzimid-
azole core to the hinge domain and the 5 0-piperidinylpi-
peridine substituent pointing out into solvent. This
model suggests that one tautomer for the benzimidazole
substructure will be preferred in order to present a
hydrogen bond donor to the hinge domain. Substitution
on the C-4 position with a hydrogen bond donor as in
compound 12 will drive the tautomeric equilibrium to
the desired form, while substitution with a hydrogen

bond acceptor (13) will drive the equilibrium to the
undesired form. The SAR confirms this hypothesis.
The model further supports the observation that substi-
tutions in the 5- and 6-positions are well tolerated. The
6-position gives access to the well-known selectivity
pocket, which in Figure 2 is located behind Lys866.
The high affinity of 5-substituted compound 16 can be
rationalized by the observation that the tert-butylurea
will be oriented similar to the same substituent in Pfiz-
er’s FGFR1 inhibitor, PD173074,16,17 which was the li-
gand in the FGFR1 crystal structure used as the
template for the homology modeling. The additional
affinity is most likely due to the hydrophobic interac-
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Scheme 1. Synthetic scheme for indazole benzimidazoles.
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tions of the tert-butyl group with the P-loop. The model
finally confirms that substituents on the 7-position of the
A-ring and the 4 0-position of the D-ring are not tolerat-
ed due to collisions with the protein.


The observations above deal with the general features of
a proposed VEGFR-2 binding site. The kinase inhibi-
tion data for this series show varying selectivity profiles.
Since the RTKs investigated in this paper are very
homologous, the differences in SAR must be governed
by subtle differences in the respective active sites of these
kinases.


The indazole benzimidazole core is easily assembled
from an indazole aldehyde and a phenylenediamine
(Scheme 1) in modest yields (30–50%). While some inda-
zole aldehydes are commercially available, most were
synthesized from the corresponding indoles18 via a
nitrosation-rearrangement in modest to good yields
(50–80%).19–22 Additional analogs (e.g., 13, 15–16, and
23) could be synthesized following construction of the
core indazole benzimidazole by carrying a nitro through
the reaction sequence from commercially available 4-, 5-
or 7-nitroindole. Subsequent catalytic reduction fol-
lowed by reaction with electrophiles gave the desired
products.


The pharmacokinetic properties of 18 were examined,
and it showed an oral bioavailability of 62%, a t1/2 of
253 min, a clearance of 71 mL/min/kg, a volume of dis-
tribution of 24.8 L/kg, and an AUC of 170 mg min/mL.
This compound was further evaluated in angiogenesis
and tumor xenograft models. All doses tested complete-
ly inhibited neovascularization in the murine matrigel

Figure 3. Mice were implanted with FGF supplemented matrigel and


administered compound 18 daily for 7 days. Hemoglobin concentra-


tions were determined in the excised matrigel plugs.

model (Fig. 3). Administration of 30 or 100 mpk qd of
compound 18 for 14 days resulted in 50% and 88% tu-
mor growth inhibition in the KM12L4a colon tumor
model in nude mice and was well tolerated.


In conclusion, a versatile scaffold was developed which
had potent inhibitory effects against the receptor tyro-
sine kinases involved in angiogenesis and blood vessel
maintenance. In addition, compound 18 was shown to
have favorable pharmacokinetics and exhibit impressive
tumor growth inhibition.
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Abstract—A new class of tumor necrosis factor alpha (TNF-a) synthesis inhibitors based on a N-2,4-pyrimidine-N-phenyl-N 0-alkyl
urea scaffold is described. Many of these compounds showed low-nanomolar activity against lipopolysaccharide stimulated TNF-a
production. Two analogs were tested in an in vivo rat iodoacetate model of osteoarthritis and shown to be orally efficacious. X-ray
co-crystallization studies with mutated p38a showed that these trisubstituted ureas interact with the ATP-binding pocket in a pseu-
do-bicyclic conformation brought about by the presence of an intramolecular hydrogen bonding interaction.
� 2006 Elsevier Ltd. All rights reserved.
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The over-expression of cytokines, such as tumor necro-
sis factor alpha (TNF-a) and interleukin-1b (IL-1b), has
been implicated in a number of serious inflammatory
disorders.1 Consequently, agents that inhibit the prolif-
eration of these pro-inflammatory cytokines could re-
duce inflammation and prevent further tissue
destruction in diseases such as rheumatoid arthritis
(RA),2, osteoarthritis (OA) and Crohn’s disease.3 When
activated by external stimuli, the serine-threonine kinase
p38 mitogen-activated protein (MAP) kinase perpetu-
ates a phosphorylation cascade among downstream
kinases which activates transcription factors such as
NF-jb leading to ultimate synthesis of TNF-a and
IL-1b.4,5 Many companies have developed small mole-
cule TNF-a production inhibitors that function by com-
petitively binding to the ATP-binding pocket of p38.6


A recent review stated that since 1996, over 234 patents
have been published claiming p38 inhibitors, while
seventeen specific inhibitors have been selected for
development.7 A summary of the clinical development
of five recent candidates (AMG 548, BIRB 796, SCIO

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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469, SCIO 323, and VX 702) was recently published.8


To date, no company has reported results for a p38 spe-
cific kinase inhibitor past phase II development.


Previously we reported the synthesis and biological
activity of a series of bicyclic pyrazolone-based inhibi-
tors of TNF-a production exemplified by 1 (TNF-a
IC50 = 22 nM, Fig. 1) which was orally active in an

2
TNF-α = 122 nM


1
TNF-α IC50 = 22 nM
p38α IC50 = 54 nM


Figure 1. Urea-based pro-inflammatory cytokine inhibitor.
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Table 1. TNF-a data for urea analogs containing an N 0-substituted


benzyl group


N N


N O


HN


R
R2


R1


Compound R R1 R2 TNF-a
IC50


a (lM)


6a
HO HN


4-F 2-Cl 0.014


6b
HO HN


4-MeO 2-Cl 0.009


6c
HO HN


4-MeO 2-Me 0.037


6d
HO HN


4-MeO 2-MeO 0.015


6e
MeO HN


4-F 2-Cl 0.236


6f
MeO HN


4-MeO 2-Cl 0.148


6g
MeO HN


4-EtO 2-Cl 0.056


6h
MeO HN


4-MeO 2,4-di-Cl 0.611


6i
MeO HN


4-MeO 3,4-di-Cl 2.07


6j


O


H
N


4-F 2-Cl 0.016
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in vivo model for osteoarthritis.9 Pyrazolone 1 was also
a potent inhibitor of p38a (IC50 = 54 nM), while show-
ing a good overall profile of kinase selectivity. We fol-
lowed this work with an investigation of an N-2,4-
pyrimidine-N,N 0-diphenyl urea scaffold highlighted by
the potent TNF-a synthesis inhibitor 2.10 However,
due to issues with chemical stability, we were unable
to progress compounds of this class any further into
in vivo studies. We now wish to report the development
of new trisubstituted urea analogs which maintain cyto-
kine inhibition, while also showing in vivo efficacy.


Synthesis of many of the described pyrimidine-ureas was
accomplished in three steps from known starting materi-
als (see Scheme 1) as reported in the previous communi-
cation.10 Regioselective addition of 4-fluoroanilines to
2,4-dichloropyrimidine 3 gave the corresponding 6-anili-
no-4-chloropyrimidine 4. A second nucleophilic addi-
tion of (3S)-3-amino-2-methyl-butan-2-ol to 4 in N-
methyl pyrolidinone (NMP, 135 �C) gave the desired
disubstituted pyrimidine 5. Reaction of 5 with 2-chlo-
robenzyl isocyanate in dichloroethane (DCE) gave the
corresponding trisubstituted ureas 6a.11


The urea analogs synthesized in this study were all tested
for inhibition of TNF-a in an LPS stimulated human
monocytic (THP-1) whole cell-based assay.12


Table 1 describes the general SAR among the N 0-benzyl-
substituted urea analogs. N 0-2-Chlorobenzyl analog 6a
was tested in the cellular assay and showed excellent
potency (IC50 = 14 nM). This represents a near 10-fold
improvement in potency over the related N 0-2-chloro-
phenyl analog 2 (IC50 = 122 nM) described previously.10


Additionally, unlike the corresponding N 0-2-chlorophe-
nyl analog 2, the benzyl analog proved to be chemically
stable in solution with no decomposition observed after
24 h standing in aqueous buffers between pH 3 and 12.
Presumably, this is due to the presence of an electron-
donating substituent at the N 0-position which deacti-
vates the urea toward hydrolysis relative to the N 0-aryl

6k
H
N 4-MeO 2-Cl 0.016


6l Me2N 4-F 2-Cl 35% b


6m MeNH 4-MeO 2-Cl 3%b


6n


H
N


F


F


4-F 2-Cl 25%b


a Standard deviation for the assay was ±30% of mean or less.
b Percentage inhibition at 10 lM.
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NCl Cl
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N
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F


HO
HN
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Scheme 1. Reagents and conditions: (a) EtOH, Na2CO3, 4-fluoroan-


iline; (b) NMP, i-Pr2NEt, (3S)-3-amino-2-methyl-butan-2-olÆHCl,


135 �C; (c) DCE, 2-chlorobenzyl isocyanate, rt to 80 �C.

analogs. Other N 0-2-substituted benzyl analogs contain-
ing the hydroxyl-dimethylpropylamino 2-pyrimidyl
groups and an N-4-methoxyphenyl group (6b–6d) were
synthesized and proved to be nearly equipotent with 6a.


As with the N 0-phenyl analogs, an approximate 10-fold
loss in potency was observed with compounds in which







Table 2. TNF-a data for urea analogs containing N 0-alkyl substituents


N N


N O


HN
R2


R


R1


Compound R R1 R2 TNF-a
IC50


a (lM)


7a
HO HN


MeO Et 0.028


7b
MeO HN


MeO n-Bu 0.324


7c
MeO HN


MeO c-hex 0.467


7d
MeO HN


MeO Et 0.819


7e
MeO HN


EtO Et 0.276


7f


O


H
N


F Et 0.086


7g
H
N MeO Et 0.080


7h
H
N F i-Pr 0.074


a Standard deviation for the assay was ±30% of mean or less.
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Scheme 2. Reagents and condition: (a) p-nitrophenylchloroformate,


pyridine, CH2Cl2, rt; (b) 4-aminomethylpyridine, CH2Cl2.
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the hydroxy-dimethylpropylamino group was replaced
with the methoxypropylamino group (6e and 6f). The
one exception in this series was the analog containing
an N-4-ethoxyphenyl group (6g) which proved to be
distinctly active with an IC50 of 56 nM. Two disubsti-
tuted benzyl derivatives were made with the 2,4-dichlo-
robenzyl analog 6h showing greater potency than the
3,4-dichlorobenzyl counterpart 6i, although both were
significantly less potent than the most active analogs
in the series. However, the 2-pyrimidyl tetrahydro-pyr-
anylamino analog 6j and isopropylamino analog 6k
proved to be the most active, non-chiral urea analogs
synthesized to this point. Conversely, other 2-pyrimidyl
derivatives such as the dimethylamino analog 6l,
the methylamino analog 6m, and the 2,6-difluoroani-
line derivative 6n showed negligible activity. This reiter-
ated the need for alkyl branching alpha to the amino
linker.


Based on the success of adding an alkyl linker between
N 0-urea nitrogen and the phenyl side chain, we decided
to also investigate purely N 0-alkyl derivatives. Table 2
lists the results for a variety of simple N 0-alkyl ureas.
The alkyl urea 7a proved to be as potent as the corre-
sponding benzyl analog 6b. Use of a longer chain or cyc-
lic alkyl (7b and 7c, respectively) resulted in compounds
with reduced potency. Likewise, switching from hydroxy
dimethylamino to methoxy propylamino also led to a
significant loss in potency as evidenced by the compari-
son between 7d and 7a. However, changing to a 4-eth-
oxyphenyl group (7e) resulted in recovery of activity.
The non-chiral amino analogs 7f and 7g containing
the ethyl urea were also found to maintain decent poten-
cy relative to the most active chiral amino derivatives.
Finally, the di-isopropyl amino analog 7h showed com-
parable activity to 7g, suggesting that some alkyl
branching off the N 0-position was well tolerated.


For more structurally diverse ureas, a modified synthetic
protocol was developed (Scheme 2). For example, the
appropriate disubstituted pyrimidine 8 could be reacted
with p-nitrophenylchloroformate to give the activated
carbamate 9. Treatment of 9 with 4-aminomethylpyri-
dine gave urea 10a.


N 0-Pyrimidyl ureas 10a and 10b (Table 3) were highly
potent, with the 4-substituted analog being more ac-
tive than the corresponding 2-substituted derivative.
The ethyl-Boc-piperazine and methyl-Boc-piperidine
analogs 10c and 10d showed reduced activity. Howev-
er, removal of the Boc protecting group from these
compounds gave analogs 10e and 10f which showed
improved activity versus their protected precursors.
The methyl piperidine 10f (IC50 = 16 nM) was nearly
equipotent with the related unsaturated analog 10a
(IC50 = 4 nM).


Having achieved our goal for this series of attaining
excellent activity in the in vitro cell-based assay for inhi-
bition of TNF-a production, we turned our attention to
evaluating several analogs for their pharmacokinetic
properties as well as in vivo efficacy. The results of these
studies on three analogs are summarized in Table 4. The







Table 3. TNF-a data for urea analogs containing a 2-pyrimidyl


isopropylamino substituent


N


HN


O


R1


NN


NH


F


Compound R1 TNF-a IC50
a (lM)


10a
N


0.004


10b
N


0.030


10c
NBoc


N 0.277


10d
NBoc


1.16


10e
NH


N •2 HCl 0.119


10f
NH •HCl


0.016


a Standard deviation for the assay was ±30% of mean or less.
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N 0-chlorobenzyl analog 6b showed low in vitro metabo-
lism in plated rat hepatocytes, however the low solubil-
ity and poor bioavailability prohibited us from
advancing this compound further into in vivo efficacy
studies. N 0-Ethyl analogs 7a showed low metabolism,
good solubility, and acceptable bioavailability. When
the chiral amino alcohol substituent in 7a was replaced
with the achiral amino tetrahydropyran group to give
7f, the resulting analog showed an overall reduction in
the described pharmacokinetic parameters. Both of
these analogs showed statistically significant reduction
of cartilage degradation severity compared to control

Table 4. Pharmacokinetic and in vivo data for selected urea analogs


Compound Metabolisma


(%)


Solubility


(mg/mL)


T1/2


(h)


F


(%)


Cartilage


damage


reductionb (%)


6b 32 <0.01 1.9 1.9 NDc


7a 32 0.24 ND 15–30d 24


7f 16 0.025 0.46 13.2 16


a Metabolism was measured as percent loss of compound after 4 h


exposure to plated rat (Sprague–Dawley) hepatocytes.
b Reduction in severity of cartilage damage was measured versus


vehicle treated animals in a rat (male Sprague–Dawley) iodoacetate


(IA) model for osteoarthritis at a dose of 25 mg/kg BID (P < 0.05).
c Not determined.
d Estimated bioavailability based on single po dose.

in an in vivo rat iodoacetate model (25 mg/kg BID dos-
ing) for osteoarthritis.19,21


An X-ray crystal structure was obtained and solved for
the co-crystal formed between the N 0-2-chlorobenzyl
inhibitor 7b and mutated p38a to obtain additional
information concerning the possible mechanism for the
observed TNF-a inhibition for these compounds.15 This
urea analog made many of the necessary interactions for
classical p38 inhibitors (Fig. 2). Primary among these
was the hydrogen bonding motif between the 2-amino-
pyrimidine functionality of the inhibitor and the Met-
109 residue of the hinge region of the ATP-binding
pocket. Additionally, the 4-methoxyphenyl group posi-
tions itself into the well-defined hydrophobic pocket de-
fined by the ‘gatekeeper’ Thr-106 residue. As with the
previously described phenyl urea 2, the conformation
of the urea allows for the N 0-urea NH to form an intra-
molecular hydrogen bond with N-3 of the pyrimidine
ring (2.69 Å N–N distance). This interaction created a
pseudo-bicyclic arrangement for this compound, which
adds rigidity to the class of inhibitors. Unlike N 0-phenyl
urea 2, the N 0-benzyl urea carbonyl group did form a di-
rect hydrogen bond to Lys-53. This mimics the interac-
tion observed for the previously described pyrazolone 1
(see molecular overlay in Fig. 2). The 2-chlorobenzyl
group was positioned toward the exposed solvent pocket
of the enzyme.
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Figure 2. Co-crystal X-ray structure of 6b (cyan) bound to mutated


p38 with overlay of pyrazolone 1 (magenta).
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We have developed a new class of trisubstituted ureas as
inhibitors of TNF-a production. First generation N 0-
phenyl ureas, although showing good potency for inhi-
bition of TNF-a, proved to be chemically unstable.
Through development of N 0-benzyl and alkyl urea ana-
logs, high levels of cytokine inhibition were maintained,
while achieving good chemical and metabolic stability.
Several of these analogs showed good solubility and bio-
availability resulting in two analogs, 7a and 7f, showing
oral efficacy in a rat iodoacetate model for osteoarthri-
tis. X-ray crystallography studies with mutated p38
showed a mode of binding for this class of urea inhibi-
tors that mimics that of traditional vicinal bis-aryl
MAP kinase inhibitors. Selected analogs from this class
of TNF-a production inhibitors are being further devel-
oped and optimized for use as a potential treatment for
various inflammatory disorders.
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Abstract—A series of diaryl amides was designed and synthesized as novel nonethynyl mGluR5 antagonists. The systematic vari-
ation of the pharmacophoric groups led to the identification of a lead compound that demonstrated micromolar affinity for the
mGluR5. Further optimization resulted in compounds with improved binding affinities and antagonist profiles, in vitro.
� 2006 Elsevier Ltd. All rights reserved.

NH3CNH3C N
N


OH


S


21

LL-Glutamate is a major excitatory neurotransmitter in
the central nervous system (CNS), which acts through
the ligand-gated ionotropic glutamate receptor or
through the G-protein coupled receptors (GPCR) called
metabotropic glutamate receptors (mGluR).1 The
mGluR5 belongs to the Group I subclass and is coupled
to the phosphoinositide/Ca2+ pathway, which mainly
mediates the excitatory effects of glutamate.1–3 Recently,
investigation into the role of mGluR5 in drug abuse has
led to speculation that this may be a new target for med-
ication development. For example, studies using either
an mGluR5 antagonist or mGluR5 knockout mice
showed reduced locomotor stimulant effects induced
by cocaine.4 Moreover, evidence that mGluR5 is
involved in the rewarding effects of morphine, nicotine,
and ethanol has also been reported.5 Thus, development
of selective mGluR5 antagonists may provide a novel
nondopaminergic strategy toward the discovery of drug
abuse medications. Additionally the mGluR5 has
recently been implicated in anxiety and depression thus
these antagonists might provide new therapeutic agents
toward the treatment of these CNS disorders.3
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The first noncompetitive mGluR5 antagonists 1 and 2
were identified through a high throughput functional
assay, which subsequently led to the discovery of
compounds 3 and 4 (Fig. 1).6 These potent ethynyl-
based compounds have served as important tools to
investigate the role of mGluR5 in CNS pathophysiology
and drug abuse. However, cross target activity and in vi-
tro metabolism may limit further development of these
alkynes as medications.7 In order to further explore
SAR at mGluR5 and potentially avoid these confounds
to in vivo investigation, we report herein the design and
synthesis of a series of diaryl amides and their close
analogues, and results of in vitro binding and functional
evaluation at mGluR5.

NH3C
N


N
H3C


3 4


Figure 1. Noncompetitive antagonists of mGluR5: SIB-1757 1,


SIB-1893 2, MPEP 3, and MTEP 4.
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A molecular modeling study was initiated to visualize
potential ligand–receptor interactions. The X-ray crystal
structure of bovine rhodopsin was used as a template for
the homology modeling of the transmembrane region of
the mGluR5.8,9 Based on site-directed mutagenesis data
and the binding affinities of MPEP (3), the ligand bind-
ing site was predicted (Fig. 2).10 The binding site consists
of two hydrophobic regions, wherein the aromatic rings
interact, with a linker in between, to position these
groups in proper orientation. Thus, a simple ligand de-
sign strategy was employed to first explore the SAR
around these binding sites by varying rings ‘a’ and ‘b’
(Fig. 2). In the course of our studies, others have report-
ed novel mGluR5 antagonists that have replaced the al-
kyne linker with additional functional groups and
heterocyclic rings.11 In this study, we focused on the
amide linkage, to determine if (1) it could mimic the bio-
logical activity of the alkyne and (2) for ease of synthesis
that allowed the preparation of a larger set of com-
pounds to develop SAR.


A series of compounds was synthesized as shown in
Schemes 1–3, wherein 6-methyl picolinaldehyde 5 was
refluxed with aniline and then reduced with LAH
(Scheme 1) to provide compound 6.


Benzamide analogues of type 9 and 10 were synthesized
by reacting respective acid chlorides with 2-amino-4-
methyl thiazole 7 and 2-amino 6-methyl pyridine 8,
respectively (Scheme 2). The appropriately substituted
benzamide 10, like 10a, was either reduced with LAH
to give compound 11a or, for example, compound 10p
and 10n were subjected to palladium-catalyzed Suzuki
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Figure 2. Homology model of mGluR5 for ligand design.
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Scheme 1. Synthesis of compound 6. Reagents and conditions: (a)


aniline, methanol, reflux 24 h; (b) LAH, THF, 0 �C 30 min.

or Heck coupling reactions, respectively, to obtain com-
pounds 13a and 13b; similarly compound 10s was
hydrogenated in the presence of 10% Pd/C. The deben-
zylated compound was then treated with 2-bro-
mophenylethylbromide to give compound 13c.


The piperidine-substituted compounds 17 were synthe-
sized by Fmoc protection of the DLDL-pipecolic acid
followed by amide synthesis under a modified Schotten–
Baumann condition and deprotection of the Fmoc group
by treatment with 4-aminomethyl piperidine. The depro-
tected amide 16 was then reacted with various arylalkyl
bromides to obtain compounds 17 (Scheme 3).12


These compounds were evaluated for binding affinity at
mGluR5 in a rat brain membrane preparation using
[3H]MPEP as the radioligand.13 Most structural varia-
tions were not well tolerated as many compounds in
the initial series were inactive, at a concentration of
100 lM (data not shown). Representative structures
and binding data are shown in Table 1 and compared
to reference compounds 1 and 2. In general, the com-
pounds with variation in the linker between the aromat-
ic rings ‘a’ and ‘b’ (Fig. 2) were inactive (e.g., 6a, 11a,
and 12a in Table 1).


Substitution with the amide bond linker however pro-
vided some compounds (9a and 10a) that showed mod-
erate affinity at mGluR5 with a slope nearing unity
suggesting competitive displacement of the radioligand.
There was a considerable loss in affinity when the 6-
methyl group in ring ‘a’ (10b) was eliminated. Compar-
ison of activities for compounds 2-naphthyl (10d), which
was inactive and 1-naphthyl (10c), which is moderately
active, suggested that there is limited steric tolerance in
this region. Substitution at the 3 0 position of the aromat-
ic ring ‘b’ improved the binding affinity substantially
(e.g., 10f IC50 = 1.73 lM), however substitution at 2 0


(10e) and 4 0 (10g) positions completely lost activity. A
comparable activity of compound 10f to parent com-
pounds 1 and 2 provided strong support to further
explore the SAR around this new lead compound.


From these initial data a focused set of compounds with
3 0-substitution in the ring ‘b’ with the amide linker was
synthesized, and representative structures and binding
data are shown in Table 2. In addition, the active com-
pounds from this set were evaluated in a functional
assay measuring the inhibition of agonist-induced
phosphoinositide hydrolysis at mGluR5 in CHO cells
and are compared to reference compounds 3 and
4.14,15 Replacement of the pyridyl ‘a’ ring with thiazole,
analogous to MTEP (4), was well tolerated as com-
pound 9d was as active as compound 10i. Replacing
the 6-methyl group in ring ‘a,’ which could be a meta-
bolic liability, with a Cl atom (10q) maintained the
affinity. Substitution with the electronegative CN
(10o), Br (10p) or I (10n) at the 3 0 position in ring
‘b’ yielded the most active compounds (IC50 = 0.33–
1.08 lM) in this series with moderate potency as
antagonists in the functional assay (IC50 = 5–11 lM).
However, substitution with bulky CF3 (10k), SO2CH3


(10l) or OSO2CH3 (10m) reduced the binding affinity







Table 1. Representative structures and in vitro activities of compounds


NR1 X
Y


R2


R3


R4


X
Y


R2


R3


R4


S


N
R1


6, 10-12 9


Compound R1 X Y R2 R3 R4 Binding affinity IC50 (lM)


6a CH3 CH2 NH H H H NAa


11a CH3 NH CH2 H H H NA


12a CH3 NH SO2 H H CH3 NA


9a CH3 NH CO H H H 65.04 ± 2.87


10a CH3 NH CO H H H 35.00 ± 1.00


10b H NH CO H H H 95.39 ± 6.26


10c CH3 NH CO 1-Naphthylb H 62.76 ± 1.74


10d CH3 NH CO H 2-Naphthylc NA


10e CH3 NH CO Cl H H NA


10f CH3 NH CO H Cl H 1.73 ± 0.10d


10g CH3 NH CO H H Cl NA


1 — — — — — — 1.17 ± 0.07


2 — — — — — — 1.08 ± 0.06


a Inactive at 100 lM.
b Ring ‘b’ (Fig. 2) is 1-naphthyl.
c Ring ‘b’ (Fig. 2) is 2-naphthyl.
d In functional assay 66% inhibition at 10 lM.
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Scheme 2. Synthesis of compounds 9–13. Reagents and conditions: (a) acid chloride, pyridine, rt, 1 h; (b) LAH, THF, reflux 2 h; (c) p-TsCl, toluene,


1,4-dioxane, reflux 4 h; (d) phenyl boronic acid, Pd(PPh3)4, 2 M aq Na2CO3, toluene, ethanol, reflux 2 h, 13a; styrene, Pd(OAc)2, o-tolyl phosphine,


TEA, acetonitrile, 100 �C, 20 h, 13b; 10% Pd/C, H2, MeOH; 2-phenylethylbromide, anhyd K2CO3, DMF, 50 �C, 24 h, 13c.
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3 h; (c) 2-amino-6-methyl pyridine, aq NaHCO3, CHCl3, rt, 1 h; (d) 4-aminomethyl piperidine, CHCl3, rt, 12 h; (e) 37% HCHO, HCOOH, reflux, 3 h


17a; arylalkyl bromides, anhyd K2CO3, DMF, 80 �C, 2 h, 17b,c; p-TsCl, TEA, DCM, 0–5 �C, 1 h, 17d.
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at mGluR5. Additionally substitution with large hydro-
phobic groups (styryl 13b, O-benzyl, 10s, etc.) substan-
tially reduced binding affinity.

To further explore the importance of aromaticity in ring
‘b’ and to potentially access an additional binding
domain for added interactions, which might improve







Table 2. Representative structures and in vitro activities of com-


pounds with 3 0-substitution in the ‘b’ ring


NR1 N
H


R3
N
H


R3
S


N
R1


O O


10, 13 9


Compound R1 R3 IC50 (lM)


Binding


affinity


Functional


activity


9b CH3 3-Pyridyla NAb NTc


9c CH3 Cl 5.49 ± 0.23 15.00 ± 7.00


9d CH3 OCH3 9.10 ± 0.39 NT


10h CH3 3-Pyridyla NA NT


10i CH3 OCH3 9.76 ± 0.43 46.00 ± 18.00


10j CH3 CH3 1.84 ± 0.14 5.90 ± 1.10


10k CH3 CF3 18.68 ± 1.11 NT


10l CH3 SO2CH3 NA NT


10m CH3 OSO2CH3 83.57 ± 3.90 NT


10n CH3 I 1.08 ± 0.07 10. 80 ± 3.30


10o CH3 CN 0.33 ± 0.02 5.33 ± 1.20


10p CH3 Br 0.65 ± 0.02 5.48 ± 0.73


10qd Cl Cl 1.53 ± 0.06 12.70 ± 1.69


10r CH3 OPh 56.97 ± 3.26 NT


10s CH3 OCH2Ph 33.04 ± 1.66 NT


13a CH3 Ph 7.30 ± 0.39 18.30 ± 1.52


13b CH3 trans-CH@CHPh NA NT


13c CH3 O(CH2)2Ph 23.55 ± 1.37 NA


3 — — 0.013 ± 0.001 0.039 ± 0.00815


4 — — NT 0.462 ± 0.11215


a Ring ‘b’ (Fig. 2) is 3-pyridyl.
b Inactive at 100 lM.
c Not tested.
d Synthesized from 6-chloro-2-aminopyridine.
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binding affinity, saturated 3-piperidinyl amides were
synthesized. However, these compounds were inactive,
thus suggesting a very limited tolerance in this binding
region of the receptor (Table 3).


In summary, a putative ligand-binding site at the trans-
membrane domain region based on the bovine rhodop-
sin crystal structure aided in the design of a novel series
of potential mGluR5 antagonists. The SAR in this series
of diarylamides generally corresponded to those report-
ed for the ethynyl and pyridyl amide analogues16 but
unlike most earlier reports, several amide-linked com-
pounds in the present series showed moderate activity
as mGluR5 antagonists. Of note, we observed that these

Table 3. Representative structures and in vitro activities of piperidine


3-carboxamides


NH3C N
H


N
R1


O


17


Compound R1 Binding affinitya


17a CH3 NAb


17b CH2Ph 14


17c CH2-m-ClPh 31


17d SO2-p-Tol 31


a Percentage inhibition at 100 lM.
b Not active.

amide analogues generally showed a �10-fold loss in
functional potency as antagonists, as compared to their
binding affinities at mGluR5, which has not been de-
scribed for the ethynyl analogues reported to date.15,16


Although this may simply be due to a difference in con-
ditions between these two in vitro assays, the possibility
exists that changes in conformation, at the receptor pro-
tein level, may be affecting these differences. The novel
series of compounds described in this communication
provide structurally distinct probes to investigate the
role of mGluR5 in CNS disorders. The SAR developed
herein has lead to the design of a new set of potential
mGluR5 antagonists for in vivo investigation that will
be reported in due course.
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Abstract—We describe a series of potent and selective oxindole–pyridine-based protein kinase B/Akt inhibitors. The most potent
compound 11n in this series demonstrated an IC50 of 0.17 nM against Akt1 and more than 100-fold selectivity over other Akt iso-
zymes. The selectivity against other protein kinases was highly dependent on the C-3 substitutions at the oxindole scaffold, with
unsubstituted 9e or 3-furan-2-ylmethylene (11n) more selective and 3-(1H-pyrrol-2-yl)methylene (11f) or 3-(1H-imidazol-2-yl)meth-
ylene (11k) less selective. In a mouse xenograft model, 9d, 11f, and 11n inhibited tumor growth but with accompanying toxicity.
� 2006 Elsevier Ltd. All rights reserved.
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in vivo

Protein kinases are a large family of diverse but related
enzymes that regulate nearly all aspects of cell growth,
differentiation, and division. Dys-regulation of one or
more protein kinases has been associated with a wide
spectrum of human cancers. Partially encouraged by
the clinical success of Gleevec (inhibitor of BCR-ABL,
PDGFR, and c-Kit), as well as Iressa (EGFR inhibitor),
a search for small molecule inhibitors of protein kinases
as anti-cancer chemotherapeutics has received increas-
ing attention.1 Among the superfamily of protein
kinases, protein kinase B, also called Akt, is a pivotal
component of the phosphatidylinositol 3 0-kinase/Akt
signal transduction pathway that regulates many pro-
cesses crucial to carcinogenesis.2 Overexpression of
Akt as a result of, for example, inactivation of tumor
suppressor PTEN has been found in a variety of human
tumors.3 At the genomic level, Akt1 and Akt2 have been
shown to be amplified in many cancer types.4 Therefore,
Akt has long been considered an attractive target for the
treatment of cancers. There have been a number of small
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molecule inhibitors that partially target Akt.1 While the
majority of these inhibitors are ATP-competitive, Linds-
ley et al. reported a series of selective allosteric and
non-ATP-competitive diphenylquinoxaline- and diphe-
nylpyridine-based inhibitors of Akt that target the
pleckstrin homology (PH) domain of the protein
kinase.5,6

4: R1= H, R8= CH3


Figure 1. Compound 2 was assigned as a major metabolite of Akt


inhibitor 1 in several species. Blocking the C-1 site of metabolism of


the isoquinoline provided compounds, for example, 3 or 4, with


respectable pharmacokinetic profile but with diminished Akt activity.
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We previously described a novel, potent (IC50 = 2.0 nM),
and selective Akt inhibitor 1 and showed significant effica-
cy in several mouse xenograft models7 (see Fig. 1). Major
shortcomings of this Akt inhibitor as a clinically useful
agent include short half-life in animals and poor oral bio-
availability. The C-1 position of the isoquinoline was
identified as a major site of metabolism, however, any
modification failed to provide potency against Akt.8


Herein, we have explored a number of alternative hetero-
cyclic scaffolds to replace the metabolically labile isoquin-
oline, and describe a new series of potent and selective
oxindole–pyridine based inhibitors.


Depicted in Scheme 1 is a general synthesis of com-
pounds 9a–9t. Stille reactions of either an arylbromide
5 or arylchloride 6 with trimethylstannane 78, under
the catalysis of tri-o-tolylphosphine (for bromide 5) or
2-dicyclo-hexylphosphino-2 0-(N,N-dimethyl-amino)bi-
phenyl(Cy-MAP, for chloride 6), provided compound 8.
Treatment of 8 with trifluoroacetic acid in methylene
chloride afforded Akt inhibitor 9. 5d, 5e, 5g, and 6 were
all commercially available, while 5a,9 5b,9 5f,10 5i,11 5j,11


5k,11 5l,12 5m,12 and 5n13 were prepared according to lit-
erature procedures. Aryl bromides 5o–5r were obtained
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Scheme 1. Reagents and conditions. For Ar–Br: (i) Pd2(dba)3, P(o-tol)3, Et3


dimethylamino)biphenyl(Cy-MAP), Pd2(dba)3, Et3N, DMF, 80 �C, overnigh

through alkylation of 5-bromooxindole 5e with the
appropriate alkyl halides in the presence of base. Con-
densation of 5e with acetone and 5g with hydroxylamine
provided aryl bromides 5s and 5h. Fluorination of the
isatin 5g with DAST under standard conditions
(CH2Cl2, rt) afforded difluoro-analog 5t.


The synthesis of Akt inhibitors 11a–11p is outlined in
Scheme 2. Stille coupling of 5-bromooxindole 5e with
trimethylstannane 7 in the presence of Pd2(dba)3 and
(o-tol)3P furnished 10 in 47% yield. Treatment of 10 with
a variety of aldehydes in the presence of piperidine affor-
ded, after BOC-deprotection, compounds 11a–11p in
poor to modest yields. Alternatively, these compounds
(except for 11h) could be prepared on larger scale by ini-
tial condensation with an aldehyde, followed by Stille
reaction in improved overall yield. The stereochemistry
of the exo-indole double bond was deduced from related
analogs in the literature14 and confirmed by 1H NMR
NOE studies. The ratio of the geometric isomers was
calculated from their 1H NMR spectra.


Table 1 highlights the heterocyclic scaffolds that we
investigated as potential replacements for the
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Table 1. Enzyme and cellular assay results for compounds 1 and 9a–9t


Compound R Akt1 IC50
a


(nM)


MTT (F5.12-Akt)
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isoquinoline pharmacophore in compound 1. Replace-
ment of the isoquinoline with the isosteric thieno[2,3-
c]pyridine, known to have good pharmacokinetic
properties, resulted in a compound (9a) with slightly
reduced potency in the enzyme assay (IC50 = 5.4 nM)
and with comparable activity in a MTT assay
(IC50 = 0.39 lM vs 0.35 lM for 1).15 Thieno[3,2-c]pyri-
dine isostere (9b), on the other hand, was much less ac-
tive, with an IC50 of 488 nM. Substitution with
benzofurazan (9c), while the oxygen atom could mimic
the hinge-binding nitrogen of the isoquinoline in 1, led
to more than an order of magnitude drop in potency
against Akt1. Replacement of the isoquinoline nitrogen
with a carbonyl group led to oxindole analogs 9d
and 9e. While 9d was essentially inactive, 9e showed a
respectable IC50 of 3.1 nM against Akt1. We postulated
that incorporation of a nitrogen atom into the phenyl
ring or introduction of another carbonyl at 3-position
of the oxindole would increase the basicity of the 2-oxo
group, therefore making the 2-carbonyl a better hydro-
gen bond acceptor. Unfortunately, both modifications
(9f, 9g) led to a reduction in potency. An oxime analog
(9h), however, showed a respectable IC50 against Akt
(IC50 = 6.5 nM).


We also replaced the metabolically labile C-3 methy-
lene of the oxindole scaffold of 9e with nitrogen atom,
forming a potentially more stable cyclic urea structure.
Again, this modification resulted in compounds (9i, 9j)
with much diminished activity against Akt. An oxygen
or sulfur substitution for this methylene, however, was
found to provide compounds (9l, 9m) with single digit
nanomolar IC50 against Akt1. A sulfanimide analog
(9n) was nearly inactive (Akt1 IC50 = 15.6 lM).
Alkylation of the C-3 oxindole methylene with methyl,
ethyl, or benzyl groups led to compounds 9o–9r, with
monomethyl analog 9p the most potent (IC50 = 4 nM).
The geminal difluoro-analog 9t was 2-fold more
potent than compound 9e against Akt1, but,
unexpectedly, was much less cytotoxic in a MTT assay
(IC50 = 11.8 lM).







Table 1 (continued)


Compound R Akt1 IC50
a


(nM)


MTT (F5.12-Akt)


IC50
a (lM)
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N
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a Values are means of two or more experiments. All compounds were


tested under 5 lM ATP.
b Not determined.


Table 2. Geometry ratios of the exo-oxindole double bond, enzyme


and cellular assay results for compounds 11a–11p


Compound R Z/E ratio Akt1 IC50
a


(nM)


MTT


(F5.12-Akt)


IC50
a (lM)


11a 1:1 3.3 2.0


11b 1:1 5.9 2.2
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Cl
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O


1:9 0.7 0.4
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O


1:9 10 0.97


a Values are means of two or more experiments. All compounds were


tested under 5 lM ATP.
b Not determined.
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SAR studies of 9e analogs with olefinic substitutions at
the C-3 position of the oxindole are summarized in Ta-
ble 2. In general, mono-substituted exomethylene ana-
logs displayed better binding affinity to Akt than the
bis-substituted analogs (e.g., 9s in Table 1,
IC50 = 52.7 nM). Relatively smaller groups tended to
give the best activity. The more sterically hindered
dichlorophenyl analog 11c resulted in a 50-fold drop
in Akt activity. Incorporation of a nitrogen at the
meta-(11d) or ortho-(11e) position of the phenyl ring
was also detrimental.


Installation of a 2-pyrrole at the exo-methylene provided
compound 11f with a respectable IC50 of 1.5 nM against
Akt1. N-methylation on the pyrrole ring afforded com-
pound 11h with slightly reduced activity, while saturation
of the ring led to a much less active 11g (IC50 = 660 nM).
The 3-pyrrole analog 11i was equally potent as its C-2 reg-
ioisomer. An indole analog 11j was found to be two or-
ders of magnitude less active than 11i. Multiple alkyl
substitutions on the pyrrol-2-yl group of 11f were also
detrimental (11l). 3Z-Imidazol-2-yl (11k) showed a 5-fold
reduction in potency relative to 3Z-pyrrol-2-yl analog
11f. Unexpectedly, a thiophene analog 11m was 5-fold
more potent than its isostere phenyl analog 11b. As
shown in Table 2, 2-furyl analog 11n demonstrated supe-
rior potency over all other analogs investigated so far,
with an IC50 of 0.17 nM. Since the IC50 was lower than
the enzyme concentration (0.5 nM), the given number
was determined by interpolation (curve-fitting). Reduc-
tion in activity was observed with mono- or multiple alkyl
substitution of the furan ring (11o and 11p).

Because of potential protein-induced cis/trans isomeriza-
tion of the ligand, it is hard to draw any conclusions
from aforementioned SAR. They can be the substituting
effects on the exo-double bond or just a reflection of a
Z/E ratio of these substituents in the ligand/protein
complexes. Several attempts to co-crystallize com-
pounds in this series with purified Akt, Akt-mutated
PKA and/or PKA protein failed to provide a single







Table 4. Cellular activity of selected Akt inhibitors in comparison with
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Figure 2. X-ray structure of 11f in Chk-1 kinase. The pyrrol-2-yl group


in 11f orients in cis-configuration to the carbonyl of the oxindole


scaffold in the ligand/protein complex.16
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crystal with sufficient quality for X-ray study. However,
an X-ray structure of 11f in a less related Chk-1 kinase
demonstrated an exclusive cis-configuration of the pyr-
role to the carbonyl of the oxindole in the ligand/protein
complex. The pyrrole nitrogen, the oxindole nitrogen,
and carbonyl formed three hydrogen bonds with the
backbone peptides in the hinge region (see Fig. 2).


To further evaluate this series of Akt inhibitors and
understand the lack of correlation between the enzyme
activity and cytotoxicity, several representative com-
pounds were screened for kinase selectivity. As summa-
rized in Table 3, oxindoles 9e and 11n demonstrated

Table 3. Fold-selectivity of Akt inhibitors for Akt1 over selected


kinasesa


Kinase 1 9e 11f 11k 11n


Akt1 1 1 1 1 1


Akt2 5 8 5 ndb 130


Akt3 27 110 43 19 100


PKA 1.6 110 2 1 280


PKCc 210 570 40 2 1500


PKCn 9200 >16,000 12,000 5700 >50,000


CDK1 77 790 4 0.4 3700


ERK2 700 300 220 nd 1700


CK2 9100 >16,000 1900 56 >50,000


SRC >1000 1200 15 17 440


a The fold-selectivity for Akt1 over selected protein kinases is shown


for each selected Akt inhibitor. The listed kinases are those relatively


less selective for other series of Akt inhibitors and belong to AGC


(PKA, PKC), TK (SRC), and CMGC (CDK1, ERK2, CK2) family


of protein kinases.
b Not determined.

good selectivity against most of the protein kinases we
tested and were more selective than the isoquinoline-
based benchmark inhibitor 1 versus, for example,
PKA (110- and 280-fold vs 1.6-fold) and CDK1 (790-
and 3700-fold vs 77-fold). On the other hand, the 2-pyr-
role analog 11f and 2-imidazole analog 11k were less
selective in general against most of the kinases we tested.
The much wider spectrum of kinase activity of 11f and
11k is probably responsible for the higher cytotoxicity
of both compounds (MTT IC50 = 0.2 lM for 11f and
0.25 lM for 11k, Table 4).


One of the major goals in exploring an alternative phar-
macophore for the isoquinoline in compound 1 was to
improve the pharmacokinetic properties. However, a
mouse PK screening of the oxindole series of Akt inhib-
itors revealed a similar profile as isoquinoline compound
1. There was no oral drug plasma levels observed with
these compounds in mice, with <10% oral bioavailabili-
ty observed for compound 11f in rat.


Due to the lack of oral bioavailability, compounds 9e,
11f, and 11n were administered subcutaneously in sepa-
rate MiaPaCa-2 mouse xenograft models at the maxi-
mum tolerable doses. As highlighted in Table 5, the
most potent Akt inhibitor 11n showed modest efficacy,
while the less potent inhibitor 11f demonstrated signifi-
cantly better efficacy in slowing tumor growth. Howev-
er, more toxicity, including lethargy, weight loss, and
skin irritation at the site of injection, were repeatedly ob-
served after administration of 11f. Compound 9e
showed similar efficacy as 11n in the MiaPaCa model
at 5-fold higher doses (75 mg/kg). Both 9e and 11n also
displayed a similar spectrum of toxicity as 11f but to a
significantly less extent.


In an effort to elucidate the superior efficacy of com-
pound 11f in the MiaPaCa models over 9e and 11n,

Cell 1 9e 11f 11k 11n


GSK3-P 1.5 1.94 0.9 5.0 2.5


FL5.12-Akt (MTT) 0.42 0.94 0.20 0.25 0.40


MiaPaCa-2 (MTT) 0.59 1.71 0.14 0.085 0.88


a Values are means of two or more experiments.


Table 5. Summary of the efficacies in MiaPaCa-2 mouse xenograft


models17 for selected Akt inhibitors in comparison to Gemzara


Compound Dose


(mg/kg/day)


Route Dose schedule T/C at #day


9e 75 sc Bid; d1–21 60% at d28


11f 25 sc Bid; d1–7 13% at d15


11n 15 sc Bid; d1–17 69% at d24


Gemzar 120 ip Qd; d3, 6, 9, 12 34% at d21


a All Akt inhibitors were subcutaneously dosed twice daily as indicated


schedules after inoculation. Tumor size was measured at specified


days with digital calipers. The data were from different trials with a


similar efficacy for Gemzar as control. All animals were humanely


euthanized on indicated days due to development of toxicity.
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phosphorylation of the Akt downstream target GSK3
was measured in the presence of inhibitor. The results
are summarized in Table 4 together with their cytotoxic-
ity in MiaPaCa-2 cells. The higher cellular activity of 11f
for GSK3 phosphorylation (0.9 vs 1.94 lM and 2.5 lM
for 9e and 11n) and cell-killing in MiaPaCa correlated
well with their in vivo efficacy.


In summary, we have developed a series of potent and
selective oxindole–pyridine-based Akt inhibitors. The
most potent compound 11n had an IC50 of 0.17 nM
against Akt1 and was over 100-fold selective against
other Akt isozymes. Compounds 9e and 11n were
among the most selective Akt inhibitors in this series
versus the closely related protein kinase A. Compounds
11f and 11k inhibited a much broader spectrum of pro-
tein kinases and showed higher cytotoxicity. In mouse
MiaPaCa xenograft models, compounds 9e, 11n, and
11f showed marginal to modest efficacy in inhibiting tu-
mor growth but were accompanied by toxicity. The
broader spectrum of activity of 11f versus other kinases
is likely responsible for its higher cytotoxicity, as well as
an improved in vivo efficacy.
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Abstract—The major estrogen metabolite 2-methoxyestradiol (2ME) has been shown to target tumor cells without severe side effects
and is currently being evaluated in clinical trials for several types of cancer. Despite its promise for use in clinical setting, the mech-
anism(s) by which 2ME exerts its anti-tumor activity is not clearly defined at this time. Employing organic chemistry tools, we syn-
thesized 2ME analogs with which 2ME affinity column was prepared, enabling us to detect a protein that selectively interacts with
2ME. This 2ME analog will be useful as a probe to identify the biological target(s) of 2ME and study their functions in tumor cells.
� 2006 Elsevier Ltd. All rights reserved.

Numerous bioactive natural products that exert their
activities via inhibition of specific intracellular targets
have been isolated from various sources over the years.
Several natural products have been directly employed as
a lead compound in drug development efforts. Recently,
these natural products are increasingly serving an addi-
tional purpose in the exploration of cell biology through
mechanistic action studies, an approach called ‘chemical
genetics.’1–4 In this approach, the identification of a nat-
ural product’s target protein serves as the starting point
for exploring complex signaling pathways associated
with pathological disorders that can be inhibited by
the natural product.


Estrogens (Fig. 1) have been shown to promote tumor
growth, mainly in breast cancer models. Furthermore,
many estrogen-like molecules from various sources have
drawn concerns as potential carcinogens. The natural
product 2-methoxyestradiol (2ME) is a major estrogen
metabolite found in human blood and urine, the prod-
uct of the sequential hydroxylation and methylation of
estradiol by enzymes cytochrome P450 and catechol-
O-methyltransferase (COMT) mainly in the liver and
erythrocytes. In contrast to most estrogens that have

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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long been suspected as cancer-promoting agents, 2ME
has been shown to inhibit tumor growth, as a result
has been referred to as ‘a good estrogen’.5


Unlike the majority of anti-tumor agents, 2ME has been
shown to target both tumor cells and their blood sup-
ply.6 In addition, 2ME has been shown to possess potent
chemopreventive 6–9 and radio-sensitizing effects.10,11


There have been extensive efforts to understand the
molecular basis for the mechanism of action of 2ME.
Although several signaling pathways inhibited by 2ME
have been suggested,12–14 the molecular mechanism(s)
by which 2ME exerts these activities is not clearly de-
fined at this time. Despite structural similarities between
2ME and other cancer-promoting estrogens that act
through estrogen receptor (ER), it has been demonstrat-
ed that the action of 2ME is not mediated via ER.15–20


To better understand the modes of 2ME action, identi-
fication of its cellular target(s) is an important first step.
Given that 2ME is currently being evaluated for clinical
use for several types of cancer, its cellular target(s) will
be of considerable clinical relevance in cancer therapy
and may be used to develop therapeutic agents with bet-
ter efficacy. Moreover, the modes of 2ME action study
may reveal novel signaling pathways.


In this study, we synthesized 2ME analogs to investigate
SAR of 2ME and prepared a 2ME affinity column with
which 2ME binding protein(s) were detected. This
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affinity chromatographic approach has been successfully
utilized for a number of natural products.21–24 In this
approach, the key step is the addition of a molecular
handle to 2ME that does not destroy its activity after
attachment to an affinity column.
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Given its important biological activities, there has been
considerable interest in synthesizing 2-ME and its syn-
thetic derivatives, yielding several efficient synthetic
approaches as well as information on preliminary struc-
ture-activity relationship (SAR).25–28 For example,

OH


OMOM


OMOM


MOMO


HO


O


O


O


H
N


O


O


-Methoxyestradiol (6)


2


6


17


1) Sec-Buli, -78 oC


2) DMF, -78 oC to rt


CH3I, K2CO3


4


1) (CO)2Cl, DMF
     Fmoc-NH-Gly-OH
2) Diisopropylethylamine


R = H         (8)
 Boc     (9)


    -(CH2)6-Biotin (10)


HN


R







A. Ho et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3383–3387 3385

modifications of the A- or B-ring resulted in significant
decrease in the anti-proliferative activity, suggesting that
the A- and B-ring may be critical for the activity of
2ME. In contrast, modifications at the D-ring resulted
in rather intriguing effects on the anti-tumor activity of
2ME. For example, an isosteric replacement of hydroxyl
group at the C-17 with fluorine completely abolished the
anti-tumor activity of 2ME. However, when the C-17
hydroxyl group is replaced with a methylene group, its
biological activity was restored to the level of 2ME.29


Based on this SAR information, a molecular handle
used to generate a 2ME affinity resin can likely be
attached to the D ring of 2ME without a loss of the
anti-tumor activity.


With this in mind, a synthetic strategy shown in Scheme
1 was developed, and a number of 2ME O-17 derivatives
was synthesized (Fig. 2).30 To determine whether these
derivatives retain the anti-proliferative activity of
2ME, the anti-proliferative activity of derivatives were
measured in LNCaP prostate cancer cells (Table 1).
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Figure 2. 2ME O-17 derivatives. The activity of 2ME analogs was evaluated


cancer cells.


Table 1. Anti-proliferative activity of O-17-substituted 2-methoxyestradiol (


Compound Compound name


6 2ME


7 2ME-Gly-Fmoc


8 2ME-Gly-Cap-NH


9 2ME-Gly-Cap-Boc


10 2ME-Gly-Cap-Bio


11 2ME-Gly-NH2


a Values are means of three experiments. The cell number was counted after

The biological activities of 2ME O-17 derivatives are
quite interesting. For example, while 2ME-Gly-NH2


(11) is still partially active, 2ME-Gly-Fmoc (7) shows
no activity against LNCaP prostate cancer cells (Table
1). It is likely that the bulky Fmoc group in close prox-
imity to 2ME pharmacophore may block the free access
of the pharmacophore to a defined 2ME binding pocket
of target protein due to steric hindrance, resulting in the
loss of biological activity. Meanwhile, compounds 2ME-
Gly-Cap-Boc (9) and 2ME-Gly-Cap-Biotin (10), which
have a much longer linear linker at the O-17 position
compared to compound 2ME-Gly-Fmoc (7), showed
an anti-proliferative activity comparable to 2ME, de-
spite the presence of bulky t-butyloxy carbonyl (Boc)
group at the end of the linear linker.


Based on these observations, a long linear linker of the
type used in compounds 8–10 may play a key role in
retaining the activity of 2ME. This result indicates that
2ME binding target(s) may possess a well-defined 2ME
binding pocket.

O


H
N


O


NH
O


O
NH2


O


O


H
N


O
O


O


9


11


7


O O


by analysis of inhibition of cell proliferation against LNCaP prostate


2ME) on LNCaP human prostate cancer cells


IC50
a (lM)


0.5


No inhibition (50 <)


2 0.6


0.6


tin 0.6


0.9


24 h incubation at 37 �C.
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Next, we wanted to test whether compound 8 (2ME-
Gly-Cap-NH2) has the same effect as that of 2ME in tu-
mor cells. LNCaP human prostate cancer cells were
treated with vehicle (DMSO), 2ME (positive control)
or compound 8 at 37 �C. After 48 h incubation, cells
were observed using a light microscope. As shown in
Figure 3, 2ME and compound 8 caused a similar mor-
phology change and apoptosis, suggesting that com-
pound 8 retains the activity of 2ME, despite an extra
molecular handle.


With the information on 2ME O-17 derivatives, a 2ME
affinity matrix was prepared from a coupling reaction of
compound 8 with Affigel-10 (Bio-Rad). Affigel-10 has
been widely used for the affinity column chromato-
graphic purposes over the years.31,32 Using routine
solid-phase chemistry, we prepared an 2ME-Affigel
matrix from the reaction of a free amine group of
compound 8 with N-succimidyl group of Affigel-10 in
DMF solvent (Fig. 4).33


Next, the ability of the affinity resin to bind any 2ME
binding protein from cell extracts derived from cancer
cells was examined. Exponentially growing LNCaP
cancer cells were lysed with lysis buffer. The lysates
were then incubated with the 2ME-linked Affigel-10
beads with or without a 1-fold or 5-fold excess of
2ME at 4 �C overnight. After unbound proteins were
washed with buffer, the Affigel-bound proteins were
collected by boiling the beads. It should be noted that
the interaction between 2ME binding protein(s) and
2ME is likely to be non-covalent. After gel-electropho-
resis, the affinity bead-bound proteins were silver-
stained (Fig. 5).


As shown in Figure 5, a protein band (2ME binding
protein, MBP) was efficiently competed away by
5-fold excess 2ME, indicating a specific interaction
between MBP and 2ME. When cell lysates were
incubated with inactive 2ME analog 7, a 92-kD pro-
tein band, but not MBP, was competed away (see
Supplementary information). These data show for
the first time that the anti-tumor estrogen metabolite
2ME may selectively bind a protein other than
microtubules.


In conclusion, we have established SAR at the O-17 po-
sition of 2ME and generated a number of O-17 deriva-
tives that retain anti-tumor activity of 2ME. This
allowed us to prepare 2ME affinity matrix and detect

binding protein that specifically interacts with 2ME,
thus allowing the identification of the protein target
using protein purification techniques and mass-spec.
studies. The identification of the 2ME binding protein
may prove useful in the study of the modes of 2ME
action.
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Abstract—Quercetin is a kind of flavonoid which has been proved to exhibit anti-tumor activity. The interaction modes of querce-
tins with monomeric and dimeric G-quadruplexes were studied by absorption, fluorescence, CD, and 1H NMR spectroscopies. The
ligands were found to be stacked with terminal tetrads of monomeric G-quadruplexes by intercalation and bound to dimeric
G-quadruplexes by groove binding.
� 2006 Published by Elsevier Ltd.
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Figure 1. (A) A possible structure of G-quadruplex DNA. (B) The


structure of quercetin and the divisions of bands I and II. Ring A,


(band II) benzoyl system; ring B, (band I) cinnamoyl system.

In vertebrates, telomeric DNA contains a single-strand-
ed 3 0-end overhang with a simple repeat sequence,
TTAGGG.1 In buffer solution containing monovalent
cations, this DNA strand could form a stable structure
named G-quadruplex (Fig. 1A) composed of stacked
tetrads known as G-tetrads.2,3 Biologically, the G-quad-
ruplex plays an important role in controlling telomerase
activity which ties up with cellular immortalization and
tumorigenesis.4 Therefore, molecules, which could stabi-
lize this conformation, are thought to be effective telo-
merase inhibitors.5 Most of these ligands have similar
feature: extended planar aromatic electron-deficient
chromophore with cationic substituents, enabling them
intercalate into G-quadruplexes easily and improve
its stability, such as anthraquinones,6 quinoacridines,7


phenanthrolines,8 acridines,9 and carbocyanine dyes.10


However, these synthetic compounds generally exhibit
toxic side effects, such as marrow inhibition, limiting
their further application. Looking for non-toxic or less
toxic compounds with similar properties is necessary.
One may expect that natural compounds having similar
structure would be an ideal goal.


As a bioactive plant flavonoid,11 quercetin (3,3 0,4 0,5,7-
pentahydroxyflavone; Fig. 1B) was reported to exhibit
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anti-cancer, anti-tumor, and other therapeutic activities
of significant potency, such as inhibition of the activities
of calcium phospholipid-dependent protein kinase, tyro-
sine protein kinase from rat lung, phosphorylase kinase,
phosphatidylinositol 3-kinase, and DNA topoisomeras-
es,12 and the systemic toxicity is quite low. Compared
with the above molecules exhibiting the anti-telomerase
activity, quercetin has a planar structure and additional
carboxyl group that can be protonated.13,14 One may
expect it could intercalate into G-quadruplexes and
exhibit anti-telomerase activity. For this purpose, inves-
tigation on the interaction between quercetin and
G-quadruplex is necessary.


In this letter, the interaction between G-quadruplex and
quercetin15 has been investigated by using UV–vis
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Figure 3. Fluorescence spectra of 24 lM quercetins (a) without and (c)


with 0.2 mM monomeric G-quadruplexes (5 0-TTAGGG-30, in strand),


and (e) with 0.12 mM G-quadruplexes (5 0-TTAGGGT-3 0, in strand) in


PB (pH 7.04) containing 3.3% (v/v) ethanol; (b) without and (d) with


0.2 mM dimeric G-quadruplexes (5 0-TTAGGG-3 0, in strand) and (f)


with 0.12 mM G-quadruplexes (5 0-TTAGGGT-3 0, in strand) in PB


(pH 7.04) containing 100 mM KCl and 3.3% (v/v) ethanol.
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absorption, fluorescence, 1H NMR, and CD spectrosco-
pies. It was found that quercetin could interact with G-
quadruplexes by either groove binding or intercalation.
This result encourages us to further explore the anti-tel-
omerase activity of quercetins.


Using 1H NMR and CD spectra, we examined the for-
mation of G-quadruplexes from the DNA samples16 in
PB (10 mM K2HPO4/KH2PO4, 1 mM EDTA, pH
7.04) without and with KCl (Figs. 4 and 5). In 1H
NMR spectra, three and six signals are observed in the
chemical shift region of characteristic G-tetrads2 con-
firming the formation of parallel monomeric and dimer-
ic G-quadruplexes that formed through end-to-end
stacking of 3 0-terminal G-tetrads in PB without and with
KCl, respectively.2 Moreover, there are negative and po-
sitive peaks at 242 and 264 nm in CD spectra of DNA,
also indicating the formation of parallel G-quadruplex-
es,17 which is consistent with the NMR results.


Figure 2 shows the absorption spectra of quercetin in
the absence and presence of monomeric and dimeric
G-quadruplexes. In two buffer solutions, the absorption
spectra of free quercetins are very similar to each other
exhibiting two absorption peaks at 371 nm (band I) and
260 nm (band II), which could be attributed to cinna-
moyl and benzoyl systems, respectively.11,18,19 However,
the absorbance of quercetins with KCl is lower than that
without KCl, probably due to the promotion of the
aggregation of quercetins by KCl. Adding solution
mainly containing monomeric or dimeric form of
G-quadruplexes, band I red-shifts to 380 and 376 nm,
respectively, and the absorbance of both bands is en-
hanced, indicating the formation of complex between
quercetin and G-quadruplex.


Although quercetins show the similar feature in absorp-
tion spectra when they were bound with monomeric and
dimeric G-quadruplexes, their fluorescence spectra are
greatly different from each other.


Figure 3 shows that free quercetin is weakly fluorescent
in aqueous buffer medium with two emission bands
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Figure 2. The absorption spectra of 24 lM quercetins (a) without and


(b) with 0.2 mM monomeric G-quadruplexes (in strand) in PB (pH


7.04) containing 3.3% (v/v) ethanol, mainly (c) without and (d) with


0.2 mM dimeric G-quadruplexes (in strand) in PB buffer (pH 7.04)


containing 100 mM KCl and 3.3% (v/v) ethanol.

with maxima at about 422 and 533 nm. It is reported
that the emission band at 422 nm is assigned to normal
tautomer fluorescence (S1! S0), while other band at
533 nm to the fluorescence emission of the proton
transfer (PT) tautomer (S 01! S 00).12,20,21 Proton trans-
fer occurs between C(4)@O� � �HO–C(3) of quercetins,
and it could occur either intermolecularly or intramo-
lecularly. In general, the proton transfer process occurs
in the excited state of quercetins22,23 and is easily affect-
ed by the environments, such as viscosity, solvent, and
temperature.22


After quercetin formed complex with G-quadruplex, the
fluorescence intensity was increased greatly and the rel-
ative fluorescence intensity ratio between two emission
bands was also changed. The fluorescence intensity of
band at 533 nm was higher than that at 422 nm when
quercetins were bound with monomeric G-quadruplex-
es, which was just opposite when quercetins were bound
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with dimeric G-quadruplexes. These results suggest that
when quercetins interacted with monomeric G-quadru-
plexes, proton transfer more easily occurred, and once
quercetins were bound to dimeric G-quadruplexes, pro-
ton transfer was limited. The different fluorescence
behaviors of quercetins in two solutions indicate that
quercetins interacted with monomeric and dimeric
G-quadruplexes differently. When small organic mole-
cules interact with DNA, there are two major binding
modes: intercalation and groove binding. In intercala-
tion mode (Fig. 6A), quercetin is thought to be stacked
between two G-tetrads or onto the end of the G-tetrad.
This mode could not destroy proton transfer easily. If
quercetins interacted with dimeric G-quadruplexes
adopting groove binding mode (Fig. 6B), protonated
carbonyl groups of quercetins would form hydrogenous
bonds with phosphate anions of DNA,14 which would
inhibit proton transfer. The larger fluorescence intensity

A


B


Figure 6. Schematic drawings of parallel quadruplex/porphyrin com-


plex with (A) intercalating mode and (B) groove binding mode.


Quercetins are illustrated as blue squareness.

ratio of normal tautomer when it was bound to dimeric
G-quadruplex should be due to the limitation of proton
transfer, implying quercetin interaction with dimeric G-
quadruplexes by groove binding and with monomeric
G-quadruplexes by intercalation.


Moreover, the fluorescence spectra of quercetin inter-
acting with DNA sequences (5 0-TTAGGGT-3 0) (TDTs)
which could not form dimeric G-quadruplex2 with
100 mM KCl were also studied (Fig. 3). Whether
KCl was present or not, after DNA was titrated in,
the relative fluorescence intensity ratio between two
emission bands of quercetins was almost the same,
indicating that the influence of KCl on the spectra of
quercetins could be neglected. The relative fluorescence
intensity ratio between two emission bands of querce-
tins bound to TDTs G-quadruplexes was mostly the
same as that of quercetin bound to dimeric G-quadru-
plex. G-Quadruplex formed by TDTs just like dimeric
G-quadruplex had no tail G-tetrad, which was opposite
to monomeric G-quadruplex. Quercetins could not eas-
ily stack to the G-tetrads of TDTs like quercetins
stacking to the tail G-tetrads of monomeric quadru-
plexes, and probably were bound to the grooves of
G-quadruplexes, which caused the fluorescence spectral
features of quercetins bound to TDTs G-quadruplexes
the same to that of quercetins grooving bound to
dimeric G-quadruplex. The results further support
our conclusion.


Above conclusion that quercetins have different binding
modes when bound with monomeric and dimeric
G-quadruplexes could be further proved by 1H NMR
spectra (Fig. 4). From upfield to downfield, three peaks
belonged to exchangeable imino protons of monomeric
G6, G5, and G4 tetrads in PB, and three bigger peaks
attributed to those of dimeric G6, G5, and G4 tetrads,
respectively. When quercetins were present, 1H NMR
spectra of G-quadruplexes were changed greatly: all
the peaks shifted toward upfield. The peaks of the
monomeric G-quadruplexes shifted more than those of
dimeric G-quadruplexes. The chemical shift of G6 imino
protons was changed the most among these monomeric
G-tetrad imino protons, while that of the dimeric G5
was changed the most indicated monomeric G6 and
dimeric G5 were the major binding sites.


Based on the above results, a conclusion could be drawn
that interaction sites between quercetin and monomeric
G-quadruplex should be G6 tetrads. At this interaction
site, G6 tetrad was the nearest group away from querce-
tins. Therefore, the p electronic cloud in the quercetin
would affect the chemical shift of the imino protons
the most in G6 tetrad. In monomeric G-quadruplex
and quercetin solution, quercetins would stack onto
the terminal G6 tetrads of monomeric G-quadruplexes
with their molecular planes parallel with G-tetrads.
Between quercetins and G6 tetrads, there would be p–
p interaction. The strong p–p stacking was likely to be
the major energetic factor in stabilizing the ligand–
G-quadruplex complex.1 Whereas the chemical shift of
dimeric G-quadruplexes did not change as the rule of
monomeric G-quadruplexes changing, implying the
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different interaction modes between monomeric and
dimeric G-quadruplexes with quercetins.


The binding mode of quercetin with duplex DNA has
been studied by linear dichroism (LD), and a negative-
ly induced LD band in the Soret region indicated inter-
calation.13,14,24 Here, CD spectra were used to study
the binding mode of quercetin with G-quadruplex.
Figure 5 exhibits the CD spectra of free and bound
quercetins. Quercetins are achiral, thus do not exhibit
any CD signal in solution.13,24 When bound to mono-
meric G-quadruplexes, there was still no signal from
quercetin. However, when quercetins were bound to
dimeric G-quadruplexes, an induced positive anisotrop-
ic signal, which retraces the corresponding isotropic
absorption band at 376 nm, was observed. The results
suggest the different interaction modes between mono-
mers and dimers with quercetins, consistent with other
spectroscopic results. Intercalators will often exhibit
lower intensity CD spectra compared with groove
binders due to the fact that a groove binder contacts
a larger part of the DNA and twists to follow the
groove.25 According to above conclusion and CD re-
sults, quercetin-dimers binding mode should be groove
binding, and that of quercetin-monomers should be
intercalation, which is in agreement with the results
of fluorescence and NMR spectra.


In conclusion, by using absorption, fluorescence, 1H
NMR, and CD spectroscopies, we have identified that
quercetins interact with monomeric and dimeric
G-quadruplexes differently exhibiting two different kinds
of modes: stacking mode for monomeric G-quadruplexes
and quercetins with the molecular plane being parallel
with G-tetrads and groove binding mode for dimeric G-
quadruplexes and quercetins with the molecular plane
of quercetins being vertical with the planes of G-tetrads.
It is reported that telomerase inhibition activity of drugs
is strongly related to the stabilization of quadruplex
structure. Therefore, quercetin might be a promising can-
didate for potent anti-cancer drugs. Further biochemical
studies using telomerase and cancer cells will reveal the
effectiveness of quercetins for cancer chemotherapy.
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Abstract—Novel isocyanate and diazoketone linkers possessing polyoxypropylenediamine as a spacer for small-molecule microrray
are developed. White light interferometry is introduced to detect bound proteins on the glass slides without using chemically
modified proteins.
� 2006 Elsevier Ltd. All rights reserved.

Drug discovery process generally involves the analyses
of the hundreds or thousands of small organic molecules
to identify drug leads.1 However, the identification of
active molecules for a target is relatively time consum-
ing. In order to accelerate pre-lead molecule identifica-
tion process, large groups of diverse molecules (or
library) have been synthesized via a split-pool combina-
torial chemistry and biological assays for these mole-
cules have been adapted for high-throughput-screening
(HTS) assays.2 Although efficient solution assay systems
have been developed, analyses of the results are very te-
dious and often produce false positive results caused by
interactions of by-products generated in the sequence of
library productions with components of assay systems.
In addition, because a large number of library molecules
synthesized on polymer-support have not been aimed to
specific targets,3 HTS of these molecules requires detect-
ing lower affinity molecules against a variety of target
proteins. On the other hand, HTS based on polymer-
supported systems can be applied to screen lower affinity
molecules when an excess amount of target proteins was
used.4 We have been developing small-molecule micro-
array (SMM) which is a binding-based assay that allows
a large number of proteins to be screened against large
collection of small molecules in a time-efficient mannar.5


In this method compounds are immobilized on glass
slides, and each slide can then be proved with target
proteins. Binding events can generally be detected by
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fluorescence-linked assay. Significantly, immobilized li-
brary molecules on glass slides can be reused multiple
times after extensive washing of glass surface. In gener-
al, SMM technology has been applied to a primary
screening of drug discovery process to reduce large li-
braries (i.e., >10,000 of molecules) to smaller subsets
and identify target proteins for novel library molecules.6


However, current SMM protocols remain in which sev-
eral issues need to be improved: (1) in order to screen
low affinity molecules, SMM desired to be utilized with
relatively high concentrations of target proteins (vide su-
pra), this procedure, depending upon the nature of pro-
teins, increases the chance of non-specific binding of
target proteins to small molecules; thus, the detection
of lower affinity molecules is difficult due to the high
background, (2) reliable site-specific immobilization
methods of library molecules on glass slides (printing)
are necessary that can be performed with a high-preci-
sion robotic equipment under ambient atmosphere,
and (3) due to a lowered reactivity and/or instability
of the chemically modified proteins (i.e., fluorescent pro-
teins), there is a significant advantage that can be ana-
lyzed via chemically unmodified proteins. We now
wish to report novel linkers to improve site-specific
immobilization of library molecules and the probing/
washing steps by introduction of polyethylene glycol
spacer on the glass slides, and an efficient detection
method to identify bound proteins via white light
interferometry.


Polyethylene glycol (PEG) has been used in numerous
biomedically motivated systems to aid in minimization
of protein adsorption and cell adhesion.7 Furthermore,
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the longer spacers are better able to minimize intramo-
lecular interactions and to keep the distance between
the glass surface and the linker to allow interaction effec-
tively with the target proteins. In order to anchor a vari-
ety length of PEGs on the amine glass slide 1, we
decided to utilize commercially available polyoxypropy-
lenediamines (Jaffamines). Jaffamine-148 (2a), -600 (2b),
-900 (2c), and -2000 (2d) could be anchored to 1 with
1,3-benzenedisulfonyl chloride (3) in the presence of
iPr2NEt to afford the glass slides possessing polyoxy-
propylene-mono free amines 4a, 4b, 4c, and 4d (base
slides). These amine terminals can be derivatized with
the bifunctional molecules to provide a variety of func-
tional groups that have a potential to immobilize the
small organic molecules. We chose phenyl isocyanate
as a versatile SMM linker to print the molecules possess-
ing alcohol, amine, and other reactive functional
groups.8 The base slides 4a–d were reacted with 1,4-
phenyl diisocyanate (5) in THF to provide the slides
6a–d as shown in Scheme 1.9 Thus, unmodified polyoxy-
propylenediamines could efficiently be incorporated on
the amine-glass slide without using a protection–depro-
tection strategy.10


In order to test the ability of new slides 6a–d in Scheme 1,
the molecules for which specific protein receptors are
available such as digitoxin, corticosterone, Aktide-2t,
NEMO-binding domain binding peptide, and biotin (2-
hydroxyethyl)amide were printed with a robotic micro-
array.11 These immobilized molecules onto the glass slides
6a–d were probed with known binding proteins.12 We
have observed a general trend from the number of exper-
iments with PEG-linked slides 6a–d that shorter-PEG-
linked slide 6a generates higher background; these obser-
vations can be attributed to the stronger interactions of
proteins to shorter spacer of the glass slide surface. On
the other hand, the same experiments with 6b–d exhibited
significantly lower background that indicates more
hydrophilic nature of the slide surface of 6b–d resists pro-
tein adhesion.13 Because slides 6b–d equally work in many
cases, we decided to use 6b possessing Jaffamine-600 as a
spacer for further studies.14
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Scheme 1. Surface modifications of amine slide for SMM.

To confirm effectiveness of 6b, we conducted the cross-
reactivity test with thyroid hormones. Thyroid hor-
mones, LL-thyroxine (T4) and triiodo-LL-thyronine (T3),
were printed onto the slide 6b and both immobilized
slides were probed with the antibody, anti-T3.15 In these
experiments, we did not observe cross-reactivity between
T4 and anti-T3 on phenyl isocyanate linker 6b. Howev-
er, the same experiments with the other linkers such as
acyl chloride-functionalized glass slide 7 exhibited con-
siderable cross-reactivity. These cross-reactivity tests
indicated that the phenyl isocyanate linker could be
immobilized selectively with more reactive functional
group (–NH2 over phenol-OH) and the binding domains
of T3 and T4 could contact with anti-T3 and -T4,
respectively. However, far more reactive linker 7 affor-
ded non-selective coupling products that resulted in
unspecific interactions with proteins (Fig. 1).


Because the number of combinatorial library produc-
tions has relied on phenols and carboxylic acids so as
to attach to the polymer-support, we next investigated
phenol and carboxylic acid selective linker. Diazoke-
tones are generally stable under physiological conditions
and known to react selectively with the molecules pos-
sessing acidic proton with or without the catalysts
depending upon the acidity-nucleophilicity balance of
the molecules.16 The base slide 4b was transformed into
the diazoketone-derived glass slide 8 as illustrated in
Scheme 1.17 To examine the reactivity of the diazoke-
tone slide 8, a series of biotin derivatives and biotin in
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Figure 2. (a) Immobilized biotin derivatives onto the diazoketone slide 8, and the slide was probed with streptavidin–FITC conjugate.
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DMF were printed in the presence and absence of Cu(a-
cac)2. Probing of these slides with FITC–streptavidin
conjugate provided the illuminated slides. The alkanols
could not immobilize in the presence or absence of
Cu(acac)2. p-Substituted phenol derivative 9b could be
printed even in the absence of the catalyst. Significantly,
the diazoketone slide could immobilize o-substituted
phenol derivative 9c in which phenol-OH forms strong
hydrogen bonding with amide hydrogen in the presence
of Cu(acac)2.18 Biotin that represents a carboxylic acid
could be printed with Cu(acac)2 but not without the cat-
alyst (Fig. 2).


To address the requirement of using chemically unmod-
ified proteins in the probing step, we have introduced
white light interferometric measurements that would
directly identify bound proteins on the glass slide. To
prove effectiveness of white light interferometric mea-
surements19 in SMM, the biotin derivative and digoxin
were printed on the isocyanate slides 6b. Probing of
these slides with both unmodified streptavidin proteins
(�55 kDa) and its FITC conjugate provided the illumi-
nated slide obtained by microarray scanners (a) and 3D
image obtained by interferometry (b) as depicted in Fig-
ure 3.20 Microarray spots on both slides showed similar
relative quantitation and morphology at identical place.
Therefore, we concluded that white light interferometry
could be applicable to bound protein detection in
SMM.21 To the best of our knowledge this is the first
application of white light interferometry to detect bound
proteins on the glass slides.
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Figure 3. Biotin derivative printed on the slide 6b and proved with


streptavidin or its FITC conjugate. (a) Fluorescent microarray, (b) the


bound protein was detected by white light interferometry.

Thus, we have developed novel phenyl isocyanate and
diazoketone linkers that can minimize non-specific bind-
ing of proteins. These linkers were validated with a num-
ber of well-known pairs of the organic molecules and
specific binding proteins. These slides serve as a comple-
mentary manner: the phenyl isocyanate linker captures
alcohols, amines, and presumably many other nucleo-
philic functional groups such as thiols, whereas the dia-
zoketone linker captures phenols and carboxylic acids.
Since electrophilic nature of carbene complex, the dia-
zoketone slide would be utilized in immobilizing the
molecules possessing multiple bonds and enolizable ke-
tones. We have introduced white light interferometry
to detect bound proteins on the glass slides. Because fast
and efficient bound protein analyses are hampered by a
number of ill-characterized chemically modified pro-
teins, therefore, a detection method with fluorescent-free
proteins is a significant advantage over fluorescent-cou-
pled microarrays; a large number of characterized or
uncharacterized proteins can be applied to screen
against large sets of small molecules.
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Abstract—Synthesis and derivatization of a series of substituted tetrahydrofluorenone analogs giving potent, ERb subtype selective
ligands are described. Several analogs possessing ERb binding affinities comparable to 17b-estradiol but with greater than 75-fold
selectivity over ERa are reported.
� 2006 Elsevier Ltd. All rights reserved.

O
OH


4


The estrogen receptor ER is comprised of two sub-
types, ERa1,2 and ERb,3,4 which bind 17b-estradiol
with similar affinity and mediate the effects of estrogen
throughout the body. The effects of the non-selective li-
gand 17b-estradiol have been studied extensively dur-
ing hormone replacement therapy (HRT) and have
produced unexpected and controversial results. The
beneficial effects of HRT include the prevention of
osteoporosis, amelioration of hot flashes,5 and reduc-
tion in the risk of colorectal cancer in menopausal
women. The adverse effects, as observed in the womens
health initiative6 (WHI), include a slight elevation in
the incidence of invasive breast cancer, as well as an in-
crease in the risk of coronary heart disease, pulmonary
embolism, and stroke in menopausal women. The clin-
ical usefulness of HRT, and the safety concerns raised
by the WHI, provides a compelling case to delineate
the physiological functions mediated by these two ER
receptors.


Studies on the tissue distribution of the two estrogen
receptors show that they are widely and to a large extent
differentially expressed in humans.7,8 For instance, ERb
is largely expressed in the lung, prostate, and brain,
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while ERa is predominant in the uterus and breast. This
observation suggests that the biological roles of ERa
and ERb receptors might be tissue specific and that an
ER subtype selective ligand might produce a biological
response which is different than the non-selective ligand
17b-estradiol.


These findings prompted an intensive search in both
academia and the pharmaceutical industry for ER sub-
type selective agonists and/or antagonists, to help eluci-
date the pharmacological importance of these receptors.
The recent identification of selective ERa7,9,10 and
ERb11–18 ligands has indeed provided some insight into
the physiological role of the ER receptors. In this paper,
we describe the synthesis and structure–activity relation-
ship (SAR) of a series of tetrahydrofluorenone deriva-
tives leading to the identification of potent ERb
subtype selective analogs.


The tetrahydrofluorenone derivative 419 was identified
as an ERb-selective ligand during a high-throughput

HOHO


17β-Estradiol 4


9aH H


H
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screening of Merck’s sample collection. The ERb
binding (IC50 218 nM) and b-selectivity (12-fold) of lead
compound 4 prompted an investigation into the SAR of
this class of compounds.


The syntheses of the racemic tetrahydrofluorenone ana-
logs 1–32 began with the preparation of the intermediate
2-substituted indanones 34, as described in Scheme 1.
Reaction of 33 with an alkyl halide and base provided
a low yield of 34 owing to the propensity of 33 to under-
go dialkylation. Consequently, a one-pot reductive
alkylation20 of indanone 33 with an aldehyde21 was
developed. This procedure provided 34 in high yield
without evidence of dialkylated products. In a third
method,19 the indanone 34 was prepared by Friedel–
Crafts acylation of 35 with acid chloride 36, to provide
the para-substituted anisole 37. Reaction of 37 with
formaldehyde and cyclization of the aldol products in
sulfuric acid gave 34.


Scheme 2 describes the formation of the racemic tetrahy-
drofluorenone platform using the Robinson annulation
reaction. Reaction of 34 with methyl vinyl ketone
(MVK) and cyclization of the addition product with
pyrrolidine/acetic acid gave 38. Deprotection of the
methyl ether with boron tribromide provided analogs
2–7. Reaction of 34 with the appropriate alkyl vinyl

MeO


MeO


O


MeO


O
R1


a or b


33


37


R1 Cl


O
+


MeO


O


R1


c


d,e


34


3635


Scheme 1. Reagents: (a) NaH, R1I, DMF, R1 is Et, i-Pr, Bu, pentyl;


(b) H2, RCHO, KOH or NaOH, 10% Pd/C, EtOH, R1 is Pr, Bu, i-Bu,


Bn, 2-hydroxyethyl; (c) AlCl3, CH2Cl2, R1 is Me, Ph; (d) HCHO,


K2CO3, MeOH; (e) H2SO4.


MeO


O


R1


HO


O


R1


d,e,c


H


MeO


O


R1


H


a,b


8-15, 20-22


HO


O


R1


R2


c


34 38


2-7


Scheme 2. Reagents: (a) MVK, DBU, THF; (b) pyrrolidine, HOAc,


toluene; (c) BBr3, CH2Cl2; (d) R2CH2C(O)CH@CH2, DBU, THF, R2


is Me, Et, Pr, Bu; (e) HOAc, 6 N HCl.

ketone and cyclization of the addition product under
strongly acidic conditions provided analogs 8–15 and
20–22 after boron tribromide deprotection of the methyl
ether.


The synthesis of analog 1, where R1 is hydrogen, was
complicated by the failure of the unsubstituted indanone
33 to alkylate with MVK. Instead, analog 1 was pre-
pared as described in Scheme 3. Reductive alkylation
of the indanone 33 with aldehyde22 39 provided 40.
Acidic hydrolysis of the ketal group gave the ketone
41. Cyclization of 41 under basic conditions was fol-
lowed by an aluminum chloride/ethanethiol deblock of
the methyl ether to give 1.


A variety of R2 substituents were introduced as
described in Scheme 4. Bromination of 38 provided
the bromo enone intermediate 42. Palladium-catalyzed
reactions of 42 provided the 2-furyl (23 and 31), 2-thie-
nyl 24, and phenyl 25 analogs after deblocking of the
methyl ether. Conversion of 42 into the cyano (26 and
32) and trifluoromethyl23 27 analogs was accomplished
using copper(I)-mediated chemistry. The halogenated
products 16–19 and 28–30 were also prepared as de-
scribed below.

CHO
OO


MeO


O


HO


O


H


H
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b


c, d


1


40


41
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O


MeO


O


O


33


39


Scheme 3. Reagents: (a) 39, H2, KOH 10% Pd/C, EtOH; (b) 6 N HCl,


THF; (c) NaOMe, MeOH; (d) AlCl3, EtSH, CH2Cl2.
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Scheme 4. Reagents: (a) Br2, NaHCO3, CH2Cl2; (b) 2-(Bu3Sn)furan,
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or C6H5B(OH)2, PdCl2(PPh3)2, Cs2CO3, DMF; (c) BBr3, CH2Cl2; (d)


CuCN, NMP; or FSO2CF2CO2CH3, CuI, DMF; (e) C5H5NÆHCl; (f)


NCS, DMF; or I2, NaHCO3, CH2Cl2.
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The estrogen receptor binding affinities24 of the racemic
tetrahydrofluorenone analogs 1–32 are summarized in
Table 1. Our initial effort to evaluate the SAR of the tet-
rahydrofluorenone series focused on the R1 substitution
of lead compound 4. We found that analogs 1–7, where
R2 is hydrogen, displayed the most favorable ERb bind-
ing when R1 is an ethyl, propyl or butyl group. Smaller
groups, that is, hydrogen and methyl, and larger groups,
that is, pentyl and benzyl, had deleterious effects upon
ERb binding and selectivity. While the ethyl, propyl,
and butyl analogs possessed similar ERb binding, the
ethyl and butyl analogs displayed increased b-selectivity
relative to the propyl lead compound 4.


Switching the R2 substituent from hydrogen to a
methyl group and examining the R1 group in more
detail produced analogs with greater than 10-fold
improvement in ERb binding. A comparison of deriv-
atives 8–15 showed that the ethyl, propyl, butyl, and
phenyl groups possessed the most favorable ER

Table 1. Human estrogen receptor affinity and selectivity


R


HO


Compound R1 R2


17b-Estradiol — —


1 H H


2 Me H


3 Et H


4 Pr H


5 Bu H


6 Pentyl H


7 Benzyl H


8 Me Me


9 Et Me


10 Pr Me


11 i-Pr Me


12 Bu Me


13 i-Bu Me


14 2-Hydroxyethyl Me


15 Phenyl Me


16 Me Br


17 Et Br


18 Pr Br


19 Bu Br


20 Bu Et


21 Bu Pr


22 Bu Bu


23 Bu 2-Furyl


24 Bu 2-Thienyl


25 Bu Phenyl


26 Bu CN


27 Bu CF3


28 Bu Cl


29 Bu I


30 Phenyl Br


31 Phenyl 2-Furyl


32 Phenyl CN

binding. Branching of the R1 group close to the
bridgehead, analog 11, was not well tolerated, while
substitution further along the alkyl chain was better
tolerated, analog 13. These branched analogs, howev-
er, displayed modest ERb-selectivity when compared
with their linear propyl 10 and butyl 12 counterparts.
Finally, polar groups were observed to greatly reduce
ER binding, as was seen with the 2-hydroxyethyl ana-
log 14.


In a series of analogs where R2 is bromo 16–19, we ob-
served a 50- to 100-fold improvement in ERb binding
relative to the proteo analogs 2–5. Analog 19 was found
to have the most favorable ERb binding affinity
(1.8 nM) and selectivity (76-fold). This analog showed
ERb potency comparable to 17b-estradiol, but with
greatly improved b-selectivity.


It was apparent that variation of the R2 group had a
more profound effect upon improving ER binding than

2


R1


O


IC50 (nM) ERa/b


ERa ERb


1.3 1.2 1.1


>10,000 1530 >7


4245 936 5


>10,000 374 >27


2530 218 12


6450 188 34


3740 945 4


>10,000 4220 >2


1190 63 19


1210 28 43


455 11 26


1420 123 12


630 16 39


195 20 10


>10,000 >10,000 —


481 15 32


883 13.4 66


319 4.5 71


79 4.4 18


141 1.8 76


264 13 20


30 1.5 20


273 15 18


196 3.1 63


70.5 1.6 45


41 1.2 34


1650 38 43


128 1.5 85


114 5.3 22


124 1.3 95


113 2.5 45


389 16 24


880 32 28
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did variation of the R1 group. Consequently, a more
extensive evaluation of R2 substitution was initiated in
a series where R1 was fixed as either a butyl or phenyl
group. In the series where R1 was butyl, a comparison
of the R2-substituted analogs revealed that the methyl
12, ethyl 20, and butyl 22 analogs possessed similar
ERb binding. The propyl analog 21 possessed the most
potent ERb binding (1.5 nM), while the methyl analog
12 possessed the best ERb-selectivity (39-fold). The cya-
no analog 26 showed a marginal improvement in ERb-
binding potency (5-fold) relative to the proteo analog
5. In contrast, the heteroaryl and phenyl analogs 23–
25, and halogenated analogs 19 and 27–29 showed an
approximately 60- to 160-fold and 35- to 145-fold
improvement in ER binding when compared with the
proteo analog 5.


In the 9a-phenyl series, the bromo derivative 30 was
found to be the most potent and b-selective analog.
However, this analog exhibited slightly decreased bind-
ing affinity and b-selectivity compared with the butyl
analog 19. This trend was also seen with the furan deriv-
ative 31 which showed a significant decrease in binding
and selectivity from the related butyl analog 23. The
cyano derivative 32, however, exhibited similar potency
and selectivity to the corresponding butyl analog 26.


In addition to the ER binding affinity assay, com-
pounds were evaluated in a cell-based transactivation
assay25 utilizing HEK 293 cells which were stably
cotransfected with human ERb and the alkaline
phosphatase reporter gene. The transcriptional activi-
ty of a series of R2-substituted tetrahydrofluorenone
analogs was determined and compared as a percent
response of 17b-estradiol. These data are summarized
in Table 2. Generally, the potency of these deriva-
tives tracked well with the ER binding values listed
in Table 1 and demonstrated that these analogs be-
haved as functional ERb agonists.


The percent agonist response for the butyl-substituted
analogs varied between 11% and 112%. In the alkyl-

Table 2. Transactivation in ERb cotransfected HEK 293 cells


R2


Bu


O


HO


Compound R2 EC50


(nM)


% Estradiol


agonism


IC50


(nM)


12 Me 20 112 —


20 Et 2 66 —


21 Pr 4 64 —


22 Bu 30 11 40


23 2-Furyl 5 80 —


24 2-Thienyl 4 52 9


25 Phenyl 5 41 2


26 CN 5 93 —


27 CF3 40 81 —


28 Cl 11 78 —


19 Br 4 81 —


29 I 2 70 —

substituted analogs 12 and 20–22, an increase in chain
length resulted in a decrease in the ERb agonist re-
sponse. This trend was also seen with the heteroaryl ana-
logs 23–25, where an increase in steric size produced a
decrease in agonist response. In the three analogs 22,
24, and 25, where the response decreased to approxi-
mately 50% or less, the ability of these analogs to antag-
onize estradiol’s effects was tested. The butyl 22, thienyl
24, and phenyl 25 analogs were determined to effectively
antagonize the transcriptional activation of estrogen in
HEK 293 cells. The similar EC50 and IC50 of these ana-
logs identified them as mixed agonist/antagonists.


Chiral HPLC resolution26 of the racemic analogs 12 and
19 provided the S-43, -45 and R-44, -46 enantiomers,
respectively. The ER binding values for the resolved
enantiomers are listed in Table 3. It is apparent that
essentially all the binding affinity of the racemates is
derived from the S-enantiomers. The R-enantiomers
are much less active with their binding values compris-
ing 1% or less of the racemates’ binding affinity.


X-ray analysis27 of the estrogen b-subtype receptor
complexed with 45 provided evidence for the configura-
tional assignments of the R1 position and suggested an
explanation for the observed ERb-selectivity. The selec-
tivity results from a number of subtle factors that in-
clude the planar nature of the tetrahydrofluorenone
core and the positioning of an R1 substituent orthogonal
to that plane. The first factor is a putative stabilizing
interaction between the planar/aromatic surface of the
tricyclic core and Met336 of hERb which is not possible
with the analogous Leu384 in hERa (see Fig. 1). The Sd
and Ce of Met336 make better van der Waals contacts
with the mostly planar tricyclic platform than is possible
with either Cd of Leu384 in hERa. This feature appears
to be common to other planar ERb-selective molecules
including some phytoestrogens such as genistein28 or
other synthetic molecules including some benzisoxaz-
oles,15 for example. The second selectivity enhancing
interaction is the putative favorable hydrophobic inter-
action between the n-butyl group at R1 which protrudes
orthogonally from the plane of the tricyclic core toward
Ile373 in hERb as depicted in Figure 1. We speculate
that Ile373 in hERb can nicely accommodate the pres-

Table 3. Human estrogen receptor affinity and selectivity


R2


Bu


O


HO


R2


Bu


O


HO
(S) (R)


9a 9a


Compound R2 9a IC50 (nM) ERa/b
selectivity


ERa ERb


12 Me R/S 630 16 39


43 Me S 567 19 30


44 Me R >10,000 1810 >5


19 Br R/S 141 1.8 76


45 Br S 129 1.5 89


46 Br R 4023 313 13







Figure 2. Superposition of the crystallographic complex of compound


45 (cyan) with hERb (purple) and raloxifene (in white, extracted from


pdb entry 1ERR) in the context of hERa (green) (pdb entry: 1ERE)


displaying the principal amino acids involved in ligand recognition.


Unless otherwise indicated, residue numbering is that of hERb.


Figure 1. Superposition of the crystallographic complexes of com-


pound 45 (cyan) with hERb (purple) and 17b-estradiol (yellow) with


hERa (green) (pdb entry: 1ERE) displaying the principal amino acids


involved in ligand recognition. Unless otherwise indicated, residue


numbering is that of hERb.
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ence of the n-butyl moiety into space which is not avail-
able in hERa because the sidechain of the analogous
Met421 fills this space. The residue differences in this
region have been used to rationalize some of the
hERb-selectivity exhibited by certain 7-substituted 2-
phenyl-benzofurans16 and 1,3,5-substituted triazines.13


The loss of agonism coupled to a concomitant increase
in the steric bulk of R2 is reasonable in light of the
superposition of raloxifene with compound 45 depicted
in Figure 2. Clearly, the bromine of compound 45

appears to fill the same space occupied by the aryl group
found in the antagonist sidechain of raloxifene. It could
readily be conjectured then that as the groups replacing
Br get larger that the antagonism should increase as
well.


In summary, starting from lead compound 4, tetrahydro-
fluorenone analogs with low nanomolar affinity for ERb
and greater than 75-fold selectivity over ERa were identi-
fied. Furthermore, compounds of this class were deter-
mined to be functional agonists of ERb in a cell-based
transactivation assay. The new ERb agonists described
herein, particularly 19, should prove to be valuable phar-
macological tools for elucidating the physiological role of
ERb. Further investigation of the tetrahydrofluorenone
class of ERb agonists will be the subject of forthcoming
publications from these laboratories.
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Abstract—We have synthesized and tested a series of novel 3,4,5-tri- and 4,5-disubstituted oxazolidinones for their ability to bind
two structurally related T box antiterminator model RNAs. We have found that optimal binding selectivity is found in a small group
of 4,5-disubstituted oxazolidinones.
� 2006 Elsevier Ltd. All rights reserved.

A variety of ligands, including both organic and inor-
ganic compounds, intercalators and non-intercalators,
are known to bind RNA.1,2 While some interact with
very specific RNA structural features, many RNA-bind-
ing ligands have only minimal selectivity due to a reli-
ance on electrostatic binding interactions.1,3–10 Simple
polycationic compounds with limited conformational
flexibility preferentially bind RNA over DNA via major
groove recognition.11 Cationic diphenyl furans recog-
nize specific shapes of RNA.12 Phenothiazine derivatives
bind irregular tertiary RNA folds.13 Larger antibiotics
such as the macrolide erythromycin interact specifically
with bacterial 23S rRNA.14 Aminoglycosides are the
best studied class of small molecules that bind RNA.
Binding involves specific shape recognition as well as
interaction with cationic binding sites.3,15,16 The en-
hanced RNA affinity of modified aminoglycosides when
additional amino17 or guanidino18 groups are added
illustrates the importance of electrostatic interactions.


While electrostatic attraction plays a major role in li-
gand binding, there are examples of RNA ligands where
hydrogen bonding, in the absence of significant electro-
static attraction, plays a critical role in oligonucleotide
recognition.19–21 Non-ionic regions of RNA ligands
have also been shown to be important for conferring
binding specificity.22 Recent microbial product screens
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have led to the discovery of nonionic small molecules,
oxopolyenes, that bind specific RNAs.23,24


Oxazolidinones are an additional class of less-highly
charged compounds that have been found to bind
RNA. In particular, the 3,5-disubstituted oxazolidinon-
es interact specifically with rRNA, forming unique con-
tacts in domain V of 23S rRNA.25–30 Oxazolidinone
binding leads to inhibition of translation at the initiation
stage of protein synthesis.31 Little is known about the
structure–activity relationships of the binding of oxazo-
lidinones to RNA.


The challenge of RNA-targeted drug discovery is to
develop ligands with high affinity and high specificity
that can distinguish between closely related RNA tertia-
ry structures. To address this challenge, a series of oxa-
zolidinones was prepared and the oxazolidinones’
selective affinities for binding two structurally related
T box antiterminator model RNAs were investigated.


The T box antiterminator RNA is a key component of
the T box transcription antitermination regulatory ele-
ment found in many Gram-positive bacteria.32 Over
500 genes, primarily encoding aminoacyl-tRNA synthe-
tases and amino acid biosynthetic enzymes, have been
identified that are regulated by this mechanism.33 The
5 0 untranslated region (5 0 UTR) of the T box genes is
characterized by conserved primary and secondary
structures including the 14-nucleotide region called the
T box.34 The formation of two alternative secondary
structures, terminator and antiterminator, in this region



mailto:bergmeis@ohio.edu





Figure 1. Model RNA AM1A.
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controls the expression of the gene. The molecular effec-
tor that determines which structure forms is uncharged
cognate tRNA. The tRNA interacts with the 5 0 UTR
in at least two different places. Base-pairing of the tRNA
anticodon with a codon sequence (the ‘Specifier
Sequence’) positioned at a specific location in the 5 0


UTR of the gene provides the specificity to the antiter-
mination mechanism.32 Base-pairing of four nucleotides
of the acceptor stem of the tRNA with complementary
nucleotides in a seven-nucleotide bulge within the anti-
terminator allows the system to respond specifically to
uncharged tRNA.35 The interaction of the cognate
tRNA with the 5 0 UTR can occur in the absence of addi-
tional cofactors36 and is highly sensitive to minor se-
quence changes within the antiterminator bulge.37 This
regulatory system is very unique and recent aminoglyco-
side binding studies indicate the T box antiterminator is
a potential target for specific ligand binding.38


We had previously reported on the synthesis of a small
library of 3,4,5-trisubstituted oxazolidinones (4).39 We
wished to examine the RNA binding ability of this class
of oxazolidinones in order to begin to develop a struc-
ture–activity relationship on oxazolidinone-RNA bind-
ing. We initiated the synthesis of these compounds by
reaction of aziridine 1 with a series of 3 organocuprate
reagents to provide oxazolidinone 2. The N–H of the
oxazolidinone was alkylated or arylated to provide a
second group of di-substituted oxazolidinones. The tri-
tyl group was concomitantly removed and the resulting

Table 1. Oxazolidinones prepared and normalized 9-Ap-Frel values


Compound R1 R2


4a Ph 2-(CO2Me)Ph


4b Ph 2-(CO2Me)Ph


4c Ph 2-(CO2Me)Ph


4d Ph 4-(OMe)Ph


4e Ph 4-(OMe)Ph


4f Ph 4-(OMe)Ph


4g Ph nC4H9


4h Ph nC4H9


4i Ph nC4H9


4j PhCH2CH2 2-(CO2Me)Ph


4k PhCH2CH2 2-(CO2Me)Ph


4l PhCH2CH2 2-(CO2Me)Ph


4m PhCH2CH2 4-(OMe)Ph


4n PhCH2CH2 4-(OMe)Ph


4o PhCH2CH2 4-(OMe)Ph


4p PhCH2CH2 nC4H9


4q PhCH2CH2 nC4H9


4r PhCH2CH2 nC4H9


4s cC6H11 2-(CO2Me)Ph


4t cC6H11 2-(CO2Me)Ph


4u cC6H11 2-(CO2Me)Ph


4v cC6H11 4-(OMe)Ph


4w cC6H11 4-(OMe)Ph


4x cC6H11 4-(OMe)Ph


4y cC6H11 nC4H9


4z cC6H11 nC4H9


4aa cC6H11 nC4H9


a Normalized 9-Ap-Frel values arbitrarily set to 1 for 4a with AM1A, where 9-


AM1A. Assays contained 100 nM 9-Ap-RNA in 25 mM Tris–borate, pH 8


were collected using a JY Horiba SPEX Fluoromax-2 Spectrofluorometer.

alcohol acylated40 to provide the library of tri-substitut-
ed oxazolidinones 4 (Table 1).


The two antiterminator model RNAs used for the oxa-
zolidinone binding studies were based on the wildtype
model (Fig. 1), AM1A, and a reduced function model,
AM1A(C11U).41 The design of the model RNAs was
based on in vivo mutational and phylogenetic stud-
ies.37,42 The antiterminator is composed of two helices
that flank a seven-nucleotide bulge. The first four bases
of the bulge (corresponding to positions 6–9 in AM1A)

R3 AM1Aa AM1A(C11U)a


Bn 1.00 1.47


cC6H11 0.64 1.19


nC7H15 1.19 1.06


Bn 0.81 0.23


cC6H11 0.73 0.77


nC7H15 0.43 0.68


Bn 0.48 0.36


cC6H11 0.48 0.59


nC7H15 1.16 1.37


Bn 0.79 1.12


cC6H11 0.71 0.78


nC7H15 1.21 0.76


Bn 0.75 1.00


cC6H11 0.64 0.70


nC7H15 0.65 0.72


Bn 0.72 0.70


cC6H11 0.65 0.78


nC7H15 0.56 0.69


Bn 0.39 0.77


cC6H11 0.61 0.80


nC7H15 0.47 0.97


Bn 0.71 1.05


cC6H11 0.61 0.82


nC7H15 0.58 0.78


Bn 0.58 0.78


cC6H11 0.54 0.70


nC7H15 0.73 1.05


Ap-Frel = F(9ApRNA+ligand)� F(ligand). All other values relative to 4a with


, 0.5 mM EDTA, 50 mM NaCl, 5 mM MgCl2, and 1 mM ligand. Data
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base pair with the acceptor end nucleotides of the
tRNA. The exact function of the remaining, highly con-
served, nucleotides remains unknown. The NMR solu-
tion structure of the AM1A model RNA indicates that
the seven-nucleotide bulge introduces a bend in the
structure, and that the C11U substitution in the bulge
alters the structure in this part of the molecule.43


A sensitive method for monitoring ligand binding to
RNA is to utilize 2-aminopurine fluorescently labeled
RNA. In AM1A the 3 0 end of the bulge nucleotides,
A9 through C12, is involved in extensive stacking and
the 2 position of A9 projects into an aromatic lined
pocket.43 Consequently, a 2-aminopurine base at posi-
tion 9 would likely experience an environment change
upon ligand binding resulting in significant, detectable
changes in the fluorescence emission. The 2-aminopu-
rine base has been used in studying other RNA–ligand
interactions and acts as a replacement for A, including
the ability to base pair with U.44–48 The appropriately
2-aminopurine labeled model RNAs (9-Ap-AM1A, 9-
Ap-AM1A(C11U)) were purchased as purified material
(Dharmacon) and dialyzed prior to use.


In preliminary screens of ligand binding to 9-Ap-AM1A
and 9-Ap-AM1A(C11U), addition of ligand led in all
cases to an enhancement in fluorescence (data not
shown). The extent of enhancement varied depending
on the ligand and RNA model (see normalized Frel in
Table 1). The relative fluorescence ratio is summarized
in Figure 2 to highlight selectivity differences of the com-
pounds for the two different antiterminator model
RNAs.

Figure 2. Relative fluorescence ratio of compounds with AM1A versus AM


(9-Ap-Frel(AM1A)/9-Ap-Frel(AM1A(C11U))) – 1. Positive values correspond to


correspond to preferential binding effect for 9-Ap-AM1A(C11U). See Table

Most compounds showed no significant difference in
binding between AM1A and AM1A(C11U); however,
there were a few notable exceptions. Compounds 4b,
4s, and 4u exhibited a 2-fold preference for AM1A-
(C11U) relative to AM1A (Table 1 and Fig. 2).
Structurally the primary common elements are the
2-carbomethoxyphenyl group at the nitrogen of the
oxazolidinone and a cyclohexyl group at either R1 or R3


(but not both). Compounds 4d and 4l showed a preference
for AM1A over AM1A(C11U), with that preference
being most notable (close to 4-fold) for compound 4d.


Titration experiments of the 9-Ap-RNA with 4d con-
firmed the qualitative results of the 1 mM screen
(Fig. 3) in that a significant signal enhancement was ob-
served for AM1A compared to little change for AM1A-
(C11U). However, the concomitant red shift in the
emission maximum from 365 to 375 nm upon addition
of 4d precluded using a detailed ligand titration of 9-
Ap-AM1A to determine Kd’s. The emission maximum
of 2-aminopurine can be affected by local environment
polarity.49,50 The red shift in the emission profile along
with the enhancement are strong indicators that 4d is
binding in the bulge region affecting the local RNA envi-
ronment (e.g., base stacking). A fluorescence resonance
energy transfer (FRET)44–47 antiterminator model sys-
tem was used instead to determine detailed binding
constants.38


The FRET-labeled model RNAs contained a fluorescein
(the donor fluorophore) on the 3 0 end and a rhodamine
(the acceptor fluorophore) on U18 in the UUCG loop.
The precursor 3 0-Fl-18-(2 0-amino)-AM1A (or AM1A-

1A(C11U) highlighting selectivity differences where 9-Ap-Frel ratio =


preferential binding effect for 9-Ap-AM1A, while negative values


1 for conditions.
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Figure 4. Structures and Kd values of selected oxazolidinones. aNo


binding detected up to 200 lM. bData best fit two site binding, both


Kd values reported.


Figure 3. Fluorescence emission spectra for 4d added to 9-Ap-RNA.


Concentrations are 0 (solid) and 40 (dashed) lM 4d for binding to


9-Ap-AM1A (red) and 9-Ap-AM1A(C11U) (blue), where Frel =


[F(9ApRNA+drug) � F(RNA+drug)] in 25 mM Tris–borate, pH 8, 0.5 mM


EDTA, 50 mM NaCl, and 5 mM MgCl2.


J. A. Means et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3600–3604 3603

(C11U)) was purchased (Dharmacon) and labeled with
the N-hydroxysuccinimide ester of carboxytetramethyl-
rhodamine using an established protocol51 to prepare
the FRET-labeled model RNAs 3 0-Fl-AM1A-Rhd and
3 0-Fl-AM1A(C11U)-Rhd. Ligand binding-induced
changes in the bend angle between the helices flanking
the bulged nucleotides result in changes in the FRET ob-
served and can readily be used to determine Kd’s.38


Since the initial ligand binding assay indicated preferen-
tial binding of 4d to AM1A compared to AM1A(C11U),
we prepared three simpler analogs of 4d in which the
nitrogen substituent was replaced with an H. Modifica-
tion of the nitrogen substituent of related oxazolidinone
antibacterial agents (e.g., linezolid) has a significant ef-
fect on antibacterial activity.52–55 Consequently, com-
pounds 5a–5c were prepared as shown in Scheme 1,
except that the nitrogen alkylation step was omitted.56


Detailed Kd determinations were done using the
FRET-labeled antiterminator RNA and compared to
the preliminary lead compound 4d (Fig. 4).57
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1 2


34


5


Scheme 1.

The detailed Kd determination for 4d is consistent with
the preliminary aminopurine screens in that 4d bound
AM1A more tightly (by 7-fold) than AM1A(C11U).
This selectivity is significant because the two RNAs
are structurally very similar.43 The selectivity was fur-
ther enhanced in 5a to a 14-fold preference for binding
AM1A. No change in the FRET was observed for 5b,
indicating either that this analog does not bind at the
concentrations investigated or that the binding is
FRET-silent and does not induce a significant change
in factors affecting the FRET efficiency (e.g., the dis-
tance between the donor and acceptor fluorophore).
The low micromolar Kd for 5a along with the significant
RNA selectivity indicate that oxazolidinones can poten-
tially be developed for very high affinity, high specificity
binding to complex RNA targets.


It is evident that simple modifications to the oxazolidi-
none nucleus can have profound effects upon the bind-
ing and selectivity of oxazolidinones binding to RNA.
Compounds 4d, 5a, and 5c exhibit affinities among the
highest of any reported non-electrostatic RNA-binding
ligands. The discovery of simpler oxazolidinone analogs
(compounds 5a and 5c) should enhance our ability to
determine the SAR for small moleculeÆRNA binding.
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46. Zagórowska, I.; Adamiak, R. W. Biochimie 1996, 78, 123.
47. Beuning, P. J.; Nagan, M. C.; Cramer, C. J.; Musier-


Forsyth, K.; Gelpı́, J.-L.; Bashford, D. RNA 2002, 8, 659.
48. Bradrick, T. D.; Marino, J. P. RNA 2004, 10, 1459.
49. Evans, K. O.; Xu, D.; Kim, Y.; Nordlund, T. M.


J. Fluoresc. 1992, 2, 209.
50. Smagowicz, J.; Wierzchowski, K. L. J. Lumin. 1974, 8, 210.
51. Walter, N. G. In Current Protocols Nucleic Acid Chemis-


try; Beaucage, S. L., Bergstrom, D. E., Glick, G. D.,
Jones, R. A., Eds.; John Wiley & Sons: New York, 2002; p
11.10.1.


52. Renslo, A. R.; Jaishankar, P.; Venkatachalam, R.; Hack-
barth, C.; Lopez, S.; Patel, D. V.; Gordeev, M. F. J. Med.
Chem. 2005, 48, 5009.


53. D’Andrea, S.; Zheng, Z. Z. B.; DenBleyker, K.; Fung-
Tomc, J. C.; Yang, H. Y.; Clark, J.; Taylor, D.; Bronson,
J. Bioorg. Med. Chem. Lett. 2005, 15, 2834.


54. Das, J.; Rao, C. V. L.; Sastry, T.; Roshaiah, M.; Sankar,
P. G.; Khadeer, A.; Kumar, M. S.; Mallik, A.; Selvaku-
mar, N.; Iqbal, J.; Trehan, S. Bioorg. Med. Chem. Lett.
2005, 15, 337.


55. Jo, Y. W.; Im, W. B.; Rhee, J. K.; Shim, M. J.; Kim, W.
B.; Choi, E. C. Bioorg. Med. Chem. 2004, 12, 5909.


56. Typical procedure for the conversion of 2–5. A solution of
2 (0.2 g, 0.45 mmol) was dissolved in CH2Cl2 (1.0 mL),
phenylacetyl chloride (0.22 mL, 1.65 mmol) was added,
and the reaction was stirred at rt for 24 h. The reaction
was diluted with CH2Cl2 (10 mL), washed with saturated
aq. NaHCO3, brine, and dried over MgSO4. After
filtration and concentration, the crude product was
purified by chromatography (35% EtOAc:hexanes) to
provide 111 mg of 5a, 76%. 1H NMR (250 MHz, CDCl3):
d 7.37–7.24 (8H, m), 7.05 (2H, dd, J = 8.0, 2.1 Hz), 5.46
(1H, br s), 4.45 (1H, q, 5.7 Hz), 4.16–4.08 (2H, m), 3.75–
3.65 (1 H, m), 3.61 (2H, s), 2.80 (2H, d, J = 9.3 Hz); 13C
NMR: d 171.0, 157.8, 135.3, 133.4, 129.2, 129.0, 129.0,
128.7, 127.4, 127.3, 78.4, 63.9, 55.7, 41.4, 41.0.


57. Binding assays consisted of 50 mM sodium phosphate, pH
6.5, 5 mM MgCl2, 50 mM NaCl, and 0.01 mM EDTA
with 100 nM of either 3 0-Fl-AM1A-Rhd or 3 0-Fl-AM1A
(C11U)-Rhd with increasing concentration of the small
molecules. Data were collected 10 min after ligand addi-
tion except for 5c with AM1A(C11U), which was at
120 min. The Kd values were determined by plotting
FRET Frel versus ligand concentration where FRET
Frel = jF � F0j/F0. The F and F0 were the fluorescence at
585 nm of the FRET-labeled RNA with and without
ligand, respectively. All binding experiments were done in
duplicate and averaged during analysis in Prism (Graph-
Pad). Data were collected using a Molecular Devices
FlexStation 96-well array spectrofluorometer.





		Structure - activity studies of oxazolidinone analogs as RNA-binding agents

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3419–3423

Thiazolo[5,4-f]quinazolin-9-ones, inhibitors of glycogen
synthase kinase-3
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Abstract—In an effort to identify new protein kinase inhibitors with increased potency and selectivity, we have developed the micro-
wave-assisted synthesis of thiazolo[5,4-f]quinazolin-9-ones. The effects of eighteen derivatives on CDK1/cyclin B, CDK5/p25, and
GSK-3 were investigated. Several turned out to inhibit GSK-3 in the micromolar range. Molecular modeling studies suggest that the
most selective GSK-3 inhibitors 7a–d bind into the ATP-binding site through a key hydrogen bond interaction with Val135 and
target the specific hydrophobic backpocket of the enzyme.
� 2006 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) constitute a family of
highly conserved protein kinases involved in regulating
the cell division cycle, apoptosis, numerous neuronal
functions, insulin release, and transcription. Glycogen
synthase kinase-3 (GSK-3) is a family of kinases in-
volved in cell cycle control, insulin action, apoptosis,
neuronal cell death, and developmental regulation. Both
families of kinases are implicated in various human dis-
eases such as cancers, Alzheimer’s disease, and diabetes,
and therefore both have been extensively used as targets
to identify small molecular weight pharmacological
inhibitors of potential therapeutic interest.1–4 More than
100 CDK inhibitors and 40 GSK-3 inhibitors have been
identified;2–4 most of which act by competing with ATP
binding at the catalytic site of the kinase. Among the
numerous inhibitors described, the most studied mem-
bers contain a purine (e.g., olomoucine I and roscovitine
II) or an oxindole ring (e.g., oxindole 91 III) (Fig. 1).

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Abbreviations: CDK, cyclin-dependent kinase; GSK-3, glycogen


synthase kinase-3; ATP, adenosine triphosphate; MW, microwave;


DMF, N,N-dimethylformamide; THF, tetrahydrofuran; AMP-PNP,
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While investigating the chemical interest of 4,5-dichloro-
1,2,3-dithiazolium chloride (Appel’s salt)5–7 and
its derivatives, we recently described the microwave-
assisted multi-step synthesis of novel thiazoloquinazoli-
nones8–10 (IV and V, Fig. 1) which can be considered, at
first glance, as hybrid molecules between the purines and
the oxindoles mentioned above. After testing the effects
of these molecules on CDKs and GSK-3,10 it was ob-
served that isomer (V) is completely inactive whatever
substituent is present on the angular structure. Although
most synthesized quinazolinones exhibited a moderate
to potent GSK-3 inhibitory activity (IC50 ranging from
1.3 to 60 lM), one derivative (molecule 7a, Scheme 1),
analogue of IV, exerted a selective inhibition toward
GSK-3 (IC50 = 4.2 lM). This compound bears, at C-2
of the thiazoloquinazolinone, an amidine function
incorporated into an imidazoline ring. Considering this
product as a possible lead compound, we focused our
efforts on the synthesis of various thiazoloquinazolinon-
es, which possess an amidine function on C-2 of the
thiazole moiety and various alkyl or aryl groups on
N-8 of the quinazoline part of the molecule.


In this article, we report the benefits associated with the
microwave methodology10,11 for the preparation of
these new products and their effects on CDKs and
GSK-3. Docking studies targeting the ATP-binding site
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of a GSK-3b crystal structure were also performed to
provide a hypothesis on the possible binding mode of
this new class of inhibitors.


The pharmaceutical interest of the unsubstituted mole-
cule IV (Fig. 1) has been judged limited and we demon-
strated that N-alkylation of the nude skeleton was not
possible in the conditions tested. Then, we decided to per-
form an N-alkylation of the quinazolinone 1 before fusing
the thiazole ring. Selective N-alkylation in position 3 of
the quinazolin-4-one skeleton was realized in various
yields (44–50%) by treatment of 7-nitroquinazolin-4-one
1, with sodium hydride and alkylation agents (alkyl iodide

or benzyl chloride derivatives). Using ammonium
formate for catalytic transfer hydrogenation in ethanol,
reduction of the N-alkylated 7-nitroquinazolin-4-ones
(2a–g) led to the amino derivatives (3a–g) in good yields
(83–90%) (Scheme 1). Bromination of compounds (3a–
g), in the presence of bromine in acetic acid, gave the
ortho-brominated imines (4a–g) (yields: 70–87%). These
compounds were condensed with 4,5-dichloro-1,2,3-
dithiazolium chloride in dichloromethane at room
temperature, followed by addition of pyridine, to give
the intermediate imino-1,2,3-dithiazoloquinazolinones
(5a–g) (yields: 60–78%). Final fusion of the thiazole ring
onto the quinazoline moiety was realized by a thermolysis
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procedure consisting of heating the imines (5a–g) at
115 �C, in the presence of cuprous iodide, in pyridine.
The expected compounds (6a–g) were obtained in yields
superior to 60%. The reactive cyano group of the
thiazolo-2-carbonitrile ring was efficiently transformed
into various amidines (7, 8, and 9) by treatment, under
microwave irradiation, of compounds 6a–g with ethylene
diamine (products 7a–g), isopropylamine (products 8a,b)
or N,N-dimethylethylenediamine (products 9a,b). The
basic side chain present on the latest compounds might
provide cationic molecules leading to better water
solubility and impacting on their biological properties.


Our experience in microwave-assisted chemistry of het-
erocycles11 encouraged us to establish an efficient mul-
ti-step (five or six steps) synthesis of the 2,8-substituted
thiazolo[5,4-f]quinazolin-9-one derivatives 6, 7, 8, and
9 (Scheme 1). In all cases, besides resulting in good to
excellent yields, our method offers much faster reactions
compared to earlier published procedures at atmospher-
ic pressure.


Thiazolo[5,4-f]quinazolin-9-one derivatives (6, 7, 8, and
9) were tested against three protein kinases, CDK1/cy-
clin B, CDK5/p25, and GSK-3a/b.12–14 All assays were
run in the presence of 15 lM ATP and appropriate pro-
tein substrates (histone H1 for CDKs, GS-1 peptide for
GSK-3). IC50 values were determined from dose–
response curves and are provided in Table 1.


Most synthesized quinazolinones exhibit a moderate to
potent GSK-3 inhibitory activity with IC50 ranging from
0.56 to 50 lM (Table 1). As we previously observed in
our preliminary work,10 the selectivity for GSK-3 versus
CDKs is enhanced for amidine derivatives (7a–d and
8a,b), compared to their cyano precursors (6a–d). The
most active derivatives (7a–d) possess an amidine func-
tion incorporated into an imidazoline ring. It is also
noticeable that N-substitution by an alkyl group seems

Table 1. Kinase inhibitiona values (IC50 in lM) for compounds 6–9


Compound CDK1/cyclin B CDK5/p25 GSK-3a/b


6a 12 27 6.2


6b >10 >10 >10


6c >100 >100 6.5


6d >100 >10 10


6e >100 >100 50


6f NT >10 >10


6g >10 NT >10


7a >100 >100 4.2


7b >100 >100 1.6


7c >100 >100 1.6


7d 85 >100 4.6


7e >10 >10 >10


7f NT >10 >10


7g >10 NT >10


8a >100 NT 7.2


8b >100 NT 9.4


9a 17 NT 1.3


9b 10 4 0.56


a Kinase inhibition experiments were carried out as described previ-


ously.12–14 The final ATP-concentration in the test was 15 lM (NT,


not tested).

to have a real influence on the activity of this family. A
bulky chain substitution (e.g., N-isopentyl or N-benzyl
derivatives 7e–g) results in a lack of activity, whilst a
short chain of 2 or 3 carbons leads to compounds (7a–c)
with similar GSK-3 potency. Interestingly, replacement
of the imidazoline ring of 7a,b by a less rigid amidine
function gives compounds 8a,b and 9a,b which differ in
their activities according to the substituent at the R2


position. Therefore, introduction of a bulky N,
N-dimethylethylenediamine group leads to compounds
9a,b which show an increased inhibitory activity toward
both GSK-3 and CDK1, while a smaller isopropyl group
8a,b enhances selectivity toward GSK-3 versus CDK1, as
previously observed for compounds 7a–d.


In silico docking15 gave the structures shown in Figure 2.
The most selective GSK-3 inhibitors 7a–d share a similar
docking mode and make a critical hydrogen bond be-
tween the quinazoline nitrogen N-6 of the molecules
and the backbone NH of Val135. According to previous
studies,20,21 all ATP-competitive kinase inhibitors bind
in the adenine-binding region and interact with the hinge
domain via hydrogen bond interactions. Due to the
lengthened structure of these inhibitors, the rigid imidaz-
oline ring targets the hydrophobic backpocket. This
region, which is not occupied by ATP, displays structural
diversity between members of the kinase family and con-
tains unique residues which could be used to increase
selectivity.21–23 Access to this region is controlled by
the so-called ‘gatekeeper residue’ Leu132, which is
replaced by Phe80 in CDK1. Due to the bulkiness of
the Phe80 side chain, these compounds may not fit into
the hydrophobic pocket, inducing unfavorable contacts
in CDK1. Such hypothesis has already been proposed
in previous works.24–26


Additionally, imidazoline compounds 7e–g bearing a
bulky chain at the R1 position would be expected to

Figure 2. Illustration of the possible binding mode of compounds 7a–d


into the ATP-binding site of GSK-3b (based on pdb code: 1UV5),


suggested by the molecular docking studies. The active site pocket is


highlighted in cyan (MOLCAD surface; program Sybyl 7.0). The


hydrogen bonds are indicated as yellow dotted lines.
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encounter unfavorable steric interactions with some res-
idues in GSK-3. In order to substantiate this hypothesis,
we compared our model with another crystal structure
of GSK-3b in complex with the non-hydrolyzable ATP
analogue AMP-PNP (pdb code: 1J1B).17 The three-di-
mensional structures were superimposed using the a-car-
bon of residues in the ATP pocket (Fig. 3). Interestingly,
the main difference is the side-chain guanidine group of
Arg141 which is oriented into a different direction and is
closer to the R1 position of our imidazoline compounds,
resulting in a possible steric clash with encumbering
substituents.


Finally, the binding mode of less rigid amidine com-
pounds 8a,b derived from the best docking pose is illus-
trated in Figure 4. According to this model, these
compounds may form interactions similar to those ob-

Figure 3. Superimposition of two GSK-3b crystal structures (orange,


pdb code: 1UV5 and cyan, pdb code: 1J1B).


Figure 4. Proposed binding mode of compounds 8a and 8b into the


ATP-binding site of GSK-3b (based on pdb code: 1UV5).

served for imidazoline compounds 7a–d. In particular,
the isopropyl group at the R2 position is oriented into
the hydrophobic backpocket. However, this part of the
binding site appears to accommodate only a relatively
small substituent since replacement by a bulky N,N-
dimethylethylenediamine group leads to compounds
9a,b which are more potent ATP-competitive inhibitors
of GSK-3 (IC50 values of 1.30 and 0.56 lM, respective-
ly), but present also a moderate inhibition for CDK1
(IC50 values of 17.0 lM and 10.0 lM, respectively). A
possible change in binding conformation may occur
and this will be the object of future computational
studies.


In conclusion, this work has uncovered a family of 2,8-
substituted thiazoloquinazolinones from which selective
micromolar GSK-3 inhibitors could be identified (e.g.,
7a–d and 8a,b) and has shown how the known hydro-
phobic backpocket subsite of the enzyme can be exploit-
ed to gain affinity as well as selectivity. In two instances,
the most GSK-3 active compounds exhibit a moderate
inhibitory activity on CDK1 (e.g., 9a and 9b). These
two molecules suggest that it might be possible to obtain
a combined inhibition of GSK-3 and CDKs. In order
to improve our knowledge on this series, new amidine
and/or imidate derivatives, with various R1 and R2


substituents, are currently being evaluated. This family
constitutes an interesting scaffold from which more
potent inhibitors could be designed, helped by molecular
modeling studies.
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Abstract—The heptapeptide IQTTWSR (IQ), recently reported as inhibitor of the b-amyloid (Ab) binding to nicotinic acetylcholine
receptors (nAChrs), was docked to the homology model of the a7 nicotinic acetylcholine receptor. The most representative models
were further subjected to molecular dynamics simulations. The data obtained here suggest that Ab needs highly specific structural
motifs to bind to the a7nAChR. These structural motifs are located principally in the upper and lower surroundings of loop C,
including loop F and sheets b1, b2, b6, b9, and b10 of the receptor. Overall, these results suggest that IQ can be mimicked by more
bioavailable, stable compounds that would be helpful for the understanding of the Ab binding site and its dynamics, and for the
design of novel agents to be used as an effective alternative against Alzheimer’s disease.
� 2006 Published by Elsevier Ltd.

Alzheimer’s disease (AD) is a progressive neurological
disorder that is characterized by memory loss. Cur-
rently, AD affects nearly 2% of the population in
industrialized countries. Its pathogenesis has been
attributed to the malfunction of different but related
pathways of brain cells.1 Among these, it has been
shown that the accumulation of the b-amyloid peptide
(Ab) is a primary event in the pathogenesis of the
AD.2 This 42-amino acid, 4 kD peptide is derived
from the proteolytic cleavage of the Ab precursor pro-
tein.3 Ab has been shown to be neurotoxic due to its
interaction with different receptors, including its own
aggregation in neurons, astrocytes, and microglia.4–7


Recently, the Ab interaction with nicotinic acetylcho-
line receptors (nAChRs), and particularly with the
homomeric a7 nicotinic acetylcholine receptor
(a7nAChR), has been shown to contribute to the
impairment of cognitive abilities, which is characteris-
tic of the AD.

0960-894X/$ - see front matter � 2006 Published by Elsevier Ltd.


doi:10.1016/j.bmcl.2006.03.093
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a7nAChR is widely expressed in the central and periph-
eral nervous systems and plays an important role in
many calcium-dependent processes by regulating the
flux of this ion.8–10 The entry of calcium during tempo-
rally associated dendritic action potentials and synaptic
potentials is a key factor in the development of the AD.
It has been demonstrated that the Ab co-immunoprecip-
itates with high affinity with the a7nAChR in samples
from post-mortem AD hippocampus and the antago-
nists of this receptor compete with Ab.11,12 Further-
more, the effect of the Ab on stratial cholinergic
neurons, which express very low levels of a7nAChR,
was found as not significant.13 Ab has also been shown
to reduce a7nAChR-mediated current in cultured
cortical neurons, leading to alterations in the calcium
influx.14 Additionally, Ab and its fragment Ab12–28


reduced carbachol-induced currents in stratum radiatum
interneurons in hippocampal slices via a decrease in the
probability of a7nAChR-gated channel opening.15


Thus, the a7nAChR has received significant attention
as a promising target to treat the AD.


Docking models of the Ab and Ab fragments on the
ligand-binding domain of the a7nAChR have provided
a good starting point for the localization of the Ab
and its influence on the dynamics of the a7nAChR.16,17
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Figure 1. Two most representative orientations of the peptide IQ on
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shown as cartoons.
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Additionally, Henchman et al.18,19 as well as Law et al.20


have performed molecular dynamics simulations of the
ligated and unligated human a7nACh; these studies
have provided the basis for understanding the dynamics
and gating mechanism of this receptor at atomic level,
which would be very useful to understand how Ab could
affect the overall dynamics of the a7nAChR. Unfortu-
nately, the Ab–a7nAChR complexes previously
reported were obtained by means of fully rigid docking
(i.e., no torsional degrees of freedom were assigned
either to the receptor or to the peptide), due to the high
complexity of the systems.16,17


Recently, Ferreira and co-workers found that the hepta-
peptide IQTTWSR (denoted as IQ), which is homolo-
gous to the region Q54-D60 (b2 sheet) of the
acetylcholine binding protein (AChBP), is able to inhibit
the binding of Ab1–40 to the a7nAChR by attaching it-
self to the receptor.21 Furthermore, kinetic whole-cell
current-recording measurements showed that Ab inhib-
ited nAChR function in a dose-dependent manner in
neuronal differentiated PC12 cells and IQ completely
blocked the formation of the Ab–a7nAChR at nanomo-
lar concentrations.


Building on the study performed by Ferreira and co-
workers and the previously reported models of the
complexes between Ab and Ab fragments and the
a7nAChR,16,17 in this contribution two dynamic mod-
els between the peptide IQ and the a7nAChR are
reported. These models were obtained through robust,
fully flexible docking simulations of the peptide over
the rigid ligand-binding domain of the a7nAChR
using the well-known program AutoDock.22 Further-
more, the two models obtained here were optimized
through 5-ns molecular dynamics simulations. These
models showed two binding sites are related to the
Ab binding to the a7nAChR. Both binding sites
reported here are located very close to the acetylcho-
line binding site and the mobile loop C; the latter
has been shown to play an important role in the
dynamics of the binding site and therefore in the glob-
al dynamics of the receptor.18,19 These simulations
would provide valuable insights for a better under-
standing of the regions of the a7nAChR implicated
in the formation of the Ab–a7nAChR complexes.
Thus, these findings would be particularly useful to
design novel agents that block the Ab binding to the
receptor and therefore improve the memory impair-
ments that are characteristic of the AD.


Flexible docking of the peptide IQ on the human
a7nAChR ligand-binding domain was performed with
the aid of the program AutoDock. Hetenyi and van
der Spoel demonstrated that AutoDock is very efficient
in locating the binding modes of peptides on proteins
without prior knowledge of the binding site (‘blind’
docking approach).23 However, in this study a ‘semi-
blind’ docking approach was employed, and only a
large, but specific, region of the ligand-binding domain
of the receptor was used. This region, comprised only
by two symmetric subunits of the receptor, was chosen
taking into consideration the results obtained in two

previous docking studies16,17 and the experimental data
obtained by Ferreira and co-workers.21,24


The first orientation obtained in the present study
(Fig. 1, top) showed that IQ bound mostly to the loop
F of the receptor, but it also interacted with the b9 sheet
and with the lower region of the b10 sheet. (Throughout
the manuscript, this binding site will be labeled as IQ-1.)
It was also observed that IQ showed minor interactions
with loop C. The most important contacts of individual
residues which belong to IQ along its binding site are
listed as follows: I1 interacted with residues Y167,
I168, P169, and D174; only two residues, R204 and
T207, made contact with residues Q2 from IQ, while res-
idue T3 had no contacts with the receptor. Residues T4
and S6 interacted only with one amino acid each one
(P169 and S165, respectively), while W5 had several
contacts along the IQ-a7nAChR interface, principally
with residues I164, Y167, L175, and V176 from the
(�)-a7 subunit. Finally, R7 had contacts with E161
from the (�)-a7 subunit and with E188 and C189 from
the (+)-a7 subunit.
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In contrast, the second orientation (Fig. 1, bottom)
found by using combined docking/molecular dynamics
simulations placed IQ in the zone comprising the upper
regions of loop F, b1, b2, and b6 sheets; some contacts
were also observed with the sheet b8 and with loop C
(This binding site will be referred to as IQ-2.) In this
case, the contacts between IQ and the a7nAChR in this
binding site were not as extensive as those observed in
the first one. When IQ docked to the site IQ-2, only res-
idues Q2, T3, T4, W5, and R7 from the peptide were
shown to interact with different residues from the recep-
tor, while residues I1 and S6 were exposed to the sol-
vent. The most important contacts per residue are
described as follows. T3 (IQ) interacted with residues
T60 and S112 from the (�)-a7 subunit, while residue
T4 made contact with T60, Y31, H114, and Q160, all
from the same subunit. Residues Y31, Q158, M159,
and Q160 ((�)-a7 subunit) were responsible for binding
residue W5 from IQ, while D163, Q190, and E191 from
the (�)-a7 subunit and R188 from the (+)-a7 subunit
interacted with residue R7 from IQ. Finally, residue
Q2 only interacted with residue S112 from the (�)-a7
subunit.


It was observed that at least three types of interactions
along both binding sites play an important role in bind-
ing and stabilizing the complexes between IQ and the
receptor. However, their level of contribution is different
for the two sides. To better illustrate the contribution of
different interactions to bind the peptide to the receptor,
the frequency of van der Waals/hydrophobic as well as
electrostatic interactions (hydrogen bonds and salt
bridges) were analyzed at the interface of each complex.
In this study, it was found that van der Waals/hydro-
phobic contributions that lead to the binding of IQ to
the receptor were similar for the two binding sites.
However, it was not the case for hydrogen bonding
and electrostatic contributions. Several differences
between the number of hydrogen bonds and salt bridges
were observed when IQ-1 and IQ-2 were compared.
Tables 1 and 2 show that the amount of hydrogen bonds
observed for the IQ-a7nAChR at 5 ns is significantly
different between the two binding sites (see Supporting
materials). For example, residues Q2, W5, and R7 from
IQ, form a total of 13 hydrogen bonds at the site IQ-1,
while only two residues from IQ, T4, and R7, display six
hydrogen bonds at site IQ-2.


Several salt bridges are observed at the interface of the
complexes. Residue Q2, that belongs to IQ, displays
two salt bridges with D38 and R185 from the (+)-a7
subunit, while R7 interacts with E188 ((+)-a7 subunit)
and E161 ((�)-a7 subunit). Similarly, R7 from IQ forms
salt bridges with E188 ((+)-a7 subunit) and D163 ((�)-
a7 subunit).


Given the nature of hydrogen bonding and salt bridges
and their contribution to the binding of IQ to either of
the sites IQ-1 and IQ-2, it can be inferred that these
types of interactions strongly affect not only the specific
binding of IQ to the receptor, but also its stabilization
and the dynamics of the a7nAChR. However, at this
point further research will be needed to determine their

importance, because the model presented here is limited
only to locate the binding sites for IQ and its binding
modes on those sites.


The dynamic models of the IQ-a7nAChR complex pre-
sented here reveal that there are two potential binding
sites that can be targeted to avoid the Ab binding to
the receptor. Interestingly, both binding sites are very
close to each other and occur in the interface formed
by the (+)-a7 and (�)-a7 subunits. Both were found to
interact with Ab, as revealed in a previous study.16


The results or findings of the present study are also
supported by experimental data obtained by Ferreira
and co-workers,21 and by the recent molecular dynamics
simulations performed by Henchman et al.18,19 Ferreira
and co-workers demonstrated that IQ, which closely
mimics the upper region of the b2 sheet of the a7nAChR,
was able to specifically block the inhibition of nAChRs
by Ab1–40 at nanomolar concentrations of the peptide
and that it prevented Ab1–40-induced cell death in
PC12 cells. These authors suggest that the peptide can
either work as a competitive ligand at the Ab1–40 binding
site or as an allosteric modulator. Interestingly, the
present study finds that both effects are possible,
considering the structural dynamics displayed by the
receptor when IQ is bound to either IQ-1 or IQ-2 site.


In two molecular dynamics studies recently performed
by Henchman et al., some of the local and global
dynamics of the receptor were revealed.18 It was ob-
served that, when the free ligand-binding domain of
the receptor was subjected to molecular dynamics simu-
lations, only few regions of the receptor were flexible.
These regions included the Cys loop, and loops B and
C; on the other hand, regions such as loops D–F, and
the sheets b1–b10 remained fairly rigid throughout the
simulation. In this study, it was observed that site IQ-
1 was mainly formed by loop F and sheets b9 and
b10, while loop F, and b1, b2, and b6 sheets form the
site IQ-2; however, some residues from sheet b8 and
loop C play also an important role in binding IQ to
the latter.


Considering these findings, it can be hypothesized that
the most rigid regions of the receptor seem to be a good
target for a small peptide such as IQ. It appears that at
very low concentrations the peptide does not affect the
normal activity of the receptor. This is revealed by the
rapid kinetic whole-cell current-recording measure-
ments, which showed that Ab inhibited nAChR function
in a dose-dependent manner in neuronal differentiated
PC12 cells and that nanomolar concentrations of IQ
completely blocked the inhibition by Ab. Taking into
account that the two potential regions where IQ binds
remain dynamically stable, it might be possible that this
peptide does not interfere with the natural dynamics of
the receptor, and it will be able to prevent Ab from bind-
ing to the receptor.


In a previous study where rigid docking of the Ab was
performed on the a7nAChR, it was observed that
the peptide interacted with both binding sites here







Figure 2. Final structures after 5 ns for the complexes IQ-a7nAChR at


sites IQ-1 (top) and IQ-2 (bottom). The receptor is shown as cartoons


and IQ as van der Waals spheres.
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described.16 In addition, four Ab fragments, Ab1–11,
Ab10–20, Ab12–28 and Ab22–35, were also docked to the
a7nAChR. Strikingly, all peptides bound to the same
binding site; this binding site corresponds to the IQ-2
in the present study. Particularly, when Ab10–20 and
Ab12–28 bound to the receptor, one of the peptide termi-
ni interacted with some regions of the loops C and F.17


Following both theoretical and experimental data, it can
be hypothesized that IQ is not recognized by a single site
of the a7nAChR. Instead, at least two binding sites are
involved in the recognition of the peptide. Thus, a very
low concentration of the peptide would be enough to
protect the receptor from the Ab.


Considering that both sites IQ-1 and IQ-2 are dynami-
cally quite stable (e.g., their rigid-body fluctuations are
small), it is possible that their structure would be similar
in both desensitized and activatable states of the recep-
tor. It was also observed that the location of IQ on both
of its sites on the receptor did not significantly affect the
motions of loop C, which are important for the binding
of the acetylcholine. Finally, the binding sites found in
this study correlate well with that observed for the Ab
and its fragments.16,17


Therefore, the mechanism in which this peptide might
act may be hypothesized as follows: in theory, IQ
could bind either to one or both sites described here.
The binding process could be given over desensitized
and activatable states of the receptor, and it is possi-
ble that its natural motions (e.g., the opening–closing
motions of loop C) will not be affected by IQ. After
binding, IQ would ‘protect’ some of the regions where
Ab binds. Finally, Ab has less possibilities of binding
to the receptor, since it would require specific arrange-
ment and composition of its binding face at the
a7nAChR to dock to the receptor. This means that
Ab will not be able to ‘recognize’ its binding site,
and consequently it will not be able to bind to the
receptor.


This hypothesis raises an interesting point about the
selectivity of the receptor to bind Ab. When any of the
two binding sites on the a7nAChR that could be target-
ed is occupied by this heptapeptide, there is a higher
probability that Ab is not going to bind to the receptor.
Thus, Ab will require a complete, large, and very specific
region of the a7nAChR to bind and present its activity
on the receptor. This observation is supported by data
obtained by Wang et al.12 In their study, kinetics
for the binding of Ab to a7nAChR were determined
using the subtype-selective nicotinic receptor ligands
[3H]methyllycaconitine and [3H]cytisine. It was found
that Ab binds (bound) with a very high affinity to the
receptor (Ki values of 4.1 and 5.0 pM for rat and guinea
pig receptors, respectively). These findings, together
with the fact that IQ is a weaker agent (�1000 times less
than Ab),21 lead us to suggest that a representative
change in the Ab binding site is enough to inhibit the
binding of Ab to the a7nAChR. This also supports the
hypothesis that IQ competes with Ab for the same bind-
ing site(s).

It was also suggested by Ferreira and co-workers that IQ
might bind to an allosteric site in the receptor, thereby
inducing a conformational change of the nAChR, which
prevents Ab binding. It is possible that some allosteric
sites could be found in the ‘external’ face of the receptor,
where IQ binds. For example, the location of multiple
and distant allosteric sites has been recently reported
for the M1 muscarinic acetylcholine receptor.25,26 At this
stage, the hypothesis that IQ’s main function is to block
the Ab is in agreement with the experimental data as
well as with the structural data presented here.


An important issue that will be explored in future stud-
ies is the overall dynamic behavior of the receptor
observed in this study. The initial structure of the
a7nAChR with IQ docked in both sites IQ-1 and IQ-2
was the same. Interestingly, after 5 ns of simulations,
the receptor showed a significantly different dynamical
behavior. As observed in Figure 2 (top), the structure
of a7nAChR when the site IQ-1 is occupied by the hep-
tapeptide resembles the structure observed for the com-
plex between acetylcholine and the receptor. In contrast,
when IQ binds to the site IQ-2 (Fig. 2, bottom), the
dynamics displayed by the receptor are very similar to
what is observed for the a7nAChR in its apo form
and when it is bound to an antagonist (d-tubocurarine).
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Henchman et al. noticed that, in the presence of acetyl-
choline, the receptor remained more open and displayed
more symmetric arrangement of the five subunits,
whereas a more closed and asymmetric arrangement re-
sults for the apo and d-tubocurarine cases.19 Here, the
behavior observed for the receptor bound to IQ can be
artificial due to the fact that only one site of the receptor
is occupied by IQ and that it is studied in its apo form.
Another important factor that may be crucial in deter-
mining the complete effect of this peptide over the recep-
tor is the length of the simulations and that the docking/
molecular dynamics simulations were performed only
using the ligand-binding domain of the receptor (i.e.,
the transmembrane domain was not included in our
model). Thus, more detailed simulations need to be per-
formed, including acetylcholine and the saturation of all
possible binding sites of the receptor where IQ can bind.


In summary, two binding sites on the a7nAChR, IQ-1 and
IQ-2, were found to bind the peptide IQ, a novel agent
that has been experimentally shown to inhibit the binding
of Ab1–40 to this receptor. The location of both binding
sites is in agreement with recent molecular dynamics sim-
ulations performed on the receptor and rigid docking sim-
ulations of Ab, where more stable regions of a7nAChR
will serve as well-defined binding sites.


Additionally, the results obtained in this study suggest
that Ab needs highly specific structural motifs in order
to bind to the a7nAChR. These structural motifs are
located principally in the upper and lower surroundings
of loop C, where Ab was initially found to bind.16


Considering these results, further experiments can be
suggested. For example, mutagenesis analysis of some
of the residues that belong to loop F and the b-sheets
surrounding the regions mentioned above could be per-
formed. Subsequently, the kinetics of binding between
the receptor and Ab could be recorded. In addition, sim-
ulations of the a7nAChR in complex with acetylcholine
and IQ would provide a better view of the effect of IQ on
the overall motions of the a7nAChR. These simulations
would facilitate the design of novel compounds that are
able to mimic IQ.


While more experimental and theoretical work needs to
be performed, this study would be helpful for the design
of agents that mimic IQ. Such agents could be used not
only as a protective agent of the receptor, but also to
potentially attack other targets related to the disease,
such as the inhibition of the formation of Ab plaques
(multi-target approach).27
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Abstract—We have used DNA footprinting and fluorescence melting experiments to study the sequence specific binding of an imid-
azole-containing isopropyl-substituted thiazole polyamide (thiazotropsin B) to DNA. While the parent compound (thiazotropsin A)
binds to the hexanucleotide sequence ACTAGT, changing one of the N-methylpyrrole groups to N-methylimidazole changes the
preferred binding sequence to (A/T)CGCG(T/A). Experiments with DNA fragments that contain variants of this sequence suggest
that the ligand can also bind, with lower affinity, to sequences which differ from this by 1 bp in any position.
� 2006 Elsevier Ltd. All rights reserved.

A large number of small molecules are known to bind to
the minor groove of duplex DNA.1,2 These compounds,
of which the best known are the natural products dista-
mycin and netropsin or the synthetic bisbenzimidazole
Hoechst 33258, are generally selective for AT-rich
sequences, to which they bind in a 1:1 mode.3,4 The mol-
ecules make close contacts with the narrow minor
groove that is typically found in AT-rich sequences;
binding to GC-containing sequences is hindered by their
wider groove and by steric clash with the 2-amino group
of guanine. A large number of modifications to these
simple structures have been attempted in order to
change the sequence specificity, but in general these
resulted in a relaxed specificity, with the inclusion of
other sites as well as A/T tracts.5 However, the observa-
tion that distamycin can bind to some sequences in an
antiparallel side-by-side 2:1 mode6 led to the develop-
ment of the hairpin pyrrole–imidazole polyamides as
specific sequence-reading agents. These compounds rec-
ognize sequences by the side-by-side pairing of N-meth-
ylpyrrole and N-methylimidazole groups in the DNA

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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minor groove. The simple code recognizes CG with a
pyrrole/imidazole (Py/Im) pair, Im/Py targets GC and
the Py/Py pair binds to both AT and TA.7–9


Although these compounds are able to recognize specific
DNA sequences, they are large molecules with limited
biological activities. We have therefore developed novel
distamycin analogues with heterocyclic rings of different
shapes and sizes so as to produce molecules with im-
proved potential for following the contours of the minor
groove.10–13 In our earlier studies we showed that a
distamycin analogue (thiazotropsin A, Fig. 1A), in
which one of the N-methylpyrroles is substituted by an
isopropyl-substituted thiazole, is selective for the se-
quence ACTAGT.10,11 Two molecules of this compound
bind side-by-side in the minor groove but, because of the
bulk of the substituted thiazole ring, the molecules are
staggered relative to each other and the complex reads
a total of 6 bp. In the present study, we have determined
the sequence specificity of a closely related compound in
which one of the N-methylpyrrole groups is replaced
with N-methylimidazole: thiazotropsin B (Fig. 1A). By
comparison with the Dervan rules for sequence recogni-
tion, and allowing for the staggered side-by-side binding
of these compounds, we predict that this compound
should bind to the sequence (A/T)CGCG(A/T). We
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Figure 1. (A) Structures of thiazotropsin A (X = C, R = H) and


thiazotropsin B (X = N, R = CH3). (B) Fluorescently labelled sequenc-


es used in the thermal melting experiments. F = fluorescein and


Q = methyl red. (C). Schematic representation of the binding of


thiazotropsins A and B in the DNA minor groove. Green, formyl


(thiazotropsin A) or acetyl (thiazotropsin B) ‘head’; red, N-methyl-


pyrrole; yellow, thiazole; blue, N-methylimidazole; grey, DMAP ‘tail’.
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have used DNase I and hydroxyl radical footprinting
and fluorescence melting to explore the sequence speci-
ficity of this compound.


Thiazotropsin A was prepared as previously
described,12,13 while thiazotropsin B was synthesized as

Figure 2. The first two panels show DNase I footprints for thiazotropsin B


third panel compares the DNase I footprints for thiazotropsin A (10 lM) a


binding site for thiazotropsin A. The fourth and fifth panels show hydroxyl ra


panel shows DNase I cleavage patterns of Sequence A in the presence of thia


gel lane. GA corresponds to marker lanes specific for purines, while ‘con’


location of the best binding sites. The letters and numbers alongside each fo

described below.14 Figure 2 shows the results of DNase
I and hydroxyl radical footprinting experiments with
these compounds on DNA fragments MS1 and
MS2.16,17 These footprinting substrates contain all the
136 possible tetranucleotide sequences;16 MS1 and
MS2 contain the same sequence, which is cloned in
opposite orientations, allowing good resolution of target
sites at both ends of the fragment. Although we antici-
pated that thiazotropsin B would possess a binding site
that is longer than four base pairs (probably (A/T)
CGCG(A/T), which is not represented in this sequence),
this fragment was used for our initial studies with thia-
zotropsin A as it provides a better indication of possible
target sequences than most natural fragments that pos-
sess a random distribution of potential sites. The first
two panels of Figure 2 show the DNase I cleavage pat-
terns, in which three footprints are evident on each
strand, which are indicated alongside the sequence in
Figure 4. The concentrations required to generate these
footprints (10 lM and above) are higher than those pre-
viously reported for thiazotropsin A (1 lM). The foot-
print at site 1 persists to lower concentrations (10 lM)
than the other two sites (25 lM). This site contains the
sequence GCGCGA, which differs from the predicted
target, (A/T)CGCG(A/T), at only the first base pair.
We have previously shown that thiazotropsin A binds
to the sequence ACTAGT and it is clear that thiazotrop-
sin B binds at a different location. This is emphasized in
the third panel of Figure 2 which directly compares the
DNase I footprinting patterns of these two ligands. The

on MS1 (top strand, Fig. 4A) and MS2 (bottom strand, Fig. 4B). The


nd thiazotropsin B (50 lM) on MS2. ‘A’ indicates the location of the


dical cleavage patterns for these ligands on the MS2 fragment. The final


zotropsin B. Ligand concentrations (lM) are shown at the top of each


is cleavage in the absence of added ligand. The filled boxes show the


otprint correspond to those in Figure 4.
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footprint for thiazotropsin A (labelled ‘A’) is not affect-
ed by thiazotropsin B and the three thiazotropsin B sites
are not affected by thiazotropsin A. It is clear that these
two ligands have very different sequence binding
requirements, even though they only differ by a single
atom. Site 2 contains the sequence TCCCGT, which
also differs from the predicted target at 1 bp in the third
position. Site 3, which contains the sequence TAGCAA,
is less closely related and differs from the predicted se-
quence in the second and fourth positions.


The third and fourth panels of Figure 2 compare the
hydroxyl radical footprints for thiazotropsins A and
B on fragment MS2. This reveals many sites of attenu-
ated cleavage for both ligands, which are indicated in
Figure 4. Some of these footprints correspond to the
DNase I footprints (sites d, f and h correspond to sites
1–3, respectively) but many others are not seen with
DNase I. We have previously noted the presence of
additional footprints in the hydroxyl radical cleavage
patterns with higher concentrations of thiazotropsin
A. These secondary sites are in the same positions
for both thiazotropsins A and B.


The final panel of Figure 2 shows DNase I footprinting
patterns for thiazotropsin B on Sequence A. This is an
unrelated synthetic footprinting substrate that contains

Figure 3. Footprinting patterns showing the interaction of thiazotropsin B w


patterns in the presence of different concentrations of thiazotropsin B, while


each panel the ligand concentration (lM) is shown at the top of each gel lan


cleavage in the absence of added ligand. The filled boxes show the location o


each footprint correspond to those in Figure 4. ‘Top’ and ‘bottom’ indicate w


label.

several (G/C)4 tracts, including the predicted target site
ACGCGT. Several footprints are evident on this frag-
ment (numbered 1–7 in Fig. 2) and their location is indi-
cated in Figure 4B. The footprint at site 1 (ACGCGT)
persists to lower concentrations (0.1 lM) than all the
other sites, which typically reveal protections at around
5–10 lM. Several of these weaker sites are located
around the sequences (A/T)GGCC(A/T) (sites 2, 4 and
5) or (A/T)CCGG(A/T) (site 7). These results suggest
that thiazotropsin B possesses considerable sequence
selectivity which is clearly different from that of thiazo-
tropsin A.


Based on these results we prepared a synthetic DNA
footprinting template which contains several variations
around the sequence (A/T)(G/C)4(A/T) (sequence 1,
Fig. 4C). The results of DNase I and hydroxyl radical
footprinting experiments with this fragment are shown
in Figure 3. The first two panels show the patterns of
DNase I cleavage on this fragment labelled on the top
or bottom strands, in which a number of regions of pro-
tection are evident. Three clear regions of protection are
produced, which are clearest on the labelled top strand
(first panel). Sites 1–3 contain the sequences ACGCGA,
TCGCGA and ACGCGT, respectively. Although sites 1
and 2 cover about 8 bases, site 3 is longer and presum-
ably contains a second overlapping binding site, which

ith Sequence 1. The first two panels correspond to DNase I cleavage


the third and fourth panels are hydroxyl radical cleavage patterns. In


e. GA corresponds to marker lanes specific for purines, while ‘con’ is


f the best binding sites, as described in the text. The numbers alongside


hich strand of the sequence shown in Figure 1B bears the radioactive
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may be TAGCGT. Footprints are also evident in similar
locations on the labelled bottom strand. It is also infor-
mative to note the regions that are not protected by this
ligand such as in the upper portion of the gel for the la-
belled top strand, which contain the sequences
TCCGCA and ACCCCT and between sites 1 and 2
(containing TCGCCT and TCGGGA). The third and
fourth panels of Figure 3 show hydroxyl radical foot-
printing patterns for thiazotropsin B on this sequence.
Several regions of attenuated cleavage are evident,
which are underlined in Figure 4C. Sites a (ACGCGA),
d (TCGCGA) and f (ACGCGT) produce the clearest
footprints, which persist to the lowest ligand concentra-
tions, and which correspond to the DNase I footprints
at sites 1–3. Other footprints are evident at sites b
(TCGCCT), c (TCGGGA), e (TCGCGC), g (TAG-
CGT) and h (AGCGCA) most of which differ from
the predicted site by 1 bp.


We further examined the sequence selectivity of this li-
gand by measuring its effect on the melting of short
DNA duplexes, using the fluorescence melting technique
that we have previously described.19 These duplexes
(Fig. 1B) are labelled with fluorescein at the 5 0-end of
one strand and with methyl red at the 3 0-end of the com-
plement. These groups are in close proximity in the du-
plex and the fluorescence is quenched. When this melts
the fluorophore and quencher are separated and the
fluorescence increases. One sequence contains the bind-

A     MS1 (top) and MS2 (bottom)  


5’-GGATCCATATGCGGCAATACACATGGCCGA
3’-CCTAGGTATACGCCGTTATGTGTACCGGCT
                    a          b 
                                 


CAAGGTTAAGCTCCCGTTCTATCCTGGTATAGC
GTTCCAATTCGAGGGCAAGATAGGACCATATCG
   e                    g        
           f 2                 h 


ACGTCCGGTGGGGTCTGTTTTGTCATCTCAGCC
TGCAGGCCACCCCAGACAAAACAGTAGAGTCGG
             k 


B      Sequence A  
5’-GGATCCAGCAAGCGCTTGCTAGGCCATGCA
                                 


CAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTT
   3           4                 


CACGGATCC-3' 


C     Sequence 1


5’-GATGGATCCTTAATCCGCATAACCCCTTTA
3’-CTACCTAGGAATTAGGCGTATTGGGGAAAT


                                 


ATTCGCGCAAAACGCGTATAGCGTTAAGCGCAA
TAAGCGCGTTTTGCGCATATCGCAATTCGCGTT


          e                 f          3      g                  h 


Figure 4. Sequences of the footprinting substrates indicating the regions p


(underlined). All the sequences were cloned into the BamHI site of pUC19 (

ing site for thiazotropsin A (ACTAGT), while the other
contains one of the potential sites for thiazotropsin B
(ACGCGT). Figure 5 presents typical fluorescence melt-
ing curves for the ligands on these sequences, and the
calculated Tm values are presented in Table 1. It
can be seen that thiazotropsin A increases the Tm of
ACTAGT, as previously reported,11 but has almost
no effect on ACGCGT. In contrast thiazotropsin B
stabilizes ACGCGT, but has only a small effect on
ACTAGT.


These results show that the preferred binding sites for
thiazotropsins A and B are very different. On fragments
MS1 and MS2 thiazotropsin A binds to the sequence
ACTAGT, while thiazotropsin B shows no interaction
with this site, but binds around the sequence GCGCGA.
It is clear that changing the N-methylpyrrole group to
N-methylimidazole has caused a marked change in the
sequence binding characteristics. We previously suggest-
ed that thiazotropsin A binds as a staggered side-by-side
2:1 complex10,11 (formation of the unstaggered complex
is prevented by the bulk of the isopropyl-thiazole moie-
ty) in which the central AT base pairs are close to Py/Py
pairs (see Fig. 1C). Changing the terminal pyrrole to an
imidazole produces Im/Py and Py/Im pairs which, by
comparison with the Dervan rules for hairpin polya-
mides, would be expected to recognize GC and CG,
respectively. We would therefore predict that this ligand
should bind best to (A/T)CGCG(A/T) (see Fig. 1C). The

TTTCCAACTGCACTAGTCGTAGCGCGAT 
AAAGGTTGACGTGATCAGCATCGCGCTA 
         c     
                     d 1 


AATTAGGGCGTGAAGAGTTATGTAAAGT 
TTAATCCCGCACTTCTCAATACATTTCA 
            i          j 
3     


TCGAATGCGGATCC-3’ 
AGCTTACGCCTAGG-5’ 


ACGCGTTGCAAGCCCTTGCATGGCCATG 
  1                  2 


GGCCAAGCAAGATCTTGCAACCGGTTGC 
   5         6        7   


CGCGAAATCGCCTAATCGGGATATCGCGA 
GCGCTTTAGCGGATTAGCCCTATAGCGCT 


a 1      b        c     d 2 


TACGCATACCGGATCCGAG-3’ 
ATGCGTATGGCCTAGGCTC-5’ 


rotected from DNase I cleavage (filled boxes) and hydroxyl radicals


only the insert is shown).
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Figure 5. Fluorescence melting profiles for sequences ACGCGT and ACTAGT in the presence of thiazotropsins A and B. Filled line, no added


ligand; dotted line, thiazotropsin A (50 lM); dashed line, thiazotropsin B (25 lM for ACGCGT and 50 lM for ACTAGT).


Table 1. Effect of thiazotropsins A and B on the melting temperature


of sequences ACGCGT and ACTAGT


Tm (�C) DTm (�C)


50 lM 25 lM 10 lM 5 lM 1 lM


Thiazotropsin B


ACGCGT 53.7 12.0 9.8 5.4 1.6 0.1


ACTAGT 39.3 4.0 1.1 0.5 0.2 0.2


Thiazotropsin A


ACGCGT 3.1 1.2 0.3 0.1 0.0


ACTAGT 19.3 16.6 13.2 9.8 0.6


The first column shows the melting temperatures of the oligonucleo-


tides alone, while the other columns show the change in Tm caused by


the ligands. The values shown are the average of three determinations


for which the Tm values differed by 0.5 �C or less.
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footprinting data confirm that this is a good binding
site, but reveal that it can bind to several other related
sequences. Sites 1 and 2 in the MS1/MS2 fragments dif-
fer from the proposed site by one base pair in the first
and third positions, respectively. Site 1 in Sequence A
corresponds to the predicted site and produces the best
footprint (persisting to the lowest ligand concentrations)
on this fragment. Sites 1–3 on Sequence 1 also corre-
spond to the suggested site. It therefore appears that,
although we have not exhaustively examined all the pos-
sible hexanucleotide binding sites for this ligand, (A/
T)CGCG(A/T) is amongst the best binding sites. These
studies confirm that the staggered overlap of small mol-
ecules can increase the binding site size, thereby achiev-
ing the recognition of longer DNA sequences without
increasing their molecular size.


It is also clear that both thiazotropsins A and B bind
to a range of secondary sites at higher concentrations;
these are especially evident in the hydroxyl radical
cleavage patterns. These secondary sites are more evi-
dent with thiazotropsin B, as this ligand binds to its
preferred site less well than thiazotropsin A. The weak-
er binding for imidazole-containing ligands is consis-
tent with observations with the hairpin polyamides.
In contrast to thiazoles and pyrroles, which promote
strong binding to DNA, the imidazole ring leads to
lower affinity. These secondary sites appear at a diverse

range of sequences and many are common for both
thiazotropsins A and B. It is possible that these arise
from simple 1:1 binding.
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N


N


N


O


N


O


R


n
O


NN


O


O
O


H


O


N


O


H


NH2


O


O


N
O


O


N


O
O 2


amide


ArP


n = 1, 2


R2 = methyl, cyclopentyl, cyclohexyl,
         phenyl, norborn-2-ylmetyl, adamantyl


Antidyslipidemic activity of furano-flavonoids isolated from Indigofera tinctoria pp 3411–3414


Tadigoppula Narender,* Tanvir Khaliq, Anju Puri and Ramesh chander


O


O


O


O
O


O


1 2


H
H


H


O


O


O


O
O


O


H
H


H


1


3
10


8


2' 4'


6'


1"


3"


4"


Synthesis and SAR of novel histamine H3 receptor antagonists pp 3415–3418


Cynthia D. Jesudason,* Lisa S. Beavers, Jeffrey W. Cramer, Joelle Dill,
Don R. Finley, Craig W. Lindsley, F. Craig Stevens, Robert A. Gadski,
Samuel W. Oldham, R. Todd Pickard, Christopher S. Siedem, Dana K. Sindelar,
Ajay Singh, Brian M. Watson and Philip A. Hipskind


The synthesis and biological evaluation of novel tetrahydroisoquinoline,


tetrahydroquinoline, and tetrahydroazepine antagonists of the human


and rat H3 receptors are described.


Thiazolo[5,4-f]quinazolin-9-ones, inhibitors of glycogen synthase kinase-3 pp 3419–3423
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pp 3454–3458


Michael G. C. Kahn, Emmanuel Konde, Francis Dossou, David C. Labaree,
Richard B. Hochberg and Robert M. Hoyte*
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Microwave Heating:     65% conversion at 120 min


KF/Kryptofix
 DMSO


150oC


Cl F


Lysine sulfonamides as novel HIV-protease inhibitors: Ne-Acyl aromatic a-amino acids pp 3459–3462


Brent R. Stranix,* Jean-François Lavallée, Guy Sévigny, Jocelyn Yelle, Valérie Perron,
Nicholas LeBerre, Dominik Herbart and Jinzi J. Wu
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A series of Na-isobutyl-Na-arylsulfonamido-(Ne-acyl aromatic amino acid)lysinol derivatives were prepared and evaluated as


inhibitors of HIV protease and viral replication.
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Novel 1,4-benzodiazepine-2,5-diones as Hdm2 antagonists with improved cellular activity pp 3463–3468


Kristi Leonard,* Juan Jose Marugan, Pierre Raboisson, Raul Calvo, Joan M. Gushue,
Holly K. Koblish, Jennifer Lattanze, Shuyuan Zhao, Maxwell D. Cummings,
Mark R. Player, Anna C. Maroney and Tianbao Lu*
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DNA sequence recognition by an imidazole-containing isopropyl-substituted thiazole polyamide
(thiazotropsin B)


pp 3469–3474


Andrew J. Hampshire, Hannah Khairallah, Abedawn I. Khalaf, Abdolrasoul H. Ebrahimabadi,
Roger D. Waigh, Colin J. Suckling, Tom Brown and Keith R. Fox*
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Thiazotropsin B binds to the sequence (A/T)CGCG(T/A).


Synthesis and structure–activity studies of antibacterial oxazolidinones containing dihydrothiopyran
or dihydrothiazine C-rings


pp 3475–3478


Adam R. Renslo,* Gary W. Luehr, Stuart Lam, Neil E. Westlund, Marcela Gómez,
Corrine J. Hackbarth, Dinesh V. Patel and Mikhail F. Gordeev


A new series of oxazolidinone analogs bearing unsaturated sulfur-containing C-rings is described. New synthetic approaches to the


dihydrothiazine ring system are also disclosed.


Phosphonic acid-containing analogues of mycophenolic acid as inhibitors of IMPDH pp 3479–3483


William J. Watkins,* James M. Chen, Aesop Cho, Lee Chong, Nicole Collins, Maria Fardis,
Wei Huang, Magdeleine Hung, Thorsten Kirschberg, William A. Lee, Xiaohong Liu,
William Thomas, Jie Xu, Ameneh Zeynalzadegan and Jennifer Zhang
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The design, synthesis, and IMPDH inhibitory activity of a series of phosphonic acid-containing analogues of mycophenolic acid are


described.
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Heteroaryl substituted bis-trifluoromethyl carbinols as malonyl-CoA decarboxylase inhibitors pp 3484–3488


Jie-Fei Cheng,* Chi Ching Mak, Yujin Huang, Richard Penuliar, Masahiro Nishimoto,
Lin Zhang, Mi Chen, David Wallace, Thomas Arrhenius, Donald Chu, Guang Yang,
Miguel Barbosa, Rick Barr, Jason R. B. Dyck, Gary D. Lopaschuk and Alex M. Nadzan
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A series of heteroaryl-substituted bis-trifluoromethyl carbinols 3 were prepared and


evaluated as malonyl-CoA decarboxylase inhibitors. Several thiazole derivatives


showed potent in vitro inhibitory activities and caused a 5-fold stimulation of glucose


oxidation rates in isolated working rat hearts.


The discovery of tetrahydrofluorenones as a new class of estrogen receptor b-subtype selective ligands pp 3489–3494


R. R. Wilkening,* R. W. Ratcliffe, E. C. Tynebor, K. J. Wildonger, A. K. Fried,
M. L. Hammond, R. T. Mosley, P. M. D. Fitzgerald, N. Sharma, B. M. McKeever,
S. Nilsson, M. Carlquist, A. Thorsell, L. Locco, R. Katz, K. Frisch, E. T. Birzin,
H. A. Wilkinson, S. Mitra, S. Cai, E. C. Hayes, J.M. Schaeffer and S. P. Rohrer


R2


R1


O


HO


Synthesis and derivatization of a series of substituted tetrahydrofluorenone analogs giving potent, ERb subtype-selective ligands are


described.


Effect of 4-substitution on psychotomimetic activity of 2,5-dimethoxy amphetamines as studied by
means of different substituent parameter scales


pp 3495–3498


Kari Neuvonen,* Helmi Neuvonen and Ferenc Fülöp


Electron-donating substituents decrease the psychotomimetic activity trough a specific effect relating to the diminution of the


conjugative electron release from the 5-methoxy group to the phenyl ring.


Synthesis and antibacterial activity of new fluoroquinolones containing a substituted
N-(phenethyl)piperazine moiety


pp 3499–3503


Alireza Foroumadi,* Shahram Ghodsi, Saeed Emami, Somayyeh Najjari, Nasrin Samadi,
Mohammad Ali Faramarzi, Leila Beikmohammadi, Farshad H. Shirazi and Abbas Shafiee
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Novel N-substituted piperazinyl quinolone derivatives, which bear a 2-aryl-2-


methoxyiminoethyl substituent and some related residues in the 4-position of


the piperazine ring, have been synthesized and evaluated for antimicrobial


activity. Some ciprofloxacin derivatives showed in vitro Gram-positive and


Gram-negative activity superior to that of reference quinolones.
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Identification and characterization of 4-aryl-3,4-dihydropyrimidin-2(1H)-ones as inhibitors of
the fatty acid transporter FATP4


pp 3504–3509


Christopher Blackburn,* Bing Guan, James Brown, Courtney Cullis, Stephen M. Condon, Tracy J. Jenkins,
Stephane Peluso, Yingchun Ye, Ruth E. Gimeno, Sandhya Punreddy, Ying Sun, Hui Wu, Brian Hubbard,
Virendar Kaushik, Peter Tummino, Praveen Sanchetti, Dong Yu Sun, Tom Daniels, Effie Tozzo,
Suresh K. Balani and Prakash Raman
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Several potent, cell permeable 4-aryl-dihydropyrimidinones have been identified as inhibitors of


FATP4. Lipophilic ester substituents at the 5-position and substitution at the para-position (optimal


groups being –NO2 and CF3) of the 4-aryl group led to active compounds. In two cases racemates


were resolved and the S enantiomers shown to have higher potencies.


Development of N-2,4-pyrimidine-N-phenyl-N0-phenyl ureas as inhibitors of
tumor necrosis factor alpha (TNF-a) synthesis. Part 1


pp 3510–3513


Todd A. Brugel,* Jennifer A. Maier, Michael P. Clark, Mark Sabat, Adam Golebiowski,
Roger G. Bookland, Matthew J. Laufersweiler, Steven K. Laughlin, John C. VanRens,
Biswanath De, Lily C. Hsieh, Marlene J. Mekel and Michael J. Janusz
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A new class of tumor necrosis factor alpha (TNF-a) synthesis inhibitors based on an


N-2,4-pyrimidine-N-phenyl-N0-phenyl urea scaffold is described.


Development of N-2,4-pyrimidine-N-phenyl-N0-alkyl ureas as orally active inhibitors
of tumor necrosis factor alpha (TNF-a) synthesis. Part 2


pp 3514–3518


Jennifer A. Maier, Todd A. Brugel,* Michael P. Clark, Mark Sabat, Adam Golebiowski,
Roger G. Bookland, Matthew J. Laufersweiler, Steven K. Laughlin, John C. VanRens,
Biswanath De, Lily C. Hsieh, Kimberly K. Brown, Karen Juergens,
Richard L. Walter and Michael J. Janusz
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A new class of tumor necrosis factor alpha (TNF-a) synthesis inhibitors based on an


N-2,4-pyrimidine-N-phenyl-N0-alkyl urea scaffold is described.


Fully flexible docking models of the complex between a7 nicotinic receptor and a potent heptapeptide
inhibitor of the b-amyloid peptide binding


pp 3519–3523


L. Michel Espinoza-Fonseca* and José G. Trujillo-Ferrara


Contents / Bioorg. Med. Chem. Lett. 16 (2006) 3343–3357 3351







3-(4-Piperidinyl)indoles and 3-(4-piperidinyl)pyrrolo-[2,3-b]pyridines as ligands for the ORL-1 receptor pp 3524–3528


Gilles C. Bignan,* Kathleen Battista, Peter J. Connolly, Michael J. Orsini, Jingchun Liu,
Steven A. Middleton and Allen B. Reitz
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The synthesis and biological evaluation of a series of 3-(4-piperidinyl)indoles and 3-(4-piperidinyl)pyrrolo[2,3-b]pyridines afforded


compounds with high ORL-1 affinity.


Synthesis of Hsp90 dimerization modulators pp 3529–3532


Gabriela Chiosis,* Julia Aguirre and Christopher V. Nicchitta
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The synthesis and evaluation of several Hsp90 chemical modulators is reported.


Modulators of the human CCR5 receptor. Part 3: SAR of substituted
1-[3-(4-methanesulfonylphenyl)-3-phenylpropyl]-piperidinyl phenylacetamides


pp 3533–3536


John G. Cumming,* Simon J. Brown, Anne E. Cooper, Alan W. Faull, Anthony P. Flynn, Ken Grime,
John Oldfield, John S. Shaw, Emma Shepherd, Howard Tucker and David Whittaker
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SAR and PK studies led to the identification of compound 9g as a highly potent and selective ligand for the human CCR5


chemokine receptor with good oral pharmacokinetic properties.


Regiospecific one-pot synthesis of pyrimido[4,5-d]pyrimidine
derivatives in the solid state under microwave irradiations


pp 3537–3540


Dipak Prajapati,* Mukut Gohain and Ashim J. Thakur


Electron-rich 6-[(dimethylamino)methylene]amino uracil 1 undergoes [4+2] cycloaddition reactions with


various in situ generated glyoxylate imine and imine oxides to provide novel pyrimido[4,5-d]pyrimidine


derivatives of biological significance, after elimination of 1,3-dimethylamine from the (1:1) cycloadducts and


oxidative aromatisation.
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Synthesis and biological investigation of S-aryl-S-DABO derivatives as HIV-1 inhibitors pp 3541–3544


Claudia Mugnaini, Fabrizio Manetti, José A. Esté, Imma Clotet-Codina,
Giovanni Maga, Reynel Cancio, Maurizio Botta* and Federico Corelli*
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Synthesis and antibacterial activity of nocathiacin I analogues pp 3545–3549


B. Narasimhulu Naidu,* Margaret E. Sorenson, John D. Matiskella, Wenying Li, Justin B. Sausker,
Yunhui Zhang, Timothy P. Connolly, Kin S. Lam, Joanne J. Bronson, Michael J. Pucci,
Hyekyung Yang and Yasutsugu Ueda
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The synthesis and antibacterial activity of nocathiacin I analogues is described.


2,3,7-Trisubstituted pyrazolo[1,5-d][1,2,4]triazines: Functionally selective GABAA a3-subtype agonists pp 3550–3554


Robert W. Carling,* Michael G. N. Russell, Kevin W. Moore, Andrew Mitchinson, Alexander Guiblin,
Alison Smith, Keith A. Wafford, George Marshall, John R. Atack and Leslie J. Street
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Novel synthetic routes have been devised for the preparation of previously inaccessible 2,3,7-trisubstituted pyrazolo[1,5-d][1,2,4]-


triazines 2. These compounds are high affinity, functionally selective ligands for GABAA a3-containing benzodiazepine receptors.


Function of the alkyl side chains of Dlac-acetogenins in the inhibitory effect on
mitochondrial complex I (NADH-ubiquinone oxidoreductase)


pp 3555–3558


Naoya Ichimaru, Masato Abe, Masatoshi Murai, Mai Senoh, Takaaki Nishioka and Hideto Miyoshi*


Contents / Bioorg. Med. Chem. Lett. 16 (2006) 3343–3357 3353







Carboxylate bioisosteres of pregabalin pp 3559–3563


Jacob B. Schwarz,* Norman L. Colbry, Zhijian Zhu, Brian Nichelson, Nancy S. Barta, Kristin Lin,
Raymond A. Hudack, Sian E. Gibbons, Paul Galatsis, Russell J. DeOrazio, David D. Manning,
Mark G. Vartanian, Jack J. Kinsora, Susan M. Lotarski, Zheng Li, Melvin R. Dickerson,
Ayman El-Kattan, Andrew J. Thorpe, Sean D. Donevan, Charles P. Taylor and David J. Wustrow
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Truncation and acid replacement with tetrazole furnished a compound with a similar pattern of activity to pregabalin.


2-Aryl(pyrrolidin-4-yl)acetic acids are potent agonists of sphingosine-1-phosphate (S1P) receptors pp 3564–3568


Lin Yan,* Richard Budhu, Pei Huo, Christopher L. Lynch, Jeffrey J. Hale, Sander G. Mills,
Richard Hajdu, Carol A. Keohane, Mark J. Rosenbach, James A. Milligan, Gan-Ju Shei,
Gary Chrebet, James Bergstrom, Deborah Card and Suzanne M. Mandala
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A series of 2-aryl(pyrrolidine-4-yl)acetic acids (e.g., 22g) were synthesized and evaluated as S1P receptor agonists and were found to


lower peripheral lymphocyte counts in mice and to have good overall pharmacokinetic properties in rat.


Design, synthesis, and biological evaluation of indole derivatives as
novel nociceptin/orphanin FQ (N/OFQ) receptor antagonists


pp 3569–3573


Yuichi Sugimoto,* Atsushi Shimizu, Tetsuya Kato, Atsushi Satoh, Satoshi Ozaki,
Hisashi Ohta and Osamu Okamoto


A novel series of 2-(1,2,4-oxadiazol-5-yl)-1H-indole derivatives as nociceptin/orphanin FQ (N/OFQ) receptor antagonists was


discovered.


Development of sulfonamide compounds as potent methionine aminopeptidase type II inhibitors
with antiproliferative properties


pp 3574–3577


Megumi Kawai,* Nwe Y. BaMaung, Steve D. Fidanze, Scott A. Erickson, Jason S. Tedrow,
William J. Sanders, Anil Vasudevan, Chang Park, Charles Hutchins, Kenneth M. Comess,
Douglas Kalvin, Jieyi Wang, Qian Zhang, Pingping Lou, Lora Tucker-Garcia, Jennifer Bouska,
Randy L. Bell, Richard Lesniewski, Jack Henkin and George S. Sheppard
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Synthesis and biological activity of novel methionine aminopeptidase type -2 inhibitors having a sulfonamide bond are reported.
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New potential inhibitors of cyclin-dependent kinase 4: Design and synthesis of
pyrido[2,3-d]pyrimidine derivatives under microwave irradiation


pp 3578–3581


Shujiang Tu,* Jinpeng Zhang, Xiaotong Zhu, Jianing Xu, Yan Zhang, Qian Wang,
Runhong Jia, Bo Jiang and Junyong Zhang
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The synthesis of pyrido[2,3-d]pyrimidine derivatives as new potential inhibitors of Cdk4 is reported.


The ortho hydroxy-amino group: Another choice for synthesizing novel antioxidants pp 3582–3585


Weijun Chen, Ping Guo, Jirong Song,* Wei Cao and Jiang Bian
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The ortho hydroxy-amino group can be used as another choice for synthesizing novel antioxidants?


Spectroscopic studies of the interaction between quercetin and G-quadruplex DNA pp 3586–3589


Hongxia Sun, Yalin Tang, Junfeng Xiang, Guangzhi Xu, Yazhou Zhang,
Hong Zhang and Lianghua Xu*


The different interaction modes of monomeric and dimeric G-quadruplexes with quercetin are reported.


Synthesis, hydrolyses and dermal delivery of N-alkyl-N-alkyloxycarbonylaminomethyl
(NANAOCAM) derivatives of phenol, imide and thiol containing drugs


pp 3590–3594


Susruta Majumdar and Kenneth B. Sloan*
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The ability of N-alkyl-N-alkyloxycarbonylaminomethyl promoiety to act as soft alkylating agent and its


influence in increasing membrane permeation for phenols, imides and thiols have been probed.
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Design and structure–activity relationship of 3-benzimidazol-2-yl-1H-indazoles as inhibitors
of receptor tyrosine kinases


pp 3595–3599


Christopher M. McBride, Paul A. Renhowe, Carla Heise, Johanna M. Jansen, Gena Lapointe,
Sylvia Ma, Ramon Piñeda, Jayesh Vora, Marion Wiesmann and Cynthia M. Shafer*
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The synthesis and SAR of 3-benzimidazol-2-yl-1H-indazole analogs developed as inhibitors of receptor tyrosine


kinases (RTK) is reported.


Structure–activity studies of oxazolidinone analogs as RNA-binding agents pp 3600–3604


John A. Means, Steven Katz, Abhijit Nayek, Rajaneesh Anupam,
Jennifer V. Hines and Stephen C. Bergmeier*
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Several oxazolidinone analogs were prepared and examined for binding to two structurally related T box antiterminator model


RNAs, AM1A, and AM1A(C11U).


Racemic and chiral sulfoxides as potential prodrugs of 4-pyrone COX-2 inhibitors pp 3605–3608


Francisco Caturla,* Mercè Amat, Raquel F. Reinoso, Elena Calaf and Graham Warrellow


O


O


O


F


R


S
+


O


O


O


O


F


R


S
OO


In vivo transformation


The enantiomeric synthesis and profiling of sulfoxide-based prodrugs of potent COX-2 inhibitors discovered at Almirall are


reported.


A highly selective j-opioid receptor agonist with low addictive potential and dependence liability pp 3609–3613


Hee Sock Park, Hee Yoon Lee,* Yong Hae Kim,* Jin Kyu Park, Edwin E. Zvartau
and Heeseung Lee


Buprenorphine analogs were synthesized. In the studies of analgesic and addictive effects in mice and [35S]GTPcS
binding assay in human brain tissue 16, was identified as a selective j-partial agonist lacking abuse potential.
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Dipeptidyl nitriles as human dipeptidyl peptidase I inhibitors pp 3614–3617


Jon Bondebjerg,* Henrik Fuglsang, Kirsten Rosendal Valeur,
John Pedersen and Lars Nærum
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View of the crystal structure of the DB819-d(CGCGAATTCGCG)2 complex, looking down the minor groove of the DNA (see


Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15.). The DB819


molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.


J. Mol. Graphics 1996, 14, 33.]
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Table 2. Inhibitory properties of selected 4 0-amide derivatives


Compound R EC50
a 3D7/Dd2 (lM) PfENRa IC50 (nM)


35 NH2 96.3 ± 11.7/100 ± 16 120 ± 35


37 N(H)Me 77.8 ± 25.3/100 ± 22 310 ± 66


38 N(H)Bn 7.5 ± 2.8/20.6 ± 3.6 3000 ± 800


39 NMe2 68.4 ± 13.2/95.7 ± 11.6 460 ± 110


40 N-Pyrrolidine 20.7 ± 6.0/42.6 ± 12.8 810 ± 300


41 N-Piperidine 11.7 ± 2.2/18.0 ± 3.0 680 ± 120


42 N-Morpholine 63.5 ± 14.1/94.5 ± 10.0 200 ± 10


a Values reported as means ± standard error.
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Table 3. Inhibitory properties of selected 4 0-aniline derivatives


Compound R EC50
a 3D7/Dd2 (lM) PfENRa IC50 (nM)


30 H 120 ± 21/140 ± 24 360 ± 92


43 Ac 52.2 ± 17.3/50.9 ± 19.2 57 ± 24


44 Bz 57.2 ± 14.7/83.9 ± 15.0 170 ± 16


45 C(O)NH2 110 ± 24/120 ± 22 160 ± 45


46 C(O)N-Morpholine 66.8 ± 14.1/86.4 ± 14.9 250 ± 49


47 SO2Ph 55.1 ± 10.2/77.5 ± 8.0 370 ± 100


48 SO2(1-Naphthyl) 34.3 ± 5.6/43.7 ± 12.2 590 ± 88


49 SO2(2-Naphthyl) 23.5 ± 3.2/33.9 ± 9.6 2500 ± 900


50 SO2CF3 >120/>120 140 ± 34


51 CH2Ph 35.8 ± 5.3/47.5 ± 12.2 140 ± 69


52 CH2(2-CNPh) 26.7 ± 2.9/45.4 ± 6.5 560 ± 120


53 CH2(2-HOPh) 4.5 ± 0.5/5.6 ± 1.3 320 ± 59


a Values reported as means ± standard error.
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