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Abstract—The hybrid molecules having structural features of anticancer drug, 5-fluorouracil, and MDR modulator, propafenone,
have been studied for their interactions with P-glycoprotein (P-gp). Some of the molecules (5, 8, and 9) show considerable interac-
tions with P-gp and could be the potential candidates for their in vivo evaluation as MDR modulators. Further investigations show
the dependence of P-gp interacting properties of these compounds on their physico-chemical parameters like log P and total polar
surface area.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction


Drug resistance continues to be a serious threat to the
successful chemotherapy of a disease.1 The establish-
ment of the P-glycoprotein2 (P-gp), responsible for
transporting the drug out of the cell, as the causative
agent for multidrug resistance (MDR), has started the
search for suitable molecules (MDR modulators3) which
could interact with P-gp and help in reducing its drug
transporting potency. In continuation with our efforts4


to develop hybrid molecules by combining the features
of the drug and the modulator, in the present investiga-
tions we have studied the interactions of uracil-based
hybrid molecules5 (C, Fig. 1) with P-gp. These molecules
(C, Fig. 1) carry the structural features of 5-fluorouracil6


(anti-cancer drug, A, Fig. 1) and propafenone7 (MDR
modulator, B, Fig. 1). Since both the individual mole-
cules (A and B, Fig. 1) interact with P-gp, the structural
hybrids of the two (C, Fig. 1) might show better interac-
tions with P-gp and when used in combination with a
drug will avoid the contact of drug with P-gp and help
to decrease the P-gp-mediated efflux of the drug.


Some of these hybrid molecules (C, Fig. 1) show consid-
erable interactions with P-gp and a correlation with
their physico-chemical properties indicates the depen-
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dence of these interactions on logP and total polar
surface area (TPSA) of the molecules.

2. Results


2.1. Chemistry


The synthesis and characterization of the molecules (C,
Fig. 1) under present investigation have been described
in a recent report.5 Compounds 1–9 (Fig. 2), with differ-
ent substituents at N-1, N-3, C-5, and O-10, have been
studied for their interactions with P-gp. The results of
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the interactions of these molecules with P-gp highlight
the importance of the appropriate substituent at the
suitable place in the molecule.


2.2. Biology


The nine molecules (Fig. 2), two MDR modulators (pro-
pafenone and verapamil), and two anti-cancer drugs
(vinblastine and progesterone) were subjected to in vitro
interactions with P-gp and evaluated in terms of the
change in the basal activity of P-gp. These studies were
carried out using ‘Drug-P-glycoprotein’ assay kit.8 The
kit contains the P-gp vesicles, prepared from highly
resistant MDR cells, the DC-3F/ADX line, and permits
to assess the interactions of the compounds with P-gp in
terms of increase in the basal activity or decrease in the
stimulated (verapamil, progesterone induced) activity of
P-gp. In the present investigations, the modulation of
basal ATPase activity of P-gp, measured by spectropho-
tometric method by continuous monitoring of ADP for-
mation in the vesicle suspension medium, was studied.
The basal ATPase activity of P-gp is its MgATP hydro-
lysis activity determined in the absence of any added
drug. The interactions of the added compound (test
compound) with P-gp result in the inhibition of ATPase
activity of P-gp, which slows down the conversion of
phosphoenolpyruvate (PEP) to pyruvate and further to
lactate, and hence less conversion of NADH to
NAD+. Therefore, the wells (of the 96-well plate) with
test compounds showing better interactions with P-gp
have higher concentration of NADH in comparison to
other wells in which compounds show less interactions
with P-gp or wells without test compounds (basal activ-
ity of P-gp). As a result, the absorption of NADH at
340 nm, in the wells where compound-P-gp interactions
are better, gets increased which is manifested as increase
in the basal activity of P-gp. As per the manufacturer’s
specifications, a 30% increase (modulation) in the basal
activity of P-gp, on the addition of a compound implies
that the compound is interacting with P-gp.

3. Discussion


The results of the interactions of compounds 1–9 (Fig. 2)
with P-gp in terms of the increase in basal activity of
P-gp are given in Table 1. The MDR modulators,
propafenone and verapamil, and the anticancer drugs,

vinblastine and progesterone, have been taken for
comparison.


The nine compounds evaluated for their interactions
with P-gp differ from one another by the presence of
CH3/CH2Ph groups at N-1, N-3; absence or presence
of benzoyl group/s at C-5/O-10, and presence of either
morpholine or piperidine moiety at the end of C-6 chain.
Amongst compounds 1, 5, and 7 (without benzoyl
group) only compound 5 with benzyl groups at N-1
and N-3 shows interactions with P-gp at 50 lM concen-
tration. The results of interactions of compounds 2, 3,
and 8 (with one benzoyl group either at C-5 or O-10)
with P-gp indicate that along with the presence of ben-
zoyl group, its position in the molecule and the nature
of the cyclic tertiary nitrogen base at the end of C-6
chain are also important for exhibiting good interac-
tions with P-gp. Compounds 2 and 3 differ from each
other in the position of benzoyl group in the molecule
and show considerably different interacting behavior
toward P-gp. The presence of piperidine moiety in com-
pound 8 in place of morpholine of compound 3 has
remarkably increased the interactions of 8 with P-gp.
The change of CH3 groups present at N-1 and N-3 in
compound 4 with benzyl groups in compound 6 has
not made any improvement in the interactions of 6 with
P-gp. However, replacement of morpholine moiety of 4
with piperidine in 9 has tremendously increased the
interactions of compound 9 with P-gp. The studies of
the interactions of these nine compounds with P-gp
show that for a molecule to exhibit considerable interac-
tions with P-gp, the correct combination of the substit-
uents and their right placement in the molecule is very
essential. Amongst the nine compounds studied here,
compounds 8 and 9 exhibit appreciable interactions with
P-gp at sub-micromolar concentration, while compound
5 shows interactions with P-gp at 50 lM concentration
only. The compounds exhibiting better interactions at
low concentrations do not show dose response as if
the saturation of P-gp has taken place.


Therefore, the hybrid molecules obtained by mixing the
structural features of 5-fluorouracil and propafenone
exhibit interactions with P-gp somewhat better than
those shown by MDR modulator propafenone and
some of the anti-cancer drugs taken in the present stud-
ies (Table 1). Further tuning of the molecules could be
made by modifying the substituents at the different posi-
tions of the central core of the molecule. Moreover,
these studies point out that while mixing the structural
features of two molecules in a single hybrid molecule,
care must be taken for the correct placement of the sub-
stituents (present on the central core of individual mol-
ecules) onto the hybrid molecule. Compounds 8 and 9,
showing the best interactions with P-gp, when used in
combination with a drug, will certainly avoid the con-
tact of drug with P-gp because of their own preference
for P-gp and could be the suitable candidates for
MDR modulation.


The P-gp interacting behavior of these compounds was
correlated with some of their physico-chemical proper-
ties, and it seems hydrophobicity/hydrophilicity of the







Table 1. Percentage increase of basal activity of P-gp by uracil


derivatives at various concentrations


Compound Percentage increase of basal activity of P-gpa


50 lM 5 lM 0.5 lM


1 �0.94 10 1


2 15 15 1.5


3 8 �0.29 9


4 19 �0.04 �0.31


5 31 6 3


6 22 4 6


7 6 �0.22 �0.01


8 32 29 30


9 36 33 31


Propafenone 31 (10�5 M)


Verapamil 33 (6 · 10�5 M)


Vinblastine 31 (10�5 M)


Progesterone 34 (1.2 · 10�4 M)


a A 30% increase in the basal activity of P-gp implies the interactions of


the compound with P-gp.


Table 2. Calculated logP and TPSA of test compounds


Compound logP TPSA (Å2)


1 �0.733 88.73


2 1.022 94.81


3 0.105 105.80


4 2.24 111.88


5 2.37 88.73


6 5.35 111.88


7 0.644 79.50


8 1.27 96.57


9 3.62 102.65
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Figure 3. Graph between percentage increase in basal activity and


logP.
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Figure 4. Graph between percentage increase in basal activity and


TPSA. Compounds 5, 7, 8, and 9 form one group, while compounds 1,


2, 3, 4, and 6 form the second group.
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P-gp on interaction with a compound) of compounds predicted from


Eq. 2 and experimental activities.
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molecules plays the key role for their interactions with
P-gp. The calculated logP (partition coefficient, measure
of hydrophobicity) and total polar surface area (TPSA)9


(based on the H-donor/accepting sites in the molecule)
values of these compounds are given in Table 2.


The relationship between the percentage increase of bas-
al activity (at 50 lM) of P-gp by the compounds 1–9 and
their logP values has been shown in Figure. 3. Com-
pounds 1, 3, 7, 2, 4, 5, and 9 (in the increasing order
of logP) exhibit a linear relationship between their P-
gp interacting property and logP values. However, com-

pounds 6 and 8 slightly deviate from the line. Taking
logP as the only descriptor, a highly predictive equation
for the activity of these compounds has been derived.


C ¼ 8:61 log P þ 4:89; r2
cv ¼ 0:84; r2 ¼ 0:92 ð1Þ


The graph between the percentage increase in basal
activity of P-gp and TPSA of the molecules (Fig. 4)
divides all the nine compounds into two groups. Com-
pounds 7, 5, 8, and 9 (with increasing order of TPSA)
belong to one group and their interaction with
P-gp increases linearly with increase in their TPSA.
Compounds 1, 2, 3, 4, and 6 belong to the second group
and they too exhibit a linear relationship between the
two quantities and the deviations from linearity might
be due to the more participation of hydrophobicity
(log P) of the molecules in interacting with P-gp. The
best interaction with P-gp has been observed for com-
pound 9 with logP 3.62 and TPSA 102.65 Å2.


Introducing the TPSA descriptor in Eq. 1, a slightly im-
proved Eq. 2 with better predictive power has been
obtained.


C ¼ 8:7 log P � 0:05TPSAþ 9:6; r2
cv ¼ 0:86;


r2 ¼ 0:93
ð2Þ


The activities of the compounds predicted from Eq. 2
show close resemblance with the experimental activities
(Fig. 5).
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Therefore, the two parameters viz. logP and TPSA seem
to be collectively responsible for the interactions of com-
pounds, studied here, with P-gp and a further refinement
of the molecules, for developing more effective MDR
modulators, could be made by making the suitable
matching between these two physico-chemical proper-
ties of the molecules.

4. Conclusions


The hybrid molecules (C, Fig. 1) with structural features
of anticancer drug, 5-fluorouracil, and MDR modula-
tor, propafenone, have been evaluated for their interac-
tions with P-gp. The identification of two molecules (8
and 9) with significant interactions with P-gp at sub-
micromolar concentrations invites further exploration
of the hybrid molecules as the potential candidates for
the MDR modulation, an area which so far has received
little attention. Moreover, the observations that P-gp
interacting properties of hybrid molecules depend upon
logP and TPSA of the molecules will be helpful in
designing the new molecules with better MDR modulat-
ing properties.

5. Experimental


5.1. In vitro P-gp interaction studies


The bioassay for studying the interactions of the test
compounds with P-gp was performed in duplicate. The
96-well plate and the reagents provided in the kit were
stored at �20 �C and during the experiment, all of them
were maintained at 4 �C in an ice bath. Besides the test
compounds, the blank activity, non-specific activity,
total activity, basal activity, and the activities of refer-
ences (verapamil, propafenone, vinblastine, and proges-
terone) were also checked in duplicate. The blank wells
contain 200 ll of enzymatic buffer; the non-specific
activity wells have 120 ll of enzymatic buffer, 20 ll
PK/LDH solution, 10 ll PEP solution, 10 ll NADH
solution, 30 ll non-specific ATPase inhibitor solution,
and 10 ll MgATP solution making the final volume
200 ll; the total activity wells contain 140 ll enzymatic
buffer, 20 ll PK/LDH solution, 10 ll PEP solution,
10 ll NADH solution, and 10 ll each of membrane ves-
icles and MgATP solution making the final volume
200 ll; the basal activity wells have the same ingredients
as in the non-specific activity wells but 10 ll of mem-
brane vesicles and 110 ll enzymatic buffer; the filling

of reference wells and the test wells is same as in basal
activity wells except for the addition of 10 ll reference
compounds in the reference wells and 20 ll of test com-
pounds (of various concentrations) in the test well and
accordingly the quantity of enzymatic buffer was de-
creased making the total volume 200 ll in each well.
The plate was incubated for 20 min at 37 �C, shaken
for 10 s, and read at 340 nm. The incubation and read-
ing of the plate was repeated two times after an interval
of 20 min. The average absorbance and the standard
deviation were calculated. The activity was calculated
from the mean value. The activity of the non-specific
activity wells was subtracted from the activity of all
other wells and the relative activity of each compound
concentration was calculated in reference to the basal
activity.
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Abstract—In an attempt to improve the antitumor activity and decrease the cytotoxicity of camptothecin, 18 new 10-substituted
camptothecin derivatives were prepared. The cytotoxicity in vitro on cancer cell lines and antitumor activity in vivo, and inhibitory
properties of topoisomerase I of these derivatives were evaluated. Most of these derivatives possessed lower cytotoxicities than CPT,
and the compounds 13, 21, 22, 23, and 24 showed similar topoisomerase I inhibitory activity to CPT. Analogues 13 exhibited the
best antitumor activity in vivo among all derivatives we prepared.
� 2006 Published by Elsevier Ltd.

Figure 1. Structures of camptothecin (1), topotecan (2), and irinotecan (3).

1. Introduction


20(S)-Camptothecin (CPT, 1), an antitumor alkaloid,
was first isolated by Wall and Wani in 1966 from Camp-
totheca acuminata a tree native to China.1,2 Interest for
its clinic application as an anticancer agent declined
due to its severe side effect, extremely poor water solubil-
ity, and rapid inactivation through lactone ring hydroly-
sis at physiological pH, until its action mechanism was
revealed that the functional target is topoisomerase I,3


a nuclear enzyme that is required for topological manip-
ulation of DNA during cellular events such as replica-
tion, transcription, and repair.4 Camptothecin,
topoisomerase I, and DNA form a ‘so-called cleavable
complex,’5 leading to an accumulation of DNA strand
breaks upon replication, transcription, ultimately caus-
ing cell death.6


These results prompted the synthesis of many CPT
derivatives, such as topotecan (2) and irinotecan (3)
that have been approved for marketing as clinical anti-
tumor agents (Fig. 1). More analogues are in various
stages of clinical trials. It was reported that the de-
signed camptothecin analogues suitable for targeted
enzymatic activation at tumor cells would possess four

0968-0896/$ - see front matter � 2006 Published by Elsevier Ltd.
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criteria: improved water solubility; stability in blood;
decreased cytotoxicity; and susceptibility to defined
enzymatic cleavage.7


Recently, we have reported a new synthetic methodolo-
gy to transform 10-hydroxy-camptothecin (4) to cam-
ptothecin quaternary salts,8 which placed the several
water-solubilizing groups in the 10-position of CPT.
These salts showed good water solubility and different
cytotoxicities in vitro. In order to establish generality
of this method, we have carried out this transformation
with other heterocyclic aromatic compounds. According
to the SAR studies,9 the above-mentioned structure
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characteristics are believed to show that the opening rate
of the intact lactone ring E could be remarkably re-
duced, so that the toxicity of these newly modified
CPT derivatives could be greatly decreased and the
water solubility could be improved, but their topo I
inhibitory activity and antineoplastic activity could be
without getting diminished.

Table 1. Cytotoxicity and Topo I inhibition of CPT derivatives


Compound In vitro cytotoxicity


(IC50, nmol/mL)


Topo I


cleavagec


MCF-7b HCT-8 Bel-7402


CPT 0.02 0.01 0.48 1


Topotecan 0.14 0.12 0.62 —a


7 0.34 0.09 0.43 0.032


8 1.16 0.21 1.1 0.053


9 0.1 0.11 1.79 0.560


10 0.61 0.08 0.26 0.098


11 0.24 0.15 1.28 0.638


12 0.18 0.18 0.9 0.742


13 0.04 0.07 1.48 0.974


14 0.03 0.07 0.16 0.242


15 0.71 0.1 0.09 0.103


16 0.38 0.98 1.06 0.307


17 0.62 1.02 1.55 0.312


18 0.62 0.9 0.40 0.025


19 2.92 2.36 19.18 0.261


20 0.06 0.12 0.53 0.150


21 0.87 0.20 0.50 1.384


22 2.09 1.81 4.02 1.228


23 0.75 0.22 0.86 1.405


24 0.07 0.19 0.18 1.044


a —, not tested.
b MCF-7, human breast cancer cells; HCT-8, human colon cancer;


Bel-7402, human hepatocellular cancer cell.
c Topo I cleavage, Topo I-mediated DNA cleavage. The comparison


between nicked band intensities of each compound and CPT’s


(50 lM).

2. Results and discussion


2.1. Chemistry


In our experiments, 10-hydroxy-camptothecin (4) was
initially converted into 10-(2-bromo-ethoxy)-camptothe-
cin (5) in good yields in the presence of 1,2-dibromo-eth-
ane and a catalyst K2CO3 according to Kim et al.10 The
target CPT derivatives were synthesized in proper yields
by the reaction of 5 with heterocyclic aromatic com-
pounds in the presence of a agent dimethylsulfoxide
(DMSO) and a catalyst K2CO3 at 60 �C (Scheme 1).
Interestingly, we got the byproduct (23) from most of
the reaction products. We also tried to substitute 1,3-
dibromo-propane for 1,2-dibromo-ethane and obtained
10-(3-bromo-propoxy)-camptothecin (6), byproduct
(24), and corresponding CPT derivatives. The yields of
10-(3-bromo-propoxy)-camptothecin (6) and its related
derivatives were higher than those of 10-(2-bromo-eth-
oxy)-camptothecin (5) and its corresponding analogues.
This may relate to the high steric clash on CPT’s struc-
ture. It is necessary to note that the link sites of com-
pounds 11 and 12 were different from our expected
structure. The 1H and 13C NMR spectra of these novel
camptothecin derivatives showed the right characteristic
proton peaks for their different substituents. The mass
spectra of all the compounds were consistent with their
molecular weight.


2.1.1. Assays for lactone ring opening. CPT derivatives
prepared were also subjected to phosphate buffer (pH
7.4) stability studies. Some of the results are shown in
Table 2. The analogues were incubated in 0.1 mol/L
phosphate buffer at 25 �C and aliquots were taken at dif-

Scheme 1. Reagents: (a) Br(CH2)2Br (5) or Br(CH2)3Br (6)/K2CO3/DMSO;

ferent time points and examined by HPLC. Compounds
13, 21, 23, and 24 showed (Table 2) complete buffer sta-
bility for the length of the experiment (48 h). Compound
22 was less stable in buffer with a half-life of around
18 h.


2.2. Biological results


2.2.1. Cell-growth inhibition. The cytotoxicities of the
CPT derivatives (Table 1) were measured on three differ-
ent human cancer cell lines (MCF-7, HCT-8, and BEL-
7402) using MTT assay11 in vitro. Topotecan and CPT
were used as reference compounds. Compared with the

(b) R/DMSO (7–10) or R/K2CO3/DMSO (11–24).







Table 2. Antitumor activity in nude mice bearing HCT-8 and buffer half-life of analogues and control compounds


Group Dose (mg/kg) Mice number MTW (mm3) RTV x ± SD TW (g) x ± SD TIRa (%) MTDb (mg/kg) Half-life (h)


Begin End Begin End


Control — 8 8 132 ± 29.6 1354 ± 410.3 4.52 ± 3.111 1.15 ± 0.436 — — —


TPT 10 8 7 124 ± 36.5 218 ± 136.5 0.78 ± 0.410** 0.18 ± 0.141** 84.3 13 Nac


13 1.3 8 8 144 ± 30.5 574 ± 326.6 1.77 ± 1.088* 0.43 ± 0.273** 62.6 4 Stabled


23 6.2 8 8 142 ± 20.7 697 ± 367.1 2.17 ± 1.373 0.575 ± 0.331* 50.0 13 Stable


24 3.9 8 8 140 ± 21.3 595 ± 272.1 1.90 ± 1.204* 0.56 ± 0.264** 51.3 10 Stable


Student’s t-test was used to compare tumor volumes of treated mice. *P values < 0.05 were considered significant, **P values < 0.01 were considered


very significant.
a Tumor inhibitory rate.
b MTD is approximate value.
c Not tested.
d Experiment carried out for 48 h.
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strong cytotoxicity of CPT on all cancer cells, most of
the derivatives showed less cytotoxic activity in vitro.
As shown in Table 1, analogues 19 and 22 showed 10–
100 times less activity than CPT in the assay of cytotoxic
activity, whereas derivatives 10, 13, 14, 15, 20, and 24
showed similar or superior cytotoxic activity to topotec-
an. And compounds 13, 14, 20 and 24 had more efficacy
on two kinds of cancer cell lines, MCF-7 and HCT-8,
and are as same as CPT’s.


2.2.2. Topoisomerase I inhibition. The topoisomerase I
inhibitory properties of these CPT derivatives were eval-
uated using a DNA relaxation assay.12 Negative super-
coiled plasmid pBR322 was incubated with human
topoisomerase I in the presence of 25 lM salt derivative.
Parallel experiment was performed with CPT. Samples
were treated with 2.5% SDS to remove any covalently
bound protein, then resolved in 1% agarose gel contain-
ing ethidium bromide. The nicked band intensities of
these derivatives in agarose gel, corresponding to the
DNA–topoisomerase I -CPT derivatives cleavable com-
plex,13 were quantified and compared with the nicked
band intensity of CPT.11 The results in Table 1 indicate
that all the tested derivatives varied significantly in their
abilities to stabilize the topoisomerase I–DNA covalent
binary complex. The most efficient analogues in this re-
gard were compounds 13, 21, 22, 23, and 24, whose topo
I inhibitory activities are similar to CPT’s. The com-
pounds 9, 11, and 12 showed lower topo I inhibitory
activity than that of CPT. Weaker stabilization was ob-
tained in the presence of compounds 14, 15, 16, 17, 19,
and 20. The remaining derivatives, compounds 7, 8,
10, and 18 afforded little stabilization.


2.2.3. In vivo toxicity and antitumor studies. Since com-
pounds 9, 13, 21, 22, 23, and 24 showed the most bril-
liant topo I inhibitory activity, the preliminary
antitumor activity studies in vivo of these compounds
were evaluated against mouse sarcoma S180,14 com-
pared with that of topotecan. The MTD (maximum to
tolerance dose) values indicated that camptothecin
derivative 13 was more toxic to mice than topotecan
whereas compound 24 provided less toxicity. The com-
pound 23 exhibited similar MTD values to topotecan.
Compounds 13, 23, and 24 were used tofurther antitu-
mor activity studies on nude mice bearing HCT-8 in vi-
vo. One proper dose for each compound was chosen

according to preliminary in vivo antitumor activity
study results against mouse sarcoma S180, and was
repeated four times on a q4d · 4 schedule. As a result
(Table 2), the best value of tumor inhibitory rate
(TIR) at chosen dose was 62.6% in compound 13 treated
group. TIR of compounds 24 and 23 was 51.3% and
50.0%, respectively. In addition, the other parameters
used to evaluate antitumor activity in vivo were also
right to the results above. The chosen dose of compound
13 (1.3 mg/kg) was nearly 1/8 of that of topotecan
(10 mg/kg), and the TIR of compound 13 was a little
lower than that of topotecan. In conclusion, compound
13 possessed better anticancer activity than other ana-
logues and had promising perspective.

3. Conclusions


On the basis of work about CPT quaternary salt deriv-
atives,8 18 new CPT derivatives were prepared. Preli-
minary biological studies of these CPT analogues
including inhibitory Topo I-mediated DNA cleavage
reactions, cytotoxicity in vitro and in vivo antitumor
activity assay exhibit that most derivatives possess lower
cytotoxicities in vitro than CPT, and compounds 13, 21,
22, 23 and 24 show similar topo I inhibitory activity to
CPT. The results of in vivo antitumor activity assay
indicate that compound 13 has the best tumor inhibitory
activity against HCT-8.

4. Experimental


4.1. Chemistry


The melting points were determined using an electro-
thermal apparatus and are uncorrected. 1H and 13C
NMR spectra were recorded at either 300 MHz or
500 MHz with a Bruker instrument, and reported with
TMS as internal standard and CDCl3 or DMSO-d6 as
solvent. Chemical shifts (d values) and coupling
constants (J values) are given in ppm and Hz. ESI
mass spectra were performed on a API-3000 LC–MS–
MS spectrometer. HR-MS (EI or ESI) was recorded
on ZAB-HS instrument. IR spectra were obtained
at Magna-560 FT instrument. TLC analysis was
carried out on silica gel plates GF254. Flash column
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chromatography was carried out on silica gel 300–400
mesh. HPLC analysis was performed on a Waters Alli-
ance 2690 instrument with UV detection at 360 nm: col-
umn: Waters Symmetry-C18. Anhydrous solvent and
reagents were all analytical reagents and dried through
routine method.


4.1.1. 10-(2-Bromo-ethoxy)-(20S)-camptothecin (5). A
mixture of 10-hydroxy-CPT (182.2 mg, 0.5 mmol), and
DMSO (1.5 mL) was stirred at room temperature until
dissoluted, and then 1,2-dibromo-ethane (0.86 mL,
10.0 mmol) and anhydrous K2CO3 (345.94 mg,
2.5 mmol) were added. TLC was carried out to detect
the reaction throughout. After the mixture was stirred
under N2 atmosphere at 60 �C for 72 h, it was added
to certain water. The mixture was filtered and the solid
was washed with water and acetone, and then dried.
After the solvent was removed under reduced pressure,
the residue was taken up in the mixed solution (eluent:
CHCl3/CH3OH 8:2,) and purified by column chroma-
tography (eluent: CHCl3/CH3OH 100:1–100:3) to give
5 as a yellow solid, yield: 68.0%, mp 235–237 �C; IR
(KBr) t 3421, 2970, 2925, 1747, 1662, 1605, 1558,
1505, 1429, 1370, 1237, 1151, 1105, 1049, 1015,
832 cm�1; 1H NMR (300 MHz, DMSO-d6): d 0.87
(3H, t, J = 7.2 Hz, H-18), 1.85 (2H, m, H-19), 3.91
(2H, t, J = 5.4 Hz, –CH2Br), 4.51 (2H, t, J = 5.4 Hz,
–OCH2–), 5.25 (2H, s, H-5), 5.41 (2H, s, H-17), 6.51
(1H, s, OH-20), 7.27 (1H, s, H-14), 7.54 (1H, d,
J = 9.3 Hz, H-11), 7.55 (1H, s, H-9), 8.08 (1H, d,
J = 9.3 Hz, H-12), 8.52 (1H, s, H-7); MS (ESI): m/z
472 (MH+). HRMS (ESI): m/z calcd for
C22H19BrN2O5+H 471.0587, found 471.0589.


4.1.2. 10-(3-Bromo-propoxy)-(20S)-camptothecin (6).
The titled compound was prepared from 10-OH CPT
and 1,3-dibromo-propane according to the method of
compound 5, yield: 85.7%, mp 224–226 �C; IR (KBr) t
3398, 2985, 2925, 1747, 1660, 1595, 1556, 1508, 1429,
1370, 1237, 1147, 1105, 1049, 1015, 832 cm�1; 1H
NMR (500 MHz, DMSO-d6): d 0.88 (3H, t,
J = 7.4 Hz, H-18), 1.86 (2H, m, H-19), 2.36 (2H, t,
J = 5.6 Hz, CH2), 3.74 (2H, t, J = 5.6 Hz, CH2), 4.26
(2H, t, J = 5.6 Hz, CH2), 5.25 (2H, s, H-5), 5.41 (2H,
s, H-17), 6.53 (1H, s, 20-OH), 7.27 (1H, s, H-14), 7.50
(1H, d, J = 10 Hz, H-11), 7.55 (1H, s, H-9), 8.05 (1H,
d, J = 10 Hz, H-12), 8.53 (1H, s, H-7); MS (ESI): m/z
485 (M+). HRMS (ESI): m/z calcd for C23H21BrN2O5


484.0664, found 484.0665.


4.1.3. 10-(2-Pyridaziniumyl-ethoxy)-(20S)-camptothecin
bromide (7). The reaction mixture of compound 5
(94.0 mg, 0.2 mmol), superfluous pyridazine (80 mg,
1 mmol) and DMSO (1.5 mL) was stirred at 50 �C for
12 h. TLC was carried out to detect reaction through-
out, and Rf of the product was zero in CH3OH. After
CHCl3 was added to the solution, a yellow deposition
precipitated immediately. The mixture was filtered,
and the solid was washed with CHCl3, and the dried
at 60 �C in the oven to give compound 7 as a yellow
powder, yield: 36.0 mg (32.6%), mp >209.5 �C, IR
(KBr) t 3418, 3103, 2981, 1743, 1656, 1593, 1505,
1373, 1240, 1049, 837, 725 cm�1; 1H NMR (300 MHz,

DMSO-d6): d 0.88 (3H, t, J = 7.5 Hz, H-18), 1.86 (2H,
m, H-19), 4.82 (2H, s, CH2), 5.20 (2H, s, H-5), 5.39
(2H, s, CH2), 5.40 (2H, s, H-17), 6.54 (1H, s, 20-OH),
7.24 (1H, s, H-14), 7.42 (1H, d, J = 9.2 Hz, H-11), 7.59
(1H, s, H-9), 8.02 (1H, d, J = 9.3 Hz, H-12), 8.52 (1H,
s, H-7), 8.72 (1H, t), 8.84 (1H, t), 9.72 (1H, d), 10.15
(1H, d); 13C NMR (300 MHz, DMSO-d6): d 8.26,
30.74, 50.69, 63.21, 65.73, 65.95, 72.88, 96.58, 107.46,
118.90, 123.31, 129.74, 130.47, 130.71, 130.99, 136.40,
137.32, 144.49, 146.12, 150.50, 150.80, 155.02, 157.26,
173.02; MS (ESI) m/z 471.5 (M+); HRMS (ESI): m/z
calcd for C26H23N4O5 471.1751, found 471.1751.


4.1.4. 10-(3-Pyridaziniumyl-propoxy)-(20S)-camptothecin
bromide (8). The titled compound was prepared from
compound 6 and pyridazine according to the method
of compound 7, yield: 40.9%, mp >224.9 �C, IR (KBr)
t 3419, 3102, 2915, 1743, 1658, 1597, 1505, 1373, 1242,
1161, 1047, 989, 835 cm�1; 1H NMR (300 MHz,
DMSO-d6) d 0.88 (3H, t, J = 7.2 Hz, H-18), 1.86 (2H,
m, H-19), 2.62 (2H, t, CH2), 4.34 (2H, t, CH2), 5.09
(2H, t, CH2), 5.28 (2H, s, H-5), 5.43 (2H, s, H-17),
6.54 (1H, s, 20-OH), 7.26 (1H, s, H-14), 7.28 (1H, d,
J = 9.1 Hz, H-11), 7.49 (1H, s, H-9), 8.05 (1H, d,
J = 9.2 Hz, H-12), 8.54 (1H, s, H-7), 8.66 (1H, t), 8.76
(1H, t), 9.66 (1H, d), 10.04 (1H, d); 13C NMR
(300 MHz, DMSO-d6): d 8.26, 29.29, 30.74, 50.68,
63.07, 65.73, 65.99, 72.88, 96.58, 107.46, 118.90,
123.28, 129.73, 130.47, 130.70, 130.99, 136.41, 137.32,
144.47, 146.12, 150.50, 150.79, 154.96, 157.26, 173.02;
MS (ESI) m/z 485.4 (M+); HRMS (ESI): m/z calcd for
C27H25N4O5 485.1847, found 485.1849.


4.1.5. 10-(2-Pyraziniumyl-ethoxy)-(20S)-camptothecin
bromide (9). The titled compound was prepared from
compound 5 and pyrazine according to the method of
compound 7, yield: 32.6%, mp 206.8 �C, IR (KBr) t
3418, 3012, 2910, 1743, 1656, 1593, 1505, 1373, 1239,
1160, 1049, 832 cm�1; 1H NMR (300 MHz, DMSO-d6)
d 0.88 (3H, t, J = 7.2 Hz, H-18), 1.85 (2H, m, H-19),
4.75 (2H, s, CH2), 5.22 (2H, s, H-5), 5.25 (2H, s,
CH2), 5.40 (2H, s, H-17), 7.25 (1H, s, H-14), 7.51 (1H,
d, J = 9.0 Hz, H-11), 7.56 (1H, s, H-9), 8.05 (1H, d,
J = 9.0 Hz, H-12), 8.55 (1H, s, H-7), 9.41 (2H, d), 9.64
(2H, d); 13C NMR (300 MHz, DMSO-d6): d 8.26,
30.72, 50.70, 65.73, 65.90, 72.88, 96.58, 107.49, 118.92,
123.19, 129.73, 130.48, 130.73, 131.05, 138.06, 144.48,
146.12, 150.51, 150.80, 151.23, 157.17, 157.30, 173,03;
MS (ESI) m/z 485.3 (M+); MS (ESI) m/z 471.4 (M+);
HRMS (ESI): m/z calcd for C26H23N4O5 471.1752,
found 471.1751.


4.1.6. 10-(3-Pyraziniumyl-propoxy)-(20S)-camptothecin
bromide (10). The titled compound was prepared from
compound 6 and pyrazine according to the method of
compound 7, yield: 47.0%, mp >194.3 �C, IR (KBr) t
3418, 2981, 1743, 1656, 1597, 1505, 1373, 1242, 1162,
1047, 835 cm�1; 1H NMR (500 MHz, DMSO-d6) d
0.88 (3H, t, J = 6.9 Hz, H-18), 1.85 (2H, m, H-19),
2.59 (2H, s, CH2), 4.33 (2H, s, CH2), 4.94 (2H, s,
CH2), 5.26 (2H, s, H-5), 5.42 (2H, s, H-17), 6.53 (1H,
s, 20-OH), 7.26 (1H, s, H-14), 7.27 (1H, d, J = 9.5 Hz,
H-11), 7.48 (1H, s, H-9), 8.05 (1H, d, J = 9.6 Hz, H-
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12), 8.53 (1H, s, H-7), 9.37 (2H, d), 9.59 (2H, d); 13C
NMR (300 MHz, DMSO-d6): d 8.26, 30.00, 30.72,
50.71, 65.73, 65.86, 72.88, 96.59, 107.51, 118.93,
123.15, 129.74, 130.50, 130.76, 131.05, 138.05, 144.49,
146.12, 150.51, 150.81, 151.23, 157.17, 157.29, 173,03;
MS (ESI) m/z 485.3 (M+); MS (ESI) m/z 485.4 (M+);
HRMS (ESI): m/z calcd for C27H25N4O5 485.1847,
found 485.1848.


4.1.7. 10-[2-(6-Trifluoromethyl-pyrimidin-4-yloxy)-eth-
oxy]-(20S)-camptothecin (11). The targeted compound
was prepared from compound 5 and 6-(trifluorometh-
yl)-4-pyrimidinol according to the method of compound
5, yield: 59.1%, mp 216.5 �C, IR (KBr) t 3419, 2898,
1749, 1693, 1602, 1505, 1238, 1154, 1049, 937,
832 cm�1; 1H NMR (300 MHz, DMSO-d6) d 0.88 (3H,
t, J = 7.3 Hz, H-18), 1.87 (2H, m, H-19), 4.46 (4H, br,
2CH2), 5.25 (2H, s, H-5), 5.41 (2H, s, H-17), 6.50 (1H,
s, 20-OH), 7.01 (1H, s), 7.28 (1H, s, H-14), 7.48 (1H,
d, J = 9.3 Hz, H-11), 7.57 (1H, s, H-9), 8.06 (1H, d,
J = 9.3 Hz, H-12), 8.52 (1H, s, H-7), 8.80 (1H, s); 13C
NMR (300 MHz, DMSO-d6): d 8.25, 30.73, 46.35,
50.63, 65.35, 65.70, 72.87, 96.56, 107.71, 113.48,
118.88, 123.27, 129.64, 130.46, 130.65, 131.05, 144.53,
146.06, 150.48, 150.79, 155.43, 157.06, 157.22, 160.27,
173.01; MS (ESI) m/z 555.2 (MH)+; HRMS (ESI): m/z
calcd for C27H21F3N4O6+H 555.1432, found 555.1431.


4.1.8. 10-[3-(6-Trifluoromethyl-pyrimidin-4-yloxy)-prop-
oxy]-(20S)-camptothecin (12). The titled compound was
prepared from compound 6 and 6-(trifluoromethyl)-4-
pyrimidinol according to the method of compound 5,
yield: 61.8%, mp 198.5 �C, IR (KBr) t 3423, 2975,
1746, 1689, 1659, 1598, 1505, 1372, 1240, 1047, 948,
833 cm�1; 1H NMR (300 MHz, DMSO-d6) d 0.88 (3H,
t, J = 7.3 Hz, H-18), 1.86 (2H, m, H-19), 2.35 (2H, t,
CH2), 4.23 (4H, br, 2CH2), 5.27 (2H, s, H-5), 5.42
(2H, s, H-17), 6.55 (1H, s, 20-OH), 6.97 (1H, s), 7.29
(1H, s, H-14), 7.35 (1H, d, J = 9.1 Hz, H-11), 7.49
(1H, s, H-9), 8.06 (1H, d, J = 9.1 Hz, H-12), 8.53 (1H,
s, H-7), 8.75 (1H, s); 13C NMR (300 MHz, DMSO-d6):
d 8.25, 30.01, 30.72, 46.33, 50.62, 65.35, 65.72, 72.86,
96.58, 107.70, 113.48, 118.88, 123.27, 129.64, 130.46,
130.65, 131.03, 144.53, 146.16, 150.49, 150.79, 155.33,
157.06, 157.22, 160.27, 173.02; MS (ESI) m/z 569.3
(MH)+; HRMS (ESI): m/z calcd for C28H23F3N4O6+H
569.1625, found 569.1625.


4.1.9. 10-(2-Pyrazolyl-ethoxy)-(20S)-camptothecin (13).
The reaction mixture of compound 5 (94.0 mg,
0.2 mmol), superfluous pyrazole-1H (68 mg, 1 mmol),
and DMSO (1.5 mL) was stirred at 50 �C for 1 week.
TLC was carried out to detect reaction throughout.
Then chloroform and anhydrous ether were added ordi-
narily to the solution, a straw yellow deposition precip-
itated immediately. The mixture was filtered, and the
solid was washed with anhydrous ether. The crude prod-
uct was separated and purified by column chromatogra-
phy (eluent: CHCl3/CH3OH 100:5), and then dried at
60 �C under vacuum to give 13, yield: 46.4%, mp
>246.3 �C, IR (KBr) t 3388, 2925, 2853, 1747, 1663,
1624, 1504, 1240, 1160, 830, 760 cm�1; 1H NMR
(500 MHz, DMSO-d6) d 0.88 (3H, t, J = 7.0 Hz, H-18),

1.86 (2H, m, H-19), 4.53 (2H, t, CH2), 4.60 (2H, t,
CH2), 5.25 (2H, s, H-5), 5.40 (2H, s, H-17), 6.26 (1H,
s), 6.48 (1H, s, 20-OH), 7.28 (1H, s, H-14), 7.44 (1H,
d, J = 9.5 Hz, H-11), 7.46 (1H, s), 7.51 (1H, s, H-9),
7.83 (1H, s), 8.04 (1H, d, J = 9.5 Hz, H-12), 8.51 (1H,
s, H-7); 13C NMR (300 MHz, DMSO-d6): d 8.26,
30.74, 48.39, 50.69, 65.73, 72.89, 96.57, 105.55, 107.45,
118.86, 123.61, 129.85, 130.47, 130.71, 130.99, 139.20,
144.47, 146.19, 150.52, 150.67, 157.31, 157.68, 173.02;
MS (ESI) m/z, 459.2 (MH)+; HRMS (ESI): m/z calcd
for C25H22N4O5 +H 459.1619, found 459.1618.


4.1.10. 10-(3-Pyrazolyl-propoxy)-(20S)-camptothecin
(14). The targeted compound was prepared from com-
pound 6 and pyrazole-1H according to the method of
compound 13, yield: 51.4%, mp >251.3 �C, IR (KBr) t
3417, 2900, 1750, 1659, 1600, 1505, 1239, 1156, 1046,
831, 759 cm�1; 1H NMR (500 MHz, DMSO-d6) d 0.88
(3H, t, J = 7.0 Hz, H-18), 1.86 (2H, m, H-19), 2.32
(2H, t, CH2), 4.12 (2H, t, CH2), 4.34 (2H, t, CH2),
5.24 (2H, s, H-5), 5.40 (2H, s, H-17), 6.24 (1H, s), 6.48
(1H, s, 20-OH), 7.28 (1H, s, H-14), 7.44 (1H, d,
J = 9.5 Hz, H-11), 7.48 (1H, s, H-9), 7.50 (1H, s), 7.75
(1H, s), 8.05 (1H, d, J = 9.5 Hz, H-12), 8.50 (1H, s,
H-7); 13C NMR (300 MHz, DMSO-d6): d 8.26, 30.07,
30.74, 48.43, 50.70, 65.74, 72.89, 96.53, 105.54, 107.35,
118.85, 123.64, 129.86, 130.47, 130.70, 131.00, 139.18,
144.49, 146.23, 150.53, 150.67, 157.31, 157.80, 173.01;
MS (ESI) m/z, 473.1 (MH)+; HRMS (ESI): m/z calcd
for C26H24N4O5 473.1732, found 473.1732.


4.1.11. 10-(2-Imidazolyl-ethoxy)-(20S)-camptothecin
(15). The targeted compound was prepared from com-
pound 5 and imidazole-1H according to the method of
compound 13, yield: 43.2%, mp >197.9 �C, IR (KBr) t
3404, 2925, 2853, 1747, 1657, 1596, 1505, 1239, 1159,
1049, 831, 731 cm�1; 1H NMR (500 MHz, DMSO-d6)
d 0.88 (3H, t, J = 7.0 Hz, H-18), 1.86 (2H, m, H-19),
4.43 (2H, t, CH2), 4.46 (2H, t, CH2), 5.25 (2H, s, H-5),
5.41 (2H, s, H-17), 6.49 (1H, s, 20-OH), 6.91 (1H, s),
7.28 (1H, s, H-14), 7.30 (1H, s), 7.49 (1H, d,
J = 9.0 Hz, H-11), 7.50 (1H, s, H-9), 7.74 (1H, s), 8.05
(1H, d, J = 9.0 Hz, H-12), 8.51 (1H, s, H-7); 13C NMR
(300 MHz, DMSO-d6): d 8.26, 30.74, 43.51, 50.67,
65.57, 65.73, 72.88, 96.56, 107.44, 118.80, 119.95,
122.05, 123.65, 128.86, 129.80, 130.47, 130.98, 137.81,
144.47, 146.13, 150.51, 150.75, 157.26, 157.69, 173.02;
MS (ESI) m/z, 459.3 (MH)+; HRMS (ESI): m/z calcd
for C25H22N4O5+H 459.1619, found 459.1619.


4.1.12. 10-(3-Imidazolyl-propoxy)-(20S)-camptothecin
(16). The titled compound was prepared from com-
pound 6 and imidazole-1H according to the method of
compound 13, yield: 48.7%, mp 193.6 �C, IR (KBr) t
3282, 2925, 1744, 1657, 1601, 1504, 1240, 1160, 1045,
834, 664 cm�1; 1H NMR (500 MHz, DMSO-d6) d 0.88
(3H, t, J = 7.5 Hz, H-18), 1.86 (2H, m, H-19), 2.27
(2H, t, CH2), 4.09 (2H, t, CH2), 4.21 (2 H, t, CH2),
5.21 (2H, s, H-5), 5.41 (2H, s, H-17), 6.48 (1H, s,
20-OH), 6.92 (1H, s), 7.24 (1H, s), 7.26 (1H, s, H-14),
7.45 (1H, s, H-9), 7.47 (1H, d, J = 9.0 Hz, H-11), 7.69
(1H, s), 8.04 (1H, d, J = 9.0 Hz, H-12), 8.49 (1H, s,
H-7); 13C NMR (300 MHz, DMSO-d6): d 8.26, 30.53,
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30.75, 43.51, 50.65, 65.57, 65.72, 72.89, 96.54, 107.34,
118.83, 119.94, 122.05, 123.55, 128.82, 129.79, 130.45,
130.97, 137.84, 144.47, 146.17, 150.52, 150.62, 157.27,
157.69, 173.02; MS (ESI) m/z, 473.3 (MH)+; HRMS
(ESI): m/z calcd for C26H24N4O5 473.1732, found
473.1732.


4.1.13. 10-[1-(1,2,4-Triazolyl)-ethoxy]-(20S)-camptothe-
cin (17). The targeted compound was prepared from
compound 5 and 1,2,4-1H-triazole according to the
method of compound 13, yield: 44.8%, mp 247.3 �C,
IR (KBr) t 3417, 2925, 1746, 1657, 1623, 1598, 1505,
1399, 1242, 1047, 835 cm�1; 1H NMR (300 MHz,
DMSO-d6) d 0.87 (3H, t, J = 6.9 Hz, H-18), 1.85 (2H,
m, H-19), 4.45 (2H, t, CH2), 4.54 (2H, t, CH2), 5.24
(2H, s, H-5), 5.40 (2H, s, H-17), 6.49 (1H, s, 20-OH),
7.26 (1H, s, H-14), 7.50 (1H, d, J = 9.0 Hz, H-11), 7.52
(1H, s, H-9), 8.05 (1H, d, J = 9.0 Hz, H-12), 8.51 (1H,
s, H-7), 8.62 (2H, s); 13C NMR (300 MHz, DMSO-d6):
d 8.26, 30.75, 46.35, 50.69, 57.72, 65.73, 72.89, 96.55,
107.40, 118.86, 123.58, 123.70, 129.91, 130.47, 130.70,
130.98, 144.47, 146.18, 150.50, 151.93, 157.27, 157.70,
158.06, 173.02; MS (ESI) m/z, 460.3 (MH)+; HRMS
(ESI): m/z calcd for C24H21N5O5+H 460.1510, found
460.1611.


4.1.14. 10-[1-(1,2,4-Triazolyl)-propoxy]-(20S)-camptothe-
cin (18). The titled compound was prepared from com-
pound 6 and 1,2,4-1H-triazole according to the
method of compound 13, yield: 52.1%, mp >232.8 �C,
IR (KBr) t 3417, 3125, 1746, 1650, 1623, 1585, 1505,
1380, 1240, 1045, 835 cm�1; 1H NMR (300 MHz,
DMSO-d6) d 0.87 (3H, t, J = 7.2 Hz, H-18), 1.85 (2H,
m, H-19), 2.29 (2H, t, CH2), 4.12 (2H, t, CH2), 4.27
(2H, t, CH2), 5.23 (2H, s, H-5), 5.40 (2H, s, H-17),
6.49 (1H, s, 20-OH), 7.26 (1H, s, H-14), 7.43 (1H, d,
J = 9.0 Hz, H-11), 7.47 (1H, s, H-9), 8.04 (1H, d,
J = 9.0 Hz, H-12), 8.49 (1H, s, H-7), 8.57 (2H, s); 13C
NMR (300 MHz, DMSO-d6): d 8.26, 29.44, 30.73,
46.21, 50.70, 57.72, 65.72, 72.89, 96.53, 107.34, 118.86,
123.60, 123.71, 129.89, 130.48, 130.71, 130.94, 144.60,
146.22, 150.60, 151.98, 157.31, 157.71, 158.06, 173.01;
MS (ESI) m/z, 474.1 (MH)+; HRMS (ESI): m/z calcd
for C25H23N5O5 474.1727, found 474.1727.


4.1.15. 10-[1-(1,2,3-Triazolyl)-ethoxy]-(20S)-camptothe-
cin (19). The targeted compound was prepared from
compound 5 and 1,2,3-1H-triazole according to the
method of compound 13, yield: 35.0%, mp >263.7 �C,
IR (KBr) t 3422, 2925, 1747, 1655, 1623, 1506, 1240,
1159, 1047, 832, 668 cm�1; 1H NMR (500 MHz,
DMSO-d6) d 0.88 (3H, t, J = 7.0 Hz, H-18), 1.86 (2H,
m, H-19), 4.60 (2H, s, CH2), 4.90 (2H, s, CH2), 5.25
(2H, s, H-5), 5.41 (2H, s, H-17), 6.50 (1H, s, 20-OH),
7.27 (1H, s, H-14), 7.47 (1H, s, H-9), 7.53 (1H, d,
J = 9.5 Hz, H-11), 7.77 (1H, s), 8.06 (1H, d,
J = 9.5 Hz, H-12), 8.26 (1H, s), 8.51 (1H, s, H-7); 13C
NMR (300 MHz, DMSO-d6): d 8.26, 30.74, 46.72,
50.69, 57.73, 64.89, 72.89, 96.57, 107.51, 118.82,
123.57, 127.68, 129.71, 130.47, 130.71, 130.99, 144.47,
146.28, 150.50, 151.79, 157.31, 157.70, 173.02; MS
(ESI) m/z, 460.3 (MH)+; HRMS (ESI): m/z calcd for
C24H21N5O5+H 460.1510, found 460.1610.

4.1.16. 10-[1-(1,2,3-Triazolyl)-propoxy]-(20S)-camptothe-
cin (20). The targeted compound was prepared from
compound 6 and 1,2,3-1H-triazole according to the
method of compound 13, yield: 42.9%, mp >270.0 �C,
IR (KBr) t 3423, 2925, 2853, 1747, 1658, 1597, 1505,
1464, 1242, 1161, 1047, 836, 723 cm�1; 1H NMR
(500 MHz, DMSO-d6) d 0.88 (3H, t, J = 7.0 Hz, H-18),
1.86 (2H, m, H-19), 2.39 (2H, t, CH2), 4.16 (2H, t,
CH2), 4.63 (2H, t, CH2), 5.26 (2H, s, H-5), 5.41 (2H,
s, H-17), 6.50 (1H, s, 20-OH), 7.28 (1H, s, H-14), 7.49
(1H, d, J = 9.0 Hz, H-11), 7.50 (1H, s, H-9), 7.75 (1H,
s), 8.06 (1H, d, J = 9.0 Hz, H-12), 8.20 (1H, s), 8.52
(1H, s, H-7); 13C NMR (300 MHz, DMSO-d6): d 8.26,
29.40, 30.75, 46.71, 50.71, 57.72, 65.01, 72.88, 96.58,
107.56, 118.85, 123.67, 127.70, 129.72, 130.47, 130.70,
130.99, 144.47, 146.22, 150.50, 151.81, 157.26, 157.70,
173.02; MS (ESI) m/z, 474.2 (MH)+; HRMS (ESI):
m/z calcd for C25H23N5O5 474.1727, found 474.1727.


4.1.17. 10-(2-Purinyl-ethoxy)-(20S)-camptothecin (21).
The targeted compound was prepared from compound
5 and purine according to the method of compound
13, yield: 50.6%, mp 226.0 �C, IR (KBr) t 3405, 2926,
1743, 1655, 1591, 1505, 1241, 1161, 1048, 834 cm�1;
1H NMR (300 MHz, DMSO-d6) d 0.87 (3H, t,
J = 6.5 Hz, H-18), 1.85 (2H, m, H-19), 4.73 (2H, t,
CH2), 5.17 (2H, t, CH2), 5.22 (2H, s, H-5), 5.40 (2H,
s, H-17), 6.50 (1H, s, 20-OH), 7.25 (1H, s, H-14), 7.53
(1H, d, J = 9.0 Hz, H-11), 7.54 (1H, s, H-9), 8.05 (1H,
d, J = 9.0 Hz, H-12), 8.54 (1H, s, H-7), 9.15 (1H, s),
9.62 (1H, s), 9.96 (1H, s); 13C NMR (300 MHz,
DMSO-d6): d 8.26, 30.72, 46.71, 50.77, 64.57, 65.72,
72.89, 96.54, 107.34, 118.89, 123.49, 124.95, 128.76,
129.81, 130.35, 130.88, 141.89, 144.47, 144.96, 146.17,
149.93, 150.50, 150.79, 151.90, 157.26, 157.71, 173.01;
MS (ESI) m/z 511.1 (MH)+; HRMS (ESI): m/z calcd
for C27H22N6O5 +H 551.1772, found 551.1770.


4.1.18. 10-(3-Purinyl-propoxy)-(20S)-camptothecin (22).
The targeted compound was prepared from compound 6
and purine according to the method of compound 13,
yield: 54.2%, mp 263.9 �C, IR (KBr) t 3418, 2928,
1746, 1657, 1600, 1505, 1373, 1241, 1160, 1048,
835 cm�1; 1H NMR (300 MHz, DMSO-d6) d 0.88 (3H,
t, J = 7.0 Hz, H-18), 1.85 (2H, m, H-19), 2.45 (2H, t,
CH2), 4.16 (2H, t, CH2), 4.64 (2H, t, CH2), 5.25 (2H,
s, H-5), 5.42 (2H, s, H-17), 6.53 (1H, s, 20-OH), 7.28
(1H, s, H-14), 7.43 (1H, d, J = 9.0 Hz, H-11), 7.44
(1H, s, H-9), 8.05 (1H, d, J = 9.0 Hz, H-12), 8.49 (1H,
s, H-7), 8.78 (1H, s), 8.96 (1H, s), 9.27 (1H, s); 13C
NMR (300 MHz, DMSO-d6): d 8.26, 30.42, 30.74,
46.83, 50.69, 64.55, 65.73, 72.89, 96.56, 107.41, 118.89,
123.50, 125.00, 128.83, 129.83, 130.35, 130.78, 141.88,
144.47, 144.98, 146.14, 149.95, 150.50, 150.80, 151.91,
157.27, 157.76, 173.02; MS (ESI) m/z 525.4 (MH)+;
HRMS (ESI): m/z calcd for C28H24N6O5 +H 525.1867,
found 525.1866.


4.1.19. 10-(2-Hydroxy-ethoxy)-(20S)-camptothecin (23).
The titled compound was prepared from compound 5
and purine according to the method of compound 13,
yield 34.1%, mp 263.9 �C, IR (KBr) t 3391, 2923,
2853, 1736, 1657, 1623, 1590, 1559, 1504, 1462, 1371,
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1240, 1156, 1048, 905, 828 cm�1; 1H NMR (300 MHz,
DMSO-d6) d 0.88 (3H, t, J = 7.0 Hz, H-18), 1.87 (2H,
m, H-19), 3.82 (2H, t, CH2), 4.18 (1H, t, OH), 4.52
(2H, t, CH2), 5.26 (2H, s, H-5), 5.45 (2H, s, H-17),
6.48 (1H, s, 20-OH), 7.30 (1H, s, H-14), 7.53 (1H, d,
J = 9.0 Hz, H-11), 7.56 (1H, s, H-9), 8.09 (1H, d,
J = 9.0 Hz, H-12), 8.53 (1H, s, H-7); 13C NMR
(300 MHz, DMSO-d6): d 8.26, 30.75, 46.75, 59.98,
65.55, 65.90, 72.89, 96.57, 107.72, 118.90, 123.28,
129.74, 130.46, 130.72, 131.23, 144.50, 146.10, 150.48,
150.79, 155.73, 157.52, 173.02; MS (ESI) m/z 409.4
(MH)+; HRMS (ESI): m/z calcd for C22H20N2O6+H
409.1310, found 409.1309.


4.1.20. 10-(3-Hydroxy-propoxy)-(20S)-camptothecin
(24). The titled compound was prepared from com-
pound 6 and purine according to the method of com-
pound 13, yield 35.6%, mp 248.9 �C, IR (KBr) t 3389,
2923, 2853, 1738, 1657, 1623, 1590, 1559, 1504, 1462,
1370, 1240, 1156, 1048, 905, 828 cm�1; 1H NMR
(300 MHz, DMSO-d6) d 0.88 (3H, t, J = 7.3 Hz,
H-18), 1.86 (2H, m, H-19), 1.98 (2H, t, CH2), 3.63
(2H, t, CH2), 4.21 (2H, t, CH2), 4.64 (1H, t, OH),
5.26 (2H, s, H-5), 5.42 (2H, s, H-17), 6.53 (1H, s,
20-OH), 7.26 (1H, s, H-14), 7.50 (1H, d, J = 9.0 Hz,
H-11), 7.52 (1H, s, H-9), 8.05 (1H, d, J = 9.0 Hz,
H-12), 8.53 (1H, s, H-7); 13C NMR (300 MHz,
DMSO-d6): d 8.26, 30.08, 30.79, 46.85, 59.99, 65.58,
65.89, 72.89, 96.58, 107.62, 118.90, 123.28, 129.64,
130.43, 130.72, 131.33, 144.48, 146.13, 150.51,
150.84, 155.73, 157.49, 173.02; MS (ESI) m/z 423.4
(MH)+; HRMS (ESI): m/z calcd for C23H22N2O6+H
423.1510, found 423.1510.


4.2. Hydrolytic analysis of lactone


One hundred microliters of 1.0 mM test compound in
DMSO was added to 1 mL phosphate-buffered solu-
tion (PBS) (pH 7.4). The mixture was incubated at
25 ± 1 �C, and 100 lL aliquots were taken at 2, 4,
6, 8, 24, and 48 h. For the analysis, 5 lL of the
sample was injected into a Waters Symmetry-C18


reversed-phase column, 250 · 4.6 mm, 10 lm particle
size proceeded by a matching C18 guard column.
The mobile phase consisted of 35% acetonitrile
and 65% H2O. The flow rate was maintained at
1 mL/min. The percent of lactone was determined
by the ratio of lactone levels measured at different
time points to the lactone level measured at the start-
ing time point (t = 0 h).


4.3. Topo I-mediated DNA cleavage reactions


The cleavable complex formation assay was performed
as previously described with some modification.12 All
reactions were carried out in reaction buffer contain-
ing 50 mM Tris–HCl at pH 7.8, 50 mM KCl,
10 mM MgCl2, 1 mM DTT, 1 mM EDTA, and
0.1 mM Spermidine. Each reaction mixture (20 lL to-
tal volume) contained 0.5 lg supercoiled plasmid
DNA (pBR332), 10 U topo I, and 2 lL 50 lM test
compound. The reaction mixture was incubated at
37 �C for 1 h and terminated by the addition of stop

buffer/loading dye (2.5% SDS, 15% Ficoll, 0.25% bro-
mophenol blue, and 0.25% xylene cyanol) 3 lL. The
samples were added to 1% agarose gels and run on
electrophoresis for 1.5 h at 125 V. The buffer and gels
were stained with EB (ethidium bromide, 0.5 lg/ml).
The result was afforded by ImageMaster VDS-CL
apparatus and then analyzed with Image Qunat TL
analysis system.


4.4. In vitro cytotoxicity


The cytotoxicity was determined by the MTT-microtiter
plate tetrazolinium cytotoxicity assay. The human
breast cancer cells MCF-7, colonic cancer cell HCT-8,
and hepatocellular cancer cell Bel7402 were provided
by Academy of Medicinal Sciences. Exponentially grow-
ing tumor cells at a density of 1 · 104 cells/mL were
incubated in a 96-well microtiter plate for 24 h (37 �C,
5% CO2). For determination of IC50, cells were exposed
continuously for 5 days to various concentrations of test
drug (10, 1, 0.1, and 0.01 nmol/mL). The media then
were removed (when necessary, acentric method was
used.) and replaced by media with MTT 100 lL/well
(concentration 0.04%). Following further 4 h of incuba-
tion, the media also were removed (when necessary,
acentric method was used). The residue in each well
was dissolved with DMSO 150 lL. After mixing equally,
the absorbance was quantitated at 540 nm. Wells con-
taining no drugs were used as blanks for the spectropho-
tometer. The survival of the cells was expressed as
percentage of untreated control wells. The IC50 values
were defined as the concentration of compounds that
produced a 50% reduction of surviving cells and calcu-
lated using Logit-method. The whole assay was repeated
thrice.


4.5. HCT-8 xenograft model


HCT-8 was xenografted sc into BALB/c nu/nu mice and
maintained by serial sc transplantation of 2–3 mm3


fragments 3–4 pieces into the right subaxillary region
of nude mice. Mice bearing the tumor xenograft of
HCT-8 were randomized into treated and control
groups, with 8 mice being used. Treatment was initiated
at approximately 3 weeks after transplantation, when
each tumor reached a volume of 100–200 mm3. Com-
pounds 13, 23, 24 and topotecan were first dissolved in
Tween 80 and then suspended in 0.9% NaCl solution,
these drugs were given ip on a q4d · 4 schedule at a dose
of 1.3 mg/kg, 6 mg/kg, and 4 mg/kg per injection, respec-
tively (previously determined as the MTD and the
experiment experiences). Tumors were measured with
Vernier calipers, and tumor volume (V) was calculated
weekly using the equation V = 1/2 · a · b2, where a
and b represent the length and width (in millimeter).
On day 28 after treatment, the mean tumor weight
(MTW), relative tumor volume (RTG), Tumor weight
(TW) and inhibition rate (TIR) were determined. RTG
was calculated by dividing the tumor volume on day
28 (MTW28) by that on day 0 (MTW0). TIR was
obtained from the equation (1-TW in treated/TW in
control) · 100%. Student’s t-test was used to compare
tumor volumes of treated mice. P values < 0.05 were
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considered significant, P values < 0.01 were considered
very significant.
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Abstract—Chagas’ disease is endemic in Central and South American countries. Specific chemotherapy with nifurtimox or benzni-
dazole has been recommended for treatment of recent infection but they have limited efficacy. The natural products veraguensin (1)
and grandisin (2) have shown potent in vitro activity against trypomastigote parasite (Y strain) with IC50 2.3 lM (1) and 3.7 lM (2).
We report herein the synthesis and in vitro trypanocidal evaluation of symmetrical and unsymmetrical 1,4-diaryl-1,4-diol derivatives
as potential trypanocidal analogs of natural compounds 1 and 2. Among the synthesized products, compounds 1,4-bis-(3,4,5-tri-
methoxyphenyl)-1,4-butanediol (6a) and 1,4-bis-(3,4-dimethoxyphenyl)-1,4-butanediol (6b) showed better activity against Trypano-
soma cruzi trypomastigotes with IC50 100 and 105 lM (Y strain), respectively, and 110 lM (Bolivia strain) for both compounds.
However, the most active compound of this series was 1,4-bis-(3,4-dimethoxyphenyl)butane-1,4-dione (7b) with IC50 10 and
200 lM against Y and Bolivia strains, respectively.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Trypanosoma cruzi is the etiological agent of Chagas’ dis-
ease, a debilitating condition that affects 18–20 million
people in Central and South American countries and
2–3 million have shown clinical symptoms of which
3000 evolve to deaths.1,2 Although various attempts of
treatment had been performed since its discovery, a com-
pletely efficient drug has not been found.3 The currently
available drugs, nifurtimox (4-(5-nitrofurfurylindenami-
no)-3-methylthiomorpholine-1,1-dioxide) (Lampit�, dis-
continued by Bayer) and benznidazole (N-benzyl-2-(2-
nitro-1H-imidazol-1-yl)acetamide) (Rochagan, Roche),
have shown limited efficacy, strong side-effects, and low
effectiveness.4,5 Their high toxicity may involve the
generation of nitroanion radical from reduction of
nitroheteroaryl drugs that further react with oxygen and
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give sequentially superoxide, hydrogen peroxide, and
hydroxyl radical. These oxygen species are responsible
for damaging parasite cellular components.6 A further
drawback of this therapy involves the drug resistance
and different strains’ susceptibility.


Despite being widely transmitted by triatomine insects,
the blood transfusion is a relevant mechanism of the
disease infection and gentian violet (N-[4-bis[[4-(dimeth-
ylamino)-phenyl]methylene]-2,5-cyclohexadien-1-ylidene]
N-methylammonium chloride) has been used as a chemo-
prophylactic agent in blood banks of endemic areas.7


The comparative studies of genomes of T. cruzi are
promising since they can identify characteristics that dis-
tinguish pathogen and host, providing information
about parasite-specific targets for drug discovery.8


Comprising the predicted 22,570 proteins encoded by
genes, the T. cruzi genome sequence was recently
deposited in GenBank/EMBL/DDBJ and it has been
explored to discover new targets.9 The elucidation of
biochemical processes of this protozoan parasite has
led to the identification of very promising targets for
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the chemotherapy of Chagas’ disease, as exemplified by
trypanothione reductase,10 glutathionyl spermidine syn-
thase,11 dihydroorotate dehydrogenase,12 farnesyl
diphosphate synthase,13 squalene synthase,11 glyceralde-
hyde-3-phosphate dehydrogenase,14 iron superoxide dis-
mutase,15 proline racemase, hexokinase,16 dihydrofolate
reductase,17 prenyltransferases, ornithine decarboxylase,
cysteine, serine, threonine, and metallo proteinases,18


trans-sialidases,19–21 glucose-6-phosphate isomerase,22


DNA topoisomerase,23 hypoxanthine-phosphoribosyl-
transferase, C14D


24,25-esterol methyltransferase,24 etc.
Platelet-activating factor-like activity was recently iso-
lated from lipid extract of T. cruzi epimastigotes and
its activity was related to modulation of cell differentia-
tion toward the infectious stage.25 Even though the
mechanisms underlying the differentiation and prolifera-
tion of the parasite are still under investigation, Urbina
et al., 1993, showed that platelet-activating factor (PAF)
antagonist can inhibit the proliferation of both epimas-
tigote and amastigote forms of T. cruzi probably involv-
ing alterations in phospholipids’ composition.


The screening of potential trypanocidal compounds
from plant extracts and natural products has provided
a diverse class of compounds illustrated by naphthoqui-
nones, terpenoids, isoflavonoids, and alkaloids, which
may interfere with the redox equilibrium and cause oxi-
dative stress.23,26,27


The Brazilian plants Virola surinamensis and Piper
solmsianum from Amazon and Atlantica Forests,
respectively, have proved to be a rich source of tetra-
hydrofuran neolignans such as veraguensin 2,5-bis(3,4-
dimethoxyphenyl)tetrahydro-3,4-dimethylfuran (1) and
grandisin 2,5-bis(3,4,5-trimethoxyphenyl)tetrahydro-
3,4-dimethylfuran (2), which show potent in vitro
activity against trypomastigote parasite.28 Based on
experiments involving the Y strain of T. cruzi, com-
pounds 1 and 2 were able to produce lysis of parasites
with IC50 2.3 and 3.7 lM, respectively, while gentian
violet showed a value of IC50 31 lM. Although the
compounds are very effective, their high lipophilicity
is a serious limitation to carry on in vivo assays.
Furthermore, compound 1 is a competitive PAF-re-
ceptor antagonist in experiments performed with
PAF isolated from human and rabbit platelets
(IC50 1.1 lM).29 This result was further investigated
by Hwang et al., 1985, to synthesize new derivatives
with the diaryl-tetrahydrofuran analogues without
the methyl substituents. From this series, compound
3 exhibited a potent and orally active platelet-activat-
ing factor (PAF)-specific and competitive receptor
antagonist (IC50 20.0 nM).30
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We have been interested in the synthesis of analogues of
natural products 1 and 2, containing appropriate chem-
ical modifications to afford products with improved

water solubility and biological activity.31 Compounds
4 and 5 are promising derivatives synthesized so far as
they presented IC50 51.2 and 1.5 lM, respectively. Here-
by, we describe our results on the synthesis and in vitro
trypanocidal evaluation of symmetrical and unsymmet-
rical 1,4-diaryl-1,4-diol derivatives, which were designed
by molecular simplification of the lead compounds 1–3
containing a nonrigid scaffold. This synthetic strategy
also allows the use of products and intermediates in
the synthesis of constrained derivatives, such as furan,
pyrroles, thiophenes, and pyrrolidines.
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2. Results and discussion

The synthesis of 1,4-bis-(3,4,5-trimethoxyphenyl)-1,4-
butanediol (6a) and 1,4-bis-(3,4-dimethoxyphenyl)-1,4-
butanediol (6b) hinges on either 1,4-diaryl-1,4-diketones
7a and 7b or 1,4-diarylacetylenic-1,4-glycols 8a and 8b
formation, respectively, accessible from the corresponding
a,b-unsaturated arylketone32–34 and modified arylalde-
hyde or arylaldehyde and arylacetylenic derivatives,35,36


followed by reduction of carbonyl or acetylenic groups,
respectively.


Preparations of 7a and 7b were attempted under var-
ious reaction conditions with sodium cyanide or 3-eth-
yl-5-(2-hydroxyethyl)-4-methylthiazolium bromide (ETB)
to promote the Michael conjugate addition of substi-
tuted aldehydes (9a–e) to a,b-unsaturated arylketones
(10a,b, Stetter reaction).33,37,38 Using the former ap-
proach, we were unsuccessful in attempts to accom-
plish this reaction under a variety of conditions. On
the other hand, condensation was achieved using
ETB to generate the intermediate carbanion in the
presence of triethylamine, as outlined in Scheme 1.
The reaction was performed with different solvents,
such as dioxane/EtOH, DMF/EtOH, and EtOH, that
afforded compound 7a in 21%, 12%, and 10% yields,
respectively, whereas for compound 7c the best yield
was 38% in a mixture of DMF/EtOH. Although the
yields were not high, the targets diaryl-1,4 dicarbonyl
7a–e were directly accessed from readily available
starting materials under relatively mild conditions.
The problems faced in this reaction may be due to
the reduced reactivity of the aldehydes 9a and 9b

due to the donor effect of the OMe group at para-
position of the ring. Indeed, several works that had
been reported32,34,39,40 focus on reactions that have







O


H3CO


OCH3


CHO


H3CO


OCH3


O


O


R1


R3


R4


R2 R1
R4


R3


Et3N+


10a: R1=OCH3
10b: R1=H


9a: R2=R3=R4=OCH3


9b: R2=H ,R3=R4=OCH3


9c: R2=R4=H ,R3=OH
9d: R2=H ,R3= OH, R4=OCH3


9e: R2=H ,R3=O Bn,R4=OCH3


ETB


7a: R1=R2=R3=R4=OCH3


7b: R1=R2=H ,R3=R4=OCH3


7c: R1=R2=R4=H ,R3=OH
7d: R1=R2=H ,R3=O H, R4=OCH3


7e: R1=R2=R4=O CH3,R3=OBn


R2


H3CO


OCH3


OH


OH


R1
R4


R3


R2


6a: R1=R2=R3=R4=OCH3
6b: R1=R2=H ,R3=R4=OCH3


NaBH4


Scheme 1. Conjugate addition of modified aldehydes 9a–e to a,b-unsaturated arylketones 10a,b, mediated by ETB with triethylamine as a catalyst to


give diaryl-1,4 dicarbonyl 7a–e, followed by reduction.
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halogens (iodine or bromine) incorporated at meta-posi-
tion to deactivate the carbonyl group of the arylaldehyde
and facilitate the addition of cyanide or thiazolium ions.
The 1H and 13C NMR spectral data of all products were
in accordance with the structure, showing for compound
7a a chemical shift at d 7.24, for ortho-aromatic hydro-
gens, d 3.86 and 3.87 for methoxyl groups, and d 3.37
related to a-carbonyl methylene group.


The diketones 7a and 7b were reduced with sodium
borohydride to give the corresponding diols 6a and 6b
with 38 and 45% yields, respectively. The 1H NMR
showed two sets of nonequivalent hydrogens for both
compound 6a (d 1.90–1.70 for the methylene group
and d 4.64–4.54 for methyne carbinols) and compound
6b (d 2.00–1.90 and 2.40–2.30 for the methylene group,
and d 5.13 and 4.94 for methyne carbinols), indicating
the presence of diastereomeric isomers rather than the
symmetrical meso structure. It could be argued that an
intramolecular hydride transfer from an alkoxymetal
hydride intermediate to the remaining carbonyl group
may give a preferential trans-diol relationship.41


It is worth noting that, in preliminary experiments using
different starting material with ETB, such as 3-indolcar-
boxaldehyde instead of substituted benzaldehyde, we
found that the amino group of the heterocycle was
preferentially added to the double bond of a,b-unsaturat-
ed arylketone, giving compounds 11a and 11b (45%). The
1H NMR spectrum showed all characteristic signals,
which consist of d 8.24–6.77, related to the aromatic
and heteroaromatic hydrogens, d 4.62 and 3.45
representing the methylene groups, and the methoxyl
and aldehyde hydrogen, respectively, at d 3.87–3.84 and
9.90.


11a:R=H
11b:R=OCH3


H3CO


OCH3


R


O


N


CHO

During this investigation, additional experiments were
conducted on unsubstituted arylaldehydes to confirm
the influence of methoxyl substituents. Since the

required starting a,b-unsaturated arylketones 10a and
10b were easily obtained from b-amino-arylcarbonyl
derivatives, which in turn involve the classical Mannich
reaction,34 we investigated, therefore, a direct approach
using the readily available reagents 12a and 12b,
Scheme 2. Thus, treatment of benzaldehyde 13 with
sodium cyanide, followed by 12a or 12b, gave the dike-
tones 14a and 14b with 36 and 48% yield, respectively,
whose 1H NMR data showed the same chemical shift
for methylene groups at d 3.45. Comparatively, the
similar procedure attempting to convert compounds
9a and 9b or even p-hydroxybenzaldehyde into diaryl
diketones was unsuccessful, as expected. Reduction of
compounds 14a,b afforded 1,4-diaryl-1,4-diols 15a,b.


The required intermediates 8a and 8b were obtained by
condensation of arylaldehydes with acetylide anion
derived from either lithium acetylide complexed with
ethylenediamine, lithium or magnesium acetylides.35,36


In this approach, we intended to use stronger nucleo-
philes such as acetylide anions to convert readily
available aldehydes into acetylenic carbinols, whose
transformation of the sp terminal carbon allows genera-
tion of structural variety of symmetrical and unsymmet-
rical 1,4-diarylacetylenic-1,4-glycols. Thus, addition of
lithium acetylide complexed with ethylenediamine to
3,4,5-trimethoxylbenzaldehyde (9a) or 3,4-dimethoxyl-
benzaldehyde (9b) gave acetylenic carbinols 16a and
16b, which were further treated with n-butyllithium to
afford the corresponding carbanion and alkoxy dianions
in THF. Condensation of these intermediates with the
same aldehydes 9a or 9b at low temperature provided
1,4-diarylacetylenic-1,4-glycols 8a and 8b in 59% and
45% yield, respectively (Scheme 3). These compounds
were characterized on the basis of their spectral proper-
ties, which showed two sets of signals for carbinol
hydrogens of compounds 8a and 8b, respectively, at d
5.38, 5.39 and d 5.41, 5.42. These structures were further
confirmed by their 13C NMR spectra, with carbinol and
acetylenic carbons, respectively, at d 64.92 and 86.67,
86.73 for compound 8a, and d 64.80 and 86.78 for
compound 8b.


Concerning the reaction with lithium acetylide complex,
several heteroarylaldehydes and arylaldehydes with
different substitution patterns were investigated.
However, the yields of the corresponding acetylenic car-
binols were disappointing owing to the high instability
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Scheme 2. Preparation of unsymmetrical diaryl diols 15a,b from diaryl diketones 14a,b by replacement of the amino group of compounds 12a,b by


aldehyde 13, via a carbanion cyanohydrin.
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Scheme 3. Preparation of symmetrical acetylenic glycols 8a,b, via addition of acetylenic carbinols 16a and 16b to arylaldehydes.


Table 1. In vitro activities of natural products 1 and 2, and synthesized


compounds against bloodstream trypomastigotes of Trypanosoma


cruzi Y and Bolivia strainsa,b


Compound IC50 (lM)


Y strain Bolivia strain


Gentian violet 31 33


1 2.3 —


2 3.7 —


4 51.2 —


5 1.5 —


6a 100 110


6b 105 110


7a 210 1870


7b 10 200


7e 110 140


8a 110 140


8b 520 420


14a 3.5 · 106 3.5 · 106


14b 2.1 · 106 7.4 · 105


15a 1080 1900


15b 1180 230


16a 180 450


16b 760 440


a Positive control, gentian violet, concentration of 250 lg/mL.
b Negative control, mice blood infected + 5.0% of DMSO.
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of the acetylide reagent under storage and handling, as
well self-condensation of aldehydes.


Furthermore, an attempt to repeat the reaction sequence
for the preparation of 8a and 8b by condensation of the
acetylenic carbinol monoanion, obtained from 16a or
16b by reaction with tert-butyldimethylsilyl chloride
(TBSCl) followed by treatment with n-butyllithium, led
to recovery of the starting materials.


The preparation of acetylenic derivatives was earlier dis-
cussed in several reviews pointing out the efficient use of
ethylmagnesium halides or alkyl lithium to abstract
ethynyl proton.36,42 Considering that acetylene gas does
not form the monolithium or mono-Grignard acetylide
in ether because of their immediate conversion into acet-
ylide dianion, we envisaged that using this solvent the
acetylenic glycols 8a and 8b could be straightforwardly
obtained. Contrary to our expectations, neither dilithi-
um nor di-Grignard acetylide afforded satisfactory re-
sults on attempted condensation of 9a or 9b, giving
poor yields of acetylenic carbinols (�20%) and products
(�8%) besides recovery of the starting materials (�40%).


Hydrogenation of compounds 8a and 8b in the presence
of palladium-carbon gave only by-products that com-
prise a butane chain bridge instead of a 1,4-butanediol
between the two aryl groups.43 On the other hand, the
reduction performed with platinum oxide35 allowed
isolation of products 6a and 6b with 73% and 41% yield,
respectively.


The trypanocidal activity of products and intermediates
was evaluated against two T. cruzi strains, Bolivia and
Y, with distinct parasitemic level. The results are depict-
ed in Table 1 which shows IC50 values ranging from
10 lM to inactive compounds. Products 6a and 6b
showed similar activity against both strains with IC50


100–110 lM that represents an interesting activity for
these series of compounds. On the other hand, the

diaryl-1,4 dicarbonyl intermediate 7b, with IC50


10 lM, had better activity against Y strain when com-
pared to natural products 1 and 2. Regarding the 1,4-
diarylacetylenic-1,4-glycols, compound 8a was the most
active with IC50 110 and 140 lM for Y and Bolivia
strains, respectively.


In summary, we report a convenient synthesis of new
analogues of natural products veraguensin (1) and gran-
disin (2) containing nonrigid structures. The final prod-
ucts 6a and 6b, comprising a 1,4-diaryl-1,4-diol structure
with different patterns of substitution, were successfully
prepared from 1,4-diaryl-1,4-diketones or 1,4-diaryl
acetylenic-1,4-glycols in moderate yields in spite of the
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low reactivity of the reactants. Except for the 1,4-diaryl-
1,4-diketone 7b, the target products and intermediates
were less active than the previous tetrahydrofuran neo-
lignan leads 1–5, revealing that the central tetrahydrofu-
ran ring and the methoxyl groups attached to both
aromatic rings of the natural products may play a criti-
cal role toward the parasite inhibitory activity.

3. Experimental


3.1. Materials and methods


1H and 13C NMR spectra were measured on a Bruker
DPX-400 (400 and 100 MHz) using CDCl3 (Aldrich)
as solvent and TMS as internal standard. Chemical
shifts were reported in d units (ppm) and coupling con-
stants (J) in Hz. IR spectra were recorded on a Nicolete
Protege FT460 spectrophotometer. TLC was performed
on silica gel (E. Merck) SIL G-25UV254 and com-
pounds on developed plates were detected either by
viewing with a UV lamp (254 nm), or by spraying with
a 10% sulfuric acid, 1.5% molybdic acid, 1% ceric sulfate
spray followed by heating to 150 �C. Column chroma-
tography was performed on Kieselgel 60 (70–230 mm
mesh, E. Merck).


3.2. 1,4-Bis-(3,4,5-trimethoxyphenyl)butane-1,4-dione
(7a)


A mixture of compound 10a (100.0 mg, 0.45 mmol),
3,4,5-trimethoxybenzaldehyde (9a) (97.0 mg, 0.5 mmol),
the catalyst 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazoli-
um bromide (7.0 mg, 0.03 mmol), and triethylamine
(0.1 mL, 0.5 mmol) in dioxane/EtOH (1.0 mL, 8:2,
v/v), under nitrogen atmosphere, was heated at reflux.
Another portion (7.0 mg) of thiazolium salt was added
at the end of 10 and 20 h, and the mixture refluxed for
a total of 30 h. The solution was evaporated, and the
residue was dissolved with dichloromethane. The organ-
ic layer was washed with saturated NaCl solution and
water. The organic layer was dried over anhydrous
Na2SO4, filtered, and evaporated under vacuum. The
compound 7a was purified by flash column chromatog-
raphy (silica gel Merck, 230–400 mesh, 7:3 hexane/ethyl
acetate) to give a yellow solid (132.2 mg, 36%); 1H NMR
(400 MHz/CDCl3): d 3.37 (s, 4H, H-2, H-3), 3.86 (s, 6H,
OCH3), 3.87 (s, 12H, OCH3), 7.24 (s, 4H, H-6, H-10, H-
6 0, H-10 0); 13C NMR (100 MHz): d 32.90 (C-2, C-3),
56.71 (OCH3), 61.37 (OCH3), 105.98, 132.39, 143.06,
153.49, 198.03 (C–Ar).


3.3. 1,4-Bis-(3,4-dimethoxyphenyl)butane-1,4-dione (7b)


It was prepared as described above from compound 10b
(100.0 mg, 0.52 mmol), 3,4-dimethoxybenzaldehyde (9b)
(95.0 mg, 0.57 mmol), the catalyst 3-ethyl-5-(2-hydroxyeth-
yl)-4-methylthiazolium bromide (9.0 mg, 0.035 mmol), and
triethylamine (0.1 mL, 0.7 mmol) in dioxane/EtOH
(1.0 mL, 8:2, v/v). Purification by chromatography (sili-
ca gel Merck, 230–400 mesh, 7:3 hexane/ethyl acetate)
gave a yellow solid (54.0 mg, 29%); 1H NMR
(400 MHz/CDCl3): d 3.36 (s, 4H, H-2 and H-3), 3.87

(s, 6H, OCH3), 3.89 (s, 6H, OCH3), 6.85 (d, 2H,
Jortho 8.3, H-9, H-9 0), 7.50 (d, 2H, Jmeta 2.0, H-6, H-
6 0), 7.65 (dd, 2H, Jortho 8.3, Jmeta 2.0, H-10, H-10 0);
13C NMR (100 MHz): d 32.70 (C-2, C-3), 56.40
(OCH3), 56.50 (OCH3), 110.50, 110.60, 123.20, 130.50,
149.40, 153.70 (C–Ar).


3.4. 1-(4-Hydroxyphenyl)-4-(3,4-dimethoxyphenyl)-
butane-1,4-dione (7c)


It was prepared as described above from compound 10b
(100.0 mg, 0.52 mmol), 4-hydroxybenzaldehyde (9c)
(95.0 mg, 0.57 mmol), the catalyst 3-ethyl-5-(2-hydroxyeth-
yl)-4-methylthiazolium bromide (9.0 mg, 0.035 mmol), and
triethylamine (0.1 mL, 0.7 mmol) in DMF/EtOH
(1.0 mL, 1:1, v/v). Purification by chromatography (sili-
ca gel Merck, 230–400 mesh, 7:3 hexane/ethyl acetate)
gave a yellow solid (62.0 mg, 38%); 1H NMR
(400 MHz/CDCl3): d 3.29–3.39 (m, 4H, J 4.0, CH2–
CH2), 3.86, 3.89 (s, 2· 3H, OCH3), 6.81 (d, 2H,
Jortho 8.8, H–Ar), 6.85 (d, 1H, Jortho 8.5, H–Ar), 7.49
(d, 1H, Jmeta 2.0, H–Ar), 7.66 (dd, 1H, Jortho 8.5, Jmeta


2.0, H–Ar), 7.82 (d, 2H, Jortho 8.8, H–Ar).


3.5. 1-(3-Methoxy-4-hydroxyphenyl)-4-(3,4-dimethoxy-
phenyl)butane-1,4-dione (7d)


It was prepared as described above from compound 10b
(148.0 mg, 0.77 mmol), 3-hydroxy-4-methoxybenzalde-
hyde (9d) (129.0 mg, 0.85 mmol), the catalyst 3-ethyl-5-
(2-hydroxyethyl)-4-methylthiazolium bromide (13.0 mg,
0.051 mmol), and triethylamine (0.12 mL, 0.85 mmol) in
dioxane/EtOH (1.0 mL, 8:2, v/v). Purification by chroma-
tography (silica gel Merck, 230–400 mesh, 7:3 hexane/
ethyl acetate) gave a yellow oil (10.0 mg, 5%); 1H
NMR (400 MHz/CDCl3): d 3.34–3.36 (s, 4H,
CH2–CH2), 3.87 (s, 3H, OCH3), 3.88 (s, 3H, OCH3),
3.89 (s, 3H, OCH3), 6.85 (d, 1H, Jortho 8.3, ArH), 6.91
(d, 1H, Jortho 8.3, H–Ar), 7.50 (d, 2H, Jmeta 2.0, ArH),
7,60 (dd, 1H, Jortho 8.3, Jmeta 2.0, ArH), 7.65 (dd, 1H, Jortho


8.8, Jmeta 2.0, ArH); 13C NMR (100 MHz): d 30.10, 32.70
(C-2, C-3), 56.40, 56.50 (OCH3), 110.25, 110.42, 110.54,
114.28, 123.22, 123.88, 130.17, 130.44, 146.95, 149.36,
150.78, 153.69, (C–Ar), 197.85, 197.93 (C@O).


3.6. 1-(3,4,5-Trimethoxyphenyl)-4-(3,5-dimethoxyphenyl-
4-O-benzyl)butane-1,4-dione (7e)


It was prepared as described above from compound
10a (30.0 mg, 0.14 mmol), 1-(3,5-dimethoxy-4-O-ben-
zyl)benzaldehyde (9e) (44.0 mg, 0.16 mmol), the catalyst
3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide
(3.0 mg, 0.01 mmol), and triethylamine (0.2 mL,
1.0 mmol) in DMF/EtOH (1.0 mL, 1:1, v/v). Purification
by chromatography (silica gel Merck, 230–400 mesh, 7:3
hexane/ethyl acetate) gave a yellow solid (62.0 mg, 38%);
1H NMR (400 MHz/CDCl3): d 3.36 (s, 4H, CH2–CH2),
3.82 (s, 6H, OCH3), 3.86 (s, 3H, OCH3), 3.87 (s, 6H,
OCH3), 5.05 (s, 2H, OCH2Ph), 7.19 (s, 2H, ArH), 7.21
(s, 2H, ArH), 7.24–7.30 (m, 3H, ArH:OBn), 7.40 (dd,
2H, Jortho 8.1, Jmeta 1.5, ArH:OBn); 13C NMR
(100 MHz): d 34.23, 34.28 (C-2, C-3), 58.06, 58.07,
62.72 (OCH3), 107.36, 129.80, 129.97, 130.20, 133.89,
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139.06, 143.25, 144.44, 154.85, 155.17 (C–Ar), 199.40
(C@O).


3.7. 1-(Phenyl)-4-(3,4,5-trimethoxyphenyl)butane-1,4-
dione (14a)


A solution of benzaldehyde (13) (97.0 mg, 0.5 mmol),
NaCN (60.3 mg, 1.2 mmol) in DMF (2.5 mL), under
nitrogen atmosphere, was heated at 40 �C for 30 min.
After that, a mixture of 3-(N,N-dimethylamine)-1-
(3,4,5-trimethoxyphenyl)prop-1-one (12a) (130.6 mg,
1.2 mmol) in DMF (3.0 mL) was poured slowly into
the solution. The reaction mixture was stirred for 24 h.
The reaction mixture was cooled in an ice water and
quenched with water, and the aqueous layer was extract-
ed with ethyl ether. The organic layer was washed with
brine, water, dried over anhydrous Na2SO4, filtered,
and evaporated under vacuum. The compound 14a was
purified by flash column chromatography (silica gel
Merck, 230–400 mesh, 8:2 hexane/ethyl acetate) to give
a white solid (132.2 mg, 36%); IR mmax (nujol/cm�1)
1675 (C@O); 1H NMR (400 MHz/CDCl3): d 3.45 (t, 4H,
J 4.0, CH2–CH2), 3.93 (d, 9H, J 1.3, OCH3), 7.31 (s, 2H,
ArH), 7.48 (t, 2H, Jortho 7.0, Jmeta 1.5, ArH), 7.59 (tt,
1H, Jortho 7.0, Jmeta 1.5, ArH), 8.05 (dd, 2H, Jortho 8.0,
Jmeta 1.5, ArH).


3.8. 1-(Phenyl)-4-(3,4-dimethoxyphenyl)butane-1,4-dione
(14b)


It was prepared as described above from compound 13
(148.4 mg, 1.4 mmol), NaCN (68.6 mg, 1.4 mmol), and
3-(N,N-dimethylamine)-1-(3,4-dimethoxy-phenyl)prop-
1-one (12b) (300.0 mg, 1.3 mmol). Purification by chro-
matography (silica gel Merck, 230–400 mesh, 8:2
hexane/ethyl acetate) gave a white solid (181.1 mg,
48.0%); IR mmax (nujol/cm�1) 1684, 1667 (C@O); NMR
1H (400 MHz/CDCl3): d 3.44 (t, 4H, J 4.0, CH2–CH2),
3.93, 3.95 (s, 2· 3H, OCH3), 6.91 (d, 1H, Jortho 8.0,
ArH), 7.48 (t, 2H, Jortho 7.0, Jmeta 1.5, ArH), 7.57 (m, 2H,
ArH), 7.71 (dd, 1H, Jortho 8.0, Jmeta 2.0, ArH), 8.05 (dd, 2H,
Jortho 8.0, Jmeta 1.5, ArH).


3.9. 1-(3,4,5-Trimethoxyphenyl)pro-2-in-1-ol (16a)


A mixture of lithium acetylide ethylenediamine
(470.0 mg, 5.1 mmol) in DMSO (4.0 mL) was added to
a solution of 3,4,5-trimethoxybenzaldehyde (9a)
(500.0 mg, 2.5 mmol) in DMSO (2.0 mL), under nitro-
gen atmosphere. The mixture was stirred for 1 h at room
temperature when monitoring by TLC (hexane/ethyl
acetate 1:1) showed completion. The reaction mixture
was cooled, quenched with saturated aqueous NH4Cl,
and extracted with ethyl ether. The organic layer was
dried over anhydrous Na2SO4. Removal of the solvent
under reduced pressure followed by purification on silica
gel (Merck, 230–400 mesh, hexane/ethyl acetate 1:1)
afforded the compound 16a as a yellow solid
(113.2 mg, 20%); IR mmax (cm�1): 3.242 (OH), 2.117
(C„C); 1H NMR (400 MHz/CDCl3): d 2.25 (d, 1H, J
6.0, OH), 2.71 (d, 1H, J 2.2, H-1), 3.86 (s, 6H, OCH3),
3.91 (s, 3H, OCH3), 5.44 (dd, 1H, J 2.2 and 6.0, H-3),
6.81 (s, 2H, H-5, H-9); 13C NMR (100 MHz): d 56.51,

61.24 (OCH3), 64.89 (C-3), 75.25 (C-1), 83.80 (C-2),
103.98, 136.04, 138.37, 153.73 (C–Ar).


3.10. 1-(3,4-Dimethoxyphenyl)prop-2-in-1-ol (16b)


It was prepared as described above from lithium acety-
lide ethylenediamine (555.0 mg, 6.0 mmol) and com-
pound 9b (200.0 mg, 1.2 mmol). Purification by
chromatography (silica gel Merck, 230–400 mesh, 1:1
hexane/ethyl acetate) gave a yellow solid (141.0 mg,
61%); IR mmax (cm�1): 3.237 (OH), 2.109 (C„C); 1H
NMR (400 MHz/CDCl3): d 2.69 (d, 1H, J 2.3, H-1),
3.90 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 5.45 (s, 1H,
H-3), 6.87 (d, 1H, Jortho 8.6, H-8), 7.09–7.14 (m, 2H,
H-9 and H-5); 13C NMR (100 MHz): d 56.28, 56.35
(OCH3), 64.67 (C-3), 75.10 (C-1), 83.98 (C-2), 110.15,
111.30, 119.44, 133.07, 149.50, 149.63 (C–Ar).


3.11. 1,4-Bis-(3,4,5-trimethoxyphenyl)but-2-in-1,4-diol
(8a)


A solution of compound 16a (77.0 mg, 0.35 mmol) in
anhydrous THF, under nitrogen atmosphere, was cooled
to 0 �C and n-BuLi (2.1 M, 0.33 mL) was added and stir-
red for 40 min. After that, the temperature was lowered to
�78 �C and a solution of 3,4,5-trimethoxybenzaldehyde
(9a) (34.0 mg, 0.17 mmol) in anhydrous THF (0.5 mL)
was added. The reaction mixture was stirred at �78 �C
for 3 h when monitoring by TLC (hexane/ethyl acetate
1:1) showed completion. The reaction mixture was
quenched with saturated aqueous NH4Cl and extracted
with ethyl ether. The organic layer was dried over anhy-
drous Na2SO4. Removal of the solvent under reduced
pressure followed by purification on silica gel (Merck,
230–400 mesh, hexane/ethyl acetate 1:1) afforded the
compound 8a as a yellow solid (43.0 mg, 43%); 1H
NMR (400 MHz/CDCl3): d 3.73 (s, 12H, OCH3), 3.75
(s, 6H, OCH3), 5.38 (d, 2H, H-1, H-4), 6.66 (d, 4H, H-6,
H-10, H-6 0, H-10 0); 13C NMR (100 MHz): d 56.50,
61.22 (OCH3), 64.92 (C-1, C-4), 86.67, 86.73 (C-2, C-3),
104.04, 136.48, 136.51, 138.24, 153.66 (C–Ar).


3.12. 1,4-Bis-(3,4-dimethoxyphenyl)but-2-in-1,4-diol (8b)


It was prepared as described above from compound 16b
(77.0 mg, 0.4 mmol), n-BuLi (2.1 M, 0.33 mL), and 2,4-
dimethoxybenzaldehyde 9b (33.3 mg, 0.2 mmol). Purifi-
cation by chromatography (silica gel Merck, 230–400
mesh, 8:2 hexane/ethyl acetate) gave a yellow oil
(32.0 mg, 45%); 1H NMR (400 MHz/CDCl3): d 3.77
(s, 6H, OCH3), 3.79 (s, 6H, OCH3), 5.41 (d, 2H, J 3.7,
H-1, H-4), 6.75 (d, 2H, Jortho 8.8, H-9, H-9 0), 6.98–7.02
(m, 4H, H-6, H-10, H-6 0, H-10 0); 13C NMR
(100 MHz): d 56.26, 56.35 (OCH3), 64.80 (C-1, C-4),
86.78 (C-2, C-3), 110.28, 111.28, 119.43, 133.37,
133.38, 149.46, 149.55 (C–Ar).


3.13. 1,4-Bis-(3,4,5-trimethoxyphenyl)-1,4-butane diol
(6a)


3.13.1. Method 1. To a stirred solution of 7a (11.0 mg,
26 mmol) in tetrahydrofuran (0.7 mL) and methanol
(1.4 mL) was added dropwise sodium borohydride
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(2.0 mg, 0.05 mmol) in water (0.5 mL). The reaction
mixture was stirred at room temperature for 6 h when
monitoring by TLC (hexane/ethyl acetate 1:1) showed
completion. The reaction mixture was cooled in an ice-
water bath and quenched with water, and the aqueous
layer was extracted with ethyl acetate. The organic layer
was dried over anhydrous Na2SO4. Removal of the sol-
vent under reduced pressure followed by purification on
silica gel (Merck, 230–400 mesh, hexane/ethyl acetate
1:1) afforded the compound 6a as a white oil (4.2 mg,
38%); 1H NMR (400 MHz/CDCl3): d 1.70–1.90 (m,
4H, CH2–CH2), 3.75 (s, 3H, OCH3), 3.78 (s, 12H,
OCH3), 4.55-4.65 (m, 2H, H-1, H-4), 6.48 (s, 4H, H-6,
H-6 0, H-10, H-10 0); 13C NMR (100 MHz): d 38.40,
38.50 (CH2), 58.60, 63.20 (OCH3), 71.00, 77.20, 77.30,
106.30, 106.40, 140.10, 144.70, 144.80, 156.50 (C–Ar).


3.13.2. Method 2. A mixture of compound 8a (32.0 mg,
0.076 mmol), PtO2 (3.0 mg) in MeOH was stirred in the
presence of H2 (gas) at room temperature until uptake
was completed (3 h). The reaction mixture was then fil-
tered in celite pad and the solvent was removed under
reduced pressure to gave the compound 6a as a white
oil (23.4 mg, 72%).


3.14. 1,4 -Bis-(3,4-dimethoxyphenyl)-1,4-butane diol (6b)


3.14.1. Method 1. It was prepared as described above
from compound 7b (42.5 mg, 0.12 mmol), sodium boro-
hydride (6.5 mg, 0.17 mmol). Purification by chroma-
tography (silica gel Merck, 230–400 mesh, 8:2 hexane/
ethyl acetate) gave a white oil (19.3 mg, 45%); 1H
NMR (400 MHz/CDCl3): d 1.90–2.00 (m, 2H, CH2),
2.30–2.40 (m, 2H, CH2), 3.79 (s, 3H, OCH3), 3.81 (s,
6H, OCH3), 3.84 (s, 3H, OCH3), 4.94 (t, 1H, J 5.0,
CHOH), 5.13 (t, 1H, J 5.0, CHOH), 6.78 (d, 2H,
Jortho 8.0, H-9, H-9 0), 6.85–6.92 (m, 4H, H-6, H-10, H-
6 0, H-10 0); 13C NMR (100 MHz): d 34.50, 36.00 (CH2),
56.30, 56.40 (OCH3), 81.40, 81.50, 109.40, 110.00,
111.40, 111.50, 118.30, 118.60, 136.00, 136.60, 148.60,
148.70, 149.40, 149.50 (C–Ar).


3.14.2. Method 2. A mixture of compound 8b (50.0 mg,
0.014 mmol), PtO2 (3.0 mg) in MeOH was stirred in the
presence of H2 (gas) at room temperature until uptake
was completed (3 h). The reaction mixture was then fil-
tered in celite pad and the solvent was removed under
reduced pressure to gave the compound 6b as a yellow
oil (20.6 mg, 41%).


3.15. Biological assays


The bioassays were carried out using blood collected by
cardiac puncture of albino Swiss mice on the parasitemy
peak after infection with Y strain (seventh day) and with
Bolivia strain (14th day) of T. cruzi.44 The infected
blood was diluted to the concentration of 2 · 106 try-
pomastigotes per mL. The assays were performed on
titration microplates (96 wells) with 190 lL of blood in
triplicate. The compounds were solubilized in dimethyl
sulfoxide (DMSO) and diluted in blood to give 5.0,
25.0, 50.0, and 100.0 lg/mL as final concentrations.
The plates were incubated at 4 �C and the number of

parasites was counted after 24 h, according to the proce-
dure described by Brener.45 Infected blood with the
same volume of DMSO was used as control and gentian
violet was used as positive control (250.0 lg/mL). After
total lysis, all samples were inoculated in healthy mice in
order to detect a possible parasitemy.
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Abstract—Five new structural analogues of substituted-1H-quinolinones (19, 20, 23, 24, and 26) have been synthesized and evalu-
ated for Staphylococcus aureus methionyl-tRNA synthetase enzyme inhibitory activity. These compounds were also tested against
pathogens of six S. aureus, two Enterococcus faecalis, and one Enterococcus faecium. Among all the synthesized quinolinones,
compound 20 displayed significant inhibitory activities in the strains of E. faecalis and E. faecium.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Aminoacyl-tRNA synthetases (aaRSs) are a group of
enzymes that precisely transfer amino acids from cellu-
lar pool to their corresponding tRNA cognates to form
aminoacyl-tRNAs which serve as substrates for protein
synthesis.1 The transfer of a particular amino acid to
tRNA under influence of aaRS occurs through forma-
tion of an active intermediate aminoacyladenylate
(aa-AMP) by the reaction of the amino acid and ATP.
The aa-AMP thus formed is attacked by either 2 0-OH
or 3 0-OH of adenosine of tRNA to form ester with ami-
noacyl moiety. The catalytic activity of aaRSs is organ-
ism specific and it is different in pathogens and human
beings. This difference in catalytic activity of aaRSs
provides an opportunity to inhibit pathogens’ aaRSs
selectively without perturbing host aaRSs. Thus, amino-
acyl-tRNA synthetases make an alternative drug target

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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to develop antibacterial agents for the treatment of anti-
biotic-resistant bacterial strains such as methicillin,
resistant Staphylococcus aureus (MRSA) and Vancomy-
cin resistant enterococci (VRE).2–4


Aminoacyladenylate (aa-AMP) being highly active and
susceptible to hydrolysis makes the possibility of synthe-
sizing its stabilized analogues having potential inhibito-
ry properties. In this respect various isosteres of linear
chain attached to aa-AMP, such as alkylphosphate,
ester, amide, hydroxamate, sulfamate,5 sulfamide,
N-alkoxysulfamide, and N-hydroxysulfamide have been
prepared as replacement of the hydrolytically labile
acylphosphate of the aminoacyladenylate. Inhibitors of
aminoacyladenylate have been also synthesized by
modifying hydroxyl groups of ribose present in
aminoacyladenylate.6


Recently, a quinoline derivative7 has been identified by
high throughput screening of a library of compounds
as a competitive inhibitor of methionyl-tRNA synthe-
tase (MRS). Structure–activity relationship7–10 study of
the derivative led to the synthesis of 2 with IC50 value
16 nM against MRSA.
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Figure 1. Pharmacophoric superimposition of compounds 1 and 2.
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Our presumption that quinolone (2) inhibits catalytic
activity of 1 by occupying binding site of methionylade-
nylate (1) led us to perform molecular modeling study of
1 and 2. In the modeling principal pharmacophores of 2
were identified and compared with methionyladenylate
(1). Positions of all five pharmacophoric groups of 2
were matched with those of methionyladenylate 1 in
an energy-minimized conformation (Fig. 1).11


Carbonyl group, nitrogen atom of quinolone ring, and
exocyclic nitrogen atom were superimposed with
N6-amino, N3, and N9-atoms of adenine ring of 1,
respectively. The other nitrogen atom of the linker and
a chloro group of 2 superimposed with an oxygen and
sulfur atoms of 1. The RMS superposition of the phar-
macophoric groups verified perfect correlation between
1 and 2. Further, it is evident from Figure 1 that linear
chain of compound 2 provides appropriate separation
between quinolone and 3,4-dichlorobenzene ring but
does not fully superimpose with ribose ring of 1. The
linker with a hydrophilic functionality such as hydroxy,
methoxy, or hydroxymethyl might provide a better sur-
rogate for ribose. This notion led us to design and
synthesize 19, 20, 23, 24, and 26.

Scheme 1. Reagents and conditions: (a) Malonic acid, POCl3, reflux,


55%; (b) (4-OMe)BnOH, 15-crown-5 ether, NaH, rt, 5:82%, 6:6%.

2. Chemistry


The designed compounds 2, 19, 20, 23, 24, and 26 have
been synthesized by nucleophilic substitution reaction of
aryloxyquinoline 5 with excess of either 1,3-diaminopro-
pane or suitably substituted 1,3-diaminopropanes (10,
14) followed by TFA-catalyzed hydrolysis of 4-meth-
oxybenzyl group and reductive alkylation with
3,4-dichlorobenzaldehyde (Schemes 4–6). The quinoline
5 was previously prepared in two steps from aniline
using literature procedure12 (Scheme 1). Quinolone 6
has been isolated as minor product during the synthesis
of 5 by the reaction of 2,4-dichloroquinoline (Scheme 1)

and 4-methoxybenzylalcohol in presence of sodium
hydride and catalyst 15-crown-5.


2-Methoxypropane-1,3-diamine (10) required for
the synthesis of 20 was prepared in three steps from
epichlorohydrin (7). A reaction of 7 and excess of diben-
zylamine afforded 2-hydroxy-tetrabenzylpropane-1,3-di-
amine (8) which on methylation with sodium hydride
and MeI furnished 9. The compound 9 was debenzylat-
ed by stirring a mixture of 9 and Pd(OH)2 in methanol at
rt to produce 10. The compound 10 was used as such
without purification (Scheme 2).


2,4-Diaminobutanol-1 (14) essential for synthesis of tar-
get compounds (23, 24) was delineated from 2,4-diamin-
obutyric acid dihydrochloride (11) by different
procedure as shown in Scheme 3. A reaction of 11 and
benzylbromide in 1:1 mixture of NaOH and K2CO3 in
aqueous methanol at reflux temperature provided 12 in
good yield. Reduction of the ester 12 into corresponding
alcohol 13 by LiAlH4 in THF under reflux condition
and subsequent debenzylation with Pd(OH)2 yielded
14 which was used as such without purification. Synthe-
sis of 23 and 24 relied on efficient isolation and charac-
terization of their respective intermediates 21 and 22 in
different yields. Stirring a mixture of 5 and 14 in 1:5
molar ratios in presence of K2CO3/DMSO at 80 �C for
48 h provided 21 in 41% and 22 in 8% yields.

3. Results and discussion


3.1. Methionyl-tRNA synthetase enzyme assay


All the synthesized compounds 2, 19, 20, 23, 24, and 26
were evaluated for in vitro inhibitory activity against S.
aureus methionyl-tRNA synthetase. The inhibitory activ-
ities of the compounds shown in Table 1 have been deter-
mined by measuring decrease in the generation of the
aminoacyl product [35S]methionyl S. aureus-tRNA,Met


in presence of different chemical concentrations as
described.6


The reference compound 2 was found most active
with IC50 value 1.09 nM under this condition. Intro-
duction of a hydroxyl and methoxy group at C-2
in the linear chain of 2 provided relatively less potent
compounds 19 and 20 by ca. 2-fold, respectively.
Thus, C-2 position does not tolerate either H-bond
donor or acceptor substituents. A compound 23 was
then synthesized to explore C-3 position of the linker
of compound 2 but this displayed almost same level
of activity (IC50 = 2.85 nM). C-1 position of the line-
ar chain of 2 was investigated by preparing com-
pound 24 which showed around 9-fold decrease in







Table 1. In vitro inhibitory activities of the synthesized compounds


against S. aureus methionyl-tRNA synthetase enzyme


Compound Structure IC50
a (nM)


2 1.09


19 2.32


20 2.48


23 2.85


24 18.6


26 4946


a Values represent means of three experiments.


Scheme 3. Reagents and conditions: (a) BnBr, NaOH, K2CO3, MeOH–H2O, reflux, 5 h, 88%; (b) LiAlH4ÆTHF, reflux, 6 h, 92%; (c) Pd(OH)2,


MeOH, rt, 24 h.


Scheme 2. Reagents and conditions: (a) Bn2NH, 130 �C, 20 h, 85%; (b) MeI, NaH, rt, 6 h, 52%; (c) Pd(OH)2, MeOH, rt, 24 h.
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potency. Replacement of 4-quinolone of 2 by
2-quinolone resulted a compound 26 with 5000 times
less activity.

Table 2. In vitro minimum inhibitory concentration (MIC) of compounds a


Strains STD1/STD2 2


S. aureus ATCC25923 0.12/0.25 32


S. aureus ATCC6538P 0.06/0.25 8


S. aureus ATCC10537 0.12/0.12 32


S. aureus GIORGIO 0.06/0.12 32


S. aureus SP-N2 0.25/>64 16


S. aureus Smith 0.12/0.25 16


S. epidermidis ATCC12228 0.12/8 16


E. faecalis ATCC29212 64/0.5 1


E. faecalis ATCC19433 64/0.5 1


E. faecium ATCC10541 16/2 0.5


STD1, Mupirocin; STD2, Amoxicillin.

3.2. Antibacterial assay


Minimum inhibitory concentration (MIC) of the synthe-
sized compounds shown in Table 2 was determined by a
microdilution method with Mueller–Hinton Broth (MH,
Difco Laboratories, Detroit, MI) for staphylococci and
Brain Heart Infusion Broth (BHI, Difco) for Enterococci
following the National Committee for Clinical Labora-
tory Standards (NCCLS).13 Six bacterial strains of S.
aureus (ATCC25923, ATCC6538P, ATCC10537,
GIORGIO, SP-N2, and SMITH), one Staphylococcus
epidermidis (ATCC12228), two Enterococcus faecalis
(ATCC29212, ATCC19433), and one Enterococcus
faecium (ATCC10541) were used for the assay. The
stock solutions of test compounds were diluted to give
a serial, 2-fold series yielding final chemical concentra-
tions ranging from 64 to 0.03 lg/mL. The MIC was
defined as the lowest concentration of the chemical that
inhibited the development of visible bacterial growth
after incubation for 16 h at 36 �C. Mupirocin and
amoxicillin antibiotics were used as standard drug.


All the tested compounds were found less potent than
both the standard antibiotic mupirocin and amoxicillin
in all the strains of S. aureus. However, compounds 2,
19, and 20 displayed significant inhibitory activities
against strains of E. faecalis and E. faecium but are less
active than amoxicillin (Table 2). The compound 2
showed 64 times more inhibition against both the strains
of E. faecalis, while 32-fold more inhibition against E.
faecium strain than mupirocin. The compound 19 was
found 4- and 8-fold more potent against strains of E.
faecalis ATCC29212 and ATCC19433, respectively but
only two times more active against E. faecium strain

gainst strains of S. aureus, E. faecalis, and E. faecium


19 20 23 24 26


>64 >64 >64 >64 32


32 16 >64 >64 32


64 32 >64 >64 32


64 32 >64 >64 32


32 32 >64 >64 32


64 32 >64 >64 32


64 32 >64 >64 32


16 8 64 64 64


8 4 32 64 32


8 2 32 64 64







Scheme 5. Reagents and conditions: (a) 14, K2CO3, DMSO, 80 �C, 48 h, 21, 41%, 22, 8%; (b) 20% TFA–DCM, rt, 2 h; (c) 3,4-Cl2PhCHO, AcOH,


MeONa, NaCNBH3, MeOH, 50 �C, 6 h, 23, 55%, 24, 48%.


Scheme 4. Reagents and conditions: (a) NH2CH2CH(OH)CH2NH2 or 10, K2CO3, DMSO, 80 �C, 48 h, 15, 55%, 16, 51%; (b) 20% TFA–DCM, rt,


2 h; (c) 3,4-Cl2PhCHO, AcOH, MeONa, NaCNBH3, MeOH, 50 �C, 6 h, 19, 48%, 20, 52%.


Scheme 6. Reagents and conditions: (a) NH2(CH2)3NH2, 110 �C, 48 h,


62%; (b) 3,4-Cl2PhCHO, AcOH, MeONa, NaCNBH3, MeOH, 50 �C,


6 h, 60%.
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ATCC10541 than the standard mupirocin. Compound
20, a methylated analogue of 19, showed similar pattern
of antibacterial properties but found 2-fold more active
against E. faecalis and 4-fold more active against E. fae-
cium than 19. The increased inhibitory activity of com-
pound 20 was probably due to less polarity and better
bioavailability than 19. The compounds 23 and 26 dis-
played similar antibacterial activity in all pathogens of
S. aureus and E. faecium, while 2-fold more activity in
E. faecalis ATCC19433 than mupirocin. Compound 24
did not show any significant activity.

4. Conclusion


The present study suggests that linear carbon chain pres-
ent in the compound 2 seems to be appropriate and sub-
stitution of hydroxyl or hydroxymethyl group at any
position in the chain is detrimental for the methionyl-
tRNA synthetase inhibitory activity. However, non-
polar substitution at C-2 position favors antibacterial
activity. Further optimization of linear chain of 2 is
under progress.

5. Experimental


5.1. Chemistry


All the chemical reagents used were either synthesized or
commercially available. Melting points were determined

on a Melting Point Büchi B-540 apparatus and are
uncorrected. Silica gel column chromatography was per-
formed on silica gel 230–400 mesh, Merck. Proton
NMR spectra were recorded on a JEOL JNM-LA 300
at 300 MHz. Chemical shifts are reported in ppm units
with Me4Si as an internal reference standard. Infrared
spectra were recorded on a Perkin-Elmer 1710 Series
FTIR. Mass spectra were recorded on a VG Trio-2
GC–MS.


5.2. 1,3-Bis-dibenzylaminopropan-2-ol (8)


A mixture of 7 (1.0 mL) and dibenzylamine (10 mL) was
stirred at 130 �C for 20 h. Excess of dibenzylamine
was removed under vacuum and residue thus obtained
was purified on silica gel using hexane/CH2Cl2 (9:1) as
eluent. Colorless oil; yield 85%; IR (Neat) m 3457 cm�1


(OH); MS(FAB) m/z 451 (MH+, 100%). 1H NMR
(CDCl3, 300 MHz) d 2.41 (d, J = 6.21 Hz, 4H, CH2),
3.44–3.65 (m, 8H, CH2), 3.74–3.84 (m, 1H, CH),
7.20–7.31 (m, 20 H, ArH).


5.3. N,N,N 0,N 0-Tetrabenzyl-2-methoxypropane-1,3-di-
amine (9)


To a solution of 8 (2.0 g, 4.45 mmol) in dry DMF
(10 mL), sodium hydride (0.12 g, 4.88 mmol) was added
in portions and resulting suspension stirred at rt for
15 min. Methyl iodide (0.41 mL, 6.67 mmol) was added
dropwise and stirred for 4 h at rt. The reaction mixture
was poured into water (30 mL) and extracted with dieth-
yl ether (15· 3 mL). Ether layers were combined, dried
over MgSO4, and evaporated under vacuum. Residue
obtained was purified on silica gel column using hex-
ane/CH2Cl2 (1:1) as eluent. White solid; mp 64–65 �C;
yield 52%; MS(FAB) m/z 465 (MH+, 100%). 1H NMR
(CDCl3, 300 MHz) d 2.36 (dd, J = 13.38, 5.90 Hz, 2H,
CH2), 2.54 (dd, J = 13.38, 5.90 Hz, 2H, CH2), 3.32
(s, 3H, OCH3), 3.38–3.67 (m, 9H, CH and CH2),
7.22–7.31 (m, 20H, ArH).
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5.4. 2-Methoxypropane-1,3-diamine (10)


A mixture of 3 (2.0 g) and Pd(OH)2 (2.0 g, 20%) in meth-
anol (15 mL) was stirred under H2 balloon for 24 h at rt.
Pd(OH)2 was filtered over a Celite pad, evaporated
under reduced pressure to yield 10 which, used as such
for next stage.


5.5. 2,4-Bis-dibenzylaminobutyric acid benzyl ester (12)


Benzyl bromide (6.8 mL, 57.59 mmol) was added to a
solution of 2,4-diaminobutyric acid dihydrochloride 11
(2.0 g, 10.47 mmol) in a mixture of sodium hydroxide
(1.24 g, 31.32 mmol) and K2CO3 (4.32 g, 31.32 mmol)
in MeOH/H2O (15 mL/15 mL). The reaction mixture
was refluxed for 6 h, cooled to rt, extracted with dichlo-
romethane (20· 3 mL), evaporated, and purified on
silica gel column using hexane/CH2Cl2 (1:1). Colorless
oil; yield: 88%; IR (neat) m 1727 cm�1 (CO); MS(EI)
m/z 568 (M+, 100%). 1H NMR (CDCl3, 300 MHz) d
1.82–2.05 (m, 2H, CH2), 2.22–2.30 (m, 1H, NCH2),
2.56–2.66 (m, 1H, NCH2), 3.28 (d, J = 13.53 Hz, 2H,
NCH2), 3.39 (d, J = 13.53 Hz, 2H, NCH2), 3.42 (d,
J = 13.53 Hz, 2H, NCH2), 3.46 (t, J = 7.14 Hz, 1H,
CH), 3.79 (d, J = 13.53 Hz, 2H, CH2), 4.98 (d,
J = 12.27 Hz, 1H, OCH2), 5.15 (d, J = 12.27 Hz, 1H,
OCH2), 7.16–7.39 (m, 25H, ArH).


5.6. 2,4-Bis-dibenzylaminobutan-1-ol (13)


A solution of 12 (3.0 g, 5.28 mmol) in THF (10 mL) was
added slowly to a stirred suspension of LiAlH4 in THF
(20 mL). The reaction mixture was refluxed overnight,
cooled, and added NaOH (15% aq) to quench the
LiAlH4, again refluxed for 30 min, cooled to rt, and fil-
tered the solid precipitate. The filtrate was dried over
MgSO4, evaporated under vacuum, and purified on
silica gel column using CH2Cl2/MeOH (49:1) as eluent.
Colorless oil; yield 92%; IR (neat) m 3430 cm�1 (OH);
MS(FAB) m/z 465 (MH+, 100%); 1H NMR (CDCl3,
300 MHz) d 1.36–1.46 (m, 1H, CH2), 1.89–2.0 (m, 1H,
CH2), 2.30–2.47 (m, 2H, NCH2). 2.71–2.74 (m, 1H,
CH), 3.27 (d, J = 5.67 Hz, 2H, CH2OH), 3.34 (d,
J = 13.38 Hz, 2H, NCH2), 3.48 (d, J = 13.38 Hz, 2H,
NCH2), 3.62 (d, J = 13.38 Hz, 2H, NCH2), 3.72 (d,
J = 13.38 Hz, 2H, NCH2), 7.17–7.37 (m, 20H, ArH).


5.7. 2,4-Diaminobutan-1-ol (14)


A mixture of 13, (2.0 g) and Pd(OH)2 (2.0 g, 20%) was
stirred in methanol for 24 h at rt. Pd(OH)2 was filtered,
methanol evaporated, and used as such for next stage.


5.8. General procedure for preparation of 4-Aryl-2-
substituted aminoquinoline (15, 16, 21, 22)


A mixture of 9 (150 mg, 0.50 mmol) and 2-hydroxy-1,3-
diaminopropane (225 mg, 2.5 mmol) was stirred in
DMSO (15 mL) at 80 �C in presence of potassium car-
bonate (83 mg, 0.6 mmol) for 48 h. The reaction mixture
was poured into distilled water (50 mL) and extracted
with ethyl acetate (25· 3 mL), dried over sodium sulfate,
and evaporated. The solid obtained was purified on

silica gel column using CH2Cl2/MeOH/NH3 sol
(90:10:0.5) as eluent. Similarly, 16, 21, and 22 were pre-
pared by the reaction of 5 with 10 and 14, respectively.


5.8.1. 1-Amino-3-[4-(4-methoxybenzyloxy)-quinolin-2-yl-
amino]-propan-2-ol (15). White solid; mp 133–135 �C;
yield 55%; IR (KBr) m 3336 cm�1 (OH); MS(FAB) m/z
354 (MH+, 30%). 1H NMR (CDCl3, 300 MHz) d 3.48–
3.59 (m, 2H, NCH2), 3.64–3.69 (m, 2H, NCH2), 3.73–
3.76 (m, 1H, CH), 3.88 (s, 3H, OCH3), 5.09 (s, 2H,
OCH2), 6.37 (s, 1H, ArH), 9.94 (d, J = 8.70 Hz, 2H,
ArH), 7.15–7.20 (m, 1H, ArH), 7.38 (d, J = 8.70 Hz,
2H, ArH), 7.48–7.53 (m, 1H, ArH), 7.58–7.61 (m, 1H,
ArH), 7.96–7.99 (m, 1H, ArH).


5.8.2. 2-Methoxy-N 0-[4-(4-methoxybenzyloxy)-quinolin-
2-yl]propane-1,3-diamine (16). White solid; mp 125–
127 �C; yield 51%; MS(FAB) m/z 368 (MH+, 100%).
1H NMR (CDCl3, 300 MHz) d 2.85–2.90 (m, 1H,
CH), 3.46–3.48 (m, 2H, NCH2), 3.45 (s, 3H, OCH3),
3.70–3.75 (m, 2H, NCH2), 3.84 (s, 3H, OCH3), 5.13 (s,
2H, CH2), 6.11 (s, 1H, ArH), 6.95 (d, J = 8.58 Hz, 2H,
ArH), 7.15–7.20 (m, 1H, ArH), 7.40 (d, J = 8.58 Hz,
2H, ArH), 7.48–7.54 (m, 1H, ArH), 7.58–7.61 (m, 1H,
ArH), 7.97–7.99 (m, 1H, ArH).


5.8.3. 2-Amino-4-[4-(4-methoxybenzyloxy)quinolin-2-yl-
amino]butan-1-ol (21). White solid; mp 134–135 �C;
yield 41%; IR (KBr) m 3340 cm�1 (OH); MS(EI): m/z
367 (M+, 100%). 1H NMR (CDCl3, 300 MHz) d
1.62–1.83 (m, 2H, CH2), 2.95–2.99 (m, 1H, CH),
3.48–3.63 (m, 2H, OCH2), 3.73–3.80 (m, 2H, CH2),
3.84 (s, 3H, OCH3), 5.12 (s, 2H, OCH2), 5.98 (s,
1H, ArH), 6.96 (d, J = 8.60 Hz, 2H, ArH), 7.13–7.18
(m, 1H, ArH), 7.40 (d, J = 8.60 Hz, 2H, ArH), 7.43–7.53
(m, 1H, ArH), 7.61–7.64 (m, 1H, ArH), 7.98 (m,
1H, ArH).


5.8.4. 4-Amino-2-[4-(4-methoxybenzyloxy)quinolin-2-yl-
amino] butan-1-ol (22). White solid; mp 155–156 �C;
yield 8%; IR(KBr) m 3337 cm�1 (OH); MS(EI): m/z 367
(M+, 100%). 1H NMR (CDCl3, 300 MHz) d 1.65–1.66
(m, 2H, CH2), 2.97–2.99 (m, 2H, NCH2), 3.72–3.79
(m, 3H, CH and OCH2), 3.83 (s, 3H, OCH3), 5.09 (s,
2H, OCH2), 6.10 (s, 1H, ArH), 6.94 (d, J = 8.60 Hz,
2H, ArH), 7.11–7.16 (m, 1H, ArH), 7.38 (d,
J = 8.60 Hz, 2H, ArH), 7.44–7.49 (m, 1H, ArH), 7.53–
7.56 (m, 1H, ArH), 7.94 (m,1H, ArH).


5.9. 4-(3-Aminopropylamino)-1H-quinolin-2-one (25)


A mixture of 6 (150 mg, 0.837 mmol) and 1,3-diamino-
propane (2 mL, 23.9 mmol) was stirred at 110 �C for
48 h under nitrogen atmosphere. 1,3-Diaminopropane
was evaporated under vacuum, the crude product was
purified on silica gel column using CH2Cl2/MeOH/
NH3 soln (9:1:0.5) as eluent. Colorless oil; yield 62%;
MS(FAB) m/z 218 (MH+, 100%). 1H NMR (CD3OD,
300 MHz) d 1.84–1.94 (m, 2H, CH2), 2.79 (t,
J = 7.2 Hz, 2H, NCH2), 3.35 (t, J = 6.9 Hz, 2H,
NCH2), 5.54 (s, 1H, ArH), 7.19–7.24 (m, 1H, ArH),
7.31 (dd, J = 8.1, 0.6 Hz, 1H, ArH), 7.48–7.54 (m, 1H,
ArH), 7.88 (dd, J = 8.4, 0.9 Hz, 1H, ArH).
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5.10. 3-(4-Oxo-1,4-dihydroquinolin-2-ylamino)-substitut-
ed-propylammonium (17,18)


These compounds were obtained by TFA-catalyzed
hydrolysis of their corresponding 4-methoxybenzyl-
oxybenzyloxy derivatives 15 and 16, respectively. The
compounds 17, 18 were subjected to reductive alkylation
with 3,4-dichlorobenzaldehyde without purification.
Similarly 21 and 22 were hydrolyzed and used to synthe-
size target compounds 23 and 24, respectively.


5.11. 2-[3-(3,4-Dichlorobenzylamino)-substituted pro-
pylamino]1H-quinolin-4-one (19, 20, 23, 24, 26)


General procedure


To a solution of 17 (100 mg, 0.43 mmol) in methanol
(5 mL), acetic acid was added (0.1 mL) followed by
0.5 M MeONa (1 mL, 0.43 mmol) at rt (20 �C). The
reaction mixture was stirred for 15 min at rt (20 �C) then
3,4-dichlorobenzaldehyde (75 mg, 0.43 mmol) added
and stirred at 50 �C for 1 h. NaCNBH3 (40 mg,
0.64 mmol) solution in MeOH (5 mL) was added, again
stirred for 6 h at 50 �C. Methanol was evaporated and
crude product purified by Silica gel column using
CH2Cl2/MeOH/NH3 sol (95:5:0.5) as eluent.


5.11.1. 2-[3-(3,4-Dichlorobenzylamino)-2-hydroxypropyl-
amino]-1H-quinolin-4-one (19). White solid; mp 220–
222 �C; yield 48%; MS(FAB) m/z 393 (MH+, 100%). 1H
NMR (CD3OD, 300 MHz) d 2.67–2.80 (m, 2H, NCH2),
3.33–3.57 (m, 2H, NCH2), 3.85 (s, 2H, CH2), 3.92–3.99
(m, 1H, CHOH), 5.67 (s, 1H, ArH), 7.21–7.31 (m, 3H,
ArH), 7.44 (d, J = 8.4 Hz, 1H, ArH), 7.49–7.56 (m, 2H,
ArH), 8.06 (dd, J = 8.1, 1.2 Hz, 1H, ArH).


5.11.2. 2-[3-(3,4-Dichlorobenzylamino)-2-methoxypropyl-
amino]-1H-quinolin-4-one (20). White Solid; mp 180–
182 �C; yield 52%; MS(FAB) m/z 407 (MH+, 100%).
1H NMR (CD3OD, 300 MHz) d 2.72 (d, J = 5.13 Hz,
2H, NCH2), 3.43 (s, 3H, OCH3); 3.49–3.61 (m, 3H,
CH), 3.74–3.84 (m, 2H, CH2), 5.68 (s, 1H, ArH), 7.22–
7.32 (m, 3H, ArH), 7.43 (d, J = 8.22 Hz, 1H, ArH),
7.49–7.54 (m, 2H, ArH), 8.06 (dd, J = 8.22, 1.2 Hz,
1H, ArH).


5.11.3. 2-[3-(3,4-Dichlorobenzylamino)-4-hydroxybutyl-
amino]-1H-quinolin-4-one (23). White solid; mp 223–
224 �C; yield 55%; IR (KBr) m 3427 cm�1 (OH); MS(FAB)
m/z 407 (MH+, 100%). 1H NMR (CD3OD, 300 MHz) d
1.77–1.83 (m, 2H, CH2), 2.69–277 (m, 1H, CH), 3.34–
3.46 (m, 2H, OCH2), 3.54–3.69 (m, 2H, NCH2), 3.74–
3.85 (m, 2H, CH2), 5.62 (s, 1H, ArH), 7.21–7.28 (m, 3H,
ArH),7.37 (d, 1H, J = 8.20 Hz, ArH), 7.46–7.54 (m, 2H,
ArH), 8.06 (dd, 1H, J = 8.1, 1.2 Hz, ArH).


5.11.4. 2-[3-(3,4-Dichlorobenzylamino)-1-hydroxymethyl-
propylamino]-1H-quinolin-4-one (24). White solid; mp
210–212 �C; yield 48%; IR (KBr) m 3430 cm�1 (OH);
MS(FAB) m/z 407 (MH+, 100%). 1H NMR (CD3OD,
300 MHz) d 1.77–1.83 (m, 2H, CH2), 2.69–2.77 (m, 1H,
CH), 3.34–3.46 (m, 2H, OCH2), 3.54–3.69 (m, 2H,
NCH2), 3.74–3.85 (m, 2H, CH2), 5.62 (s, 1H, ArH),

7.21–7.28 (m, 3H, ArH),7.37 (d, 1H, J = 8.20 Hz, ArH),
7.46–7.54 (m, 2H, ArH), 8.06 (dd, 1H, J = 8.1, 1.2 Hz,
ArH).


5.11.5. 4-[3-(3,4-Dichlorobenzylamino)propylamino]-1H-
quinolin-2-one (26). White Solid; mp 197–199 �C; yield
60%; MS(FAB) m/z 376 (MH+, 100%). 1H NMR
(CD3OD, 300 MHz) 1.89–2.00 (m, 2H, CH2), 2.73 (t,
J = 6.9 Hz, 2H, NCH2), 3.34 (t, J = 7.2 Hz, 2H,
NCH2), 3.74 (s, 2H, CH2), 5.51 (s, 1H, ArH), 7.12–
7.7.18 (m, 1H, ArH), 7.24 (dd, J = 8.2, 2.0 Hz, 1H,
ArH), 7.30 (dd, J = 8.4, 0.9 Hz, 1H, ArH), 7.41 (d,
J = 8.1, 0.9 Hz, 1H, ArH), 7.47–7.52 (m, 2H, ArH),
7.76 (dd, J = 8.1, 0.9 Hz, 1H, ArH).
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Abstract—We have previously identified ring-substituted quinolines as a new structural class of anti-tuberculosis agents. In our
ongoing efforts at structural optimization of this class, four series of ring-substituted-2/4-quinolinecarbaldehyde derivatives were
synthesized. All twenty-four compounds were synthesized using short and convenient one to two high yielding steps. The newly syn-
thesized compounds were tested in vitro against drug-sensitive Mycobacterium tuberculosis H37Hv strain. Several derivatives were
found to be promising inhibitors of M. tuberculosis. For example, derivatives 4a–c (Series 2), 7a–d (Series 3), and 8a–b (Series 4)
displayed >90% inhibition at 6.25 lg/mL in the primary assay. The most active compounds, N-(2-fluorophenyl)-N 0-quinolin-2-ylm-
ethylene-hydrazine (4a), N-(2-adamantan-1-yl-quinolin-4-ylmethylene)-N 0-(4-fluorophenyl)hydrazine (7c), and N-(2-cyclohexyl-
quinolin-4-ylmethylene)-N 0-(2-fluorophenyl)hydrazine (8a), exhibited 99% inhibition at the lowest tested concentration of
3.125 lg/mL against drug-sensitive M. tuberculosis H37Rv strain. The similarity index based on steric and electrostatic features
of the molecules was used, in conjunction with principal component analysis and linear discriminant analysis, successively to classify
the molecules based on their activity into two classes. This classification method gives us confidence in predicting the activity class of
any new unsynthesized molecule belonging to these series.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Tuberculosis (TB) remains a health problem of enor-
mous dimension throughout the world. It has been esti-
mated that every year 8 million people develop active
TB and nearly 25% of them succumb to the disease—ac-
counting for approximately 5500 deaths every day.1,2


The situation has been further aggravated by the associ-
ation of acquired immunodeficiency syndrome (AIDS)
with TB.3 Since the containment of the TB infection in
an individual depends on intact cellular immunity, hu-
man immunodeficiency virus (HIV), due to its ability
to destroy the immune system, has now emerged as
the most significant risk factor for progression of dor-
mant TB to clinical infection. HIV-associated TB and

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmc.2006.06.049


Keywords: Tuberculosis; Synthesis; Ring-substituted-2/4-quinoline-


carbaldehyde derivatives; 3D-QSAR study.
* Corresponding authors. Tel.: +91 172 2214682; fax: +91 172 2214692


(R.J.); tel.: +91 22 26670871; fax: +91 22 26670816 (E.C.); e-mail


addresses: evans@bcpindia.org; rahuljain@niper.ac.in
� Present address: Astrazeneca India Pvt. Ltd, R&D, Bangalore,


India.

the emergence of multi-drug resistant TB (MDR-TB)
increase both the magnitude and severity of the disease.
Although drug resistance in Mycobacterium tuberculosis
surfaced shortly after the introduction of streptomycin
in the late 1940s, the current threat is the emergence of
strains resistant to the two most potent anti-TB drugs,
isoniazid and rifampicin. Even though TB is 100% cur-
able using first-line drugs, drug resistance easily devel-
ops due to various reasons including poor adherence
to treatment, lack of adequate supervision, interruption
of chemotherapy due to side effects, and the use of anti-
TB drugs for indications other than TB. The response of
patients with MDR-TB to treatment with expensive and
toxic second-line drugs is poor and the mortality rate is
about 50%.


Recent advances such as the availability of the TB gen-
ome sequence have provided a wide range of novel tar-
gets for drug design,4 yet, no new tuberculosis-specific
drug has reached the clinic in the past forty years.5 This
underscores an urgent and pressing need to discover new
structural classes of anti-tuberculosis agents which may
replace and/or supplement the current drug regimens.
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mailto:rahuljain@niper.ac.in





NN


1-2 3a-f, 4a-f


CHO N
N
H


R
i


Scheme 1. Reagents and conditions: (i) NH2NHR, abs EtOH, 80 �C,


8 h.


A. Nayyar et al. / Bioorg. Med. Chem. 14 (2006) 7302–7310 7303

We have previously reported ring-substituted quinolines
as a promising new structural class of anti-tuberculosis
agents, which emerged from a broad structure-directed
screening approach of new chemical entities against var-
ious pathogens including M. tuberculosis.6–9 Most of the
ring-substituted quinolines reported by us were synthe-
sized in 1–3 overall steps, and thus are attractive lead
compounds for the additional structural optimization.
Our efforts to optimize the structure and biological
activity have resulted in several potential compounds.
In particular, two analogs, 2,8-dicyclopentyl-4-methyl-
quinoline (DCMQ),6 and 4-(1-adamantyl)-2-quinoline-
carbohydrazide (AQCH)9 (Fig. 1), displayed most
promising activities against both drug-sensitive and
drug-resistant M. tuberculosis H37Rv strains.


More recently, in continuation of our anti-tuberculosis
drug discovery program, we observed moderate inhibi-
tory activity with 4-quinolinecarbaldehyde (1, 61% inhi-
bition at 6.25 lg/mL) and 2-quinolinecarbaldehyde (2,
30% inhibition at 6.25 lg/mL) against drug-sensitive
M. tuberculosis H37Rv strain. This observation prompt-
ed us to initiate additional structural optimization of 1
and 2. We derivatized carbaldehyde group of 1 and 2
and subsequently exploited homolytic free radical reac-
tion10,11 for the direct and regiospecific incorporation
of various cycloalkyl groups in the quinoline ring to pro-
duce ring-substituted-2/4-quinolinecarbaldehydes. The
information regarding potential drug-target for the
ring-substituted quinoline class of anti-tuberculosis
agents mainly remains unknown. In such a case, we ap-
plied indirect ligand-based 3D-QSAR analysis approach
to assist us in understanding the SAR of the synthesized
molecules. This approach can also serve as a guide in the
design of more potent inhibitors.


In this work, we report synthesis, biological activity, and
3D-QSAR analysis of four new series (Series 1–4) of
ring-substituted-2/4-quinolinecarbaldehyde derivatives
(Fig. 2). It is generally observed that presence of an elec-

N


N
N
H


R


N
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R


Series 1 Series 2


Figure 2. General structures of synthesized ring substituted quinolines.


4-(1


N


CH3


2,8-Dicyclopentyl-4-methylquinoline
(DCMQ)


Figure 1. Structures of promising anti-TB ring-substituted quinolines.

tronegative fluorine in a molecule can profoundly affect
its pKa, chemical reactivity, and biological activity.
Keeping this observation in mind, synthetic derivatiza-
tion of the ring-substituted-2/4-carbaldehydes with the
2/3/4-fluorophenylhydrazines and phenylhydrazine was
studied to determine the effect of fluoro group on anti-
TB activity. At the same time, synthetic derivatization
of the carbaldehyde group was also achieved with the
aliphatic electron-withdrawing commercially available
formic hydrazide and acetylhydrazide.

2. Chemistry


Commercially available 4-quinolinecarbaldehyde (1)
and 2-quinolinecarbaldehyde (2) upon reaction with
various commercially available aromatic and aliphatic
hydrazines in the presence of abs ethyl alcohol at
80 �C for 8 h afforded N-(alkyl)-N 0-quinolin-4-ylmethyl-
ene-hydrazines/hydrazides 3a–f and N-(alkyl)-
N 0-quinolin-2-ylmethylene-hydrazines/hydrazides 4a–f,
respectively (Scheme 1).


We have earlier reported homolytic free radical reaction
of various ring-functionalized quinolines which involves
heating a mixture of the requisite quinoline derivative
and suitable alkylcarboxylic acid, in the presence of
the AgNO3 and ammonium persulfate in H2SO4 and
CH3CN as solvent at 70–80 �C for 15 min.9 However,
the application of similar conditions for the ring-alkyl-
ation of 1 and 2 did not produce the desired products,
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N
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Series 3 Series 4


N


O


NH2


H
N


-Adamantyl)-2-quinolinecarbohydrazide
(AQCH)







Table 1. In vitro antimycobacterial activity data of N-(alkyl)-N 0-


quinolin-4-ylmethylene-hydrazines/hydrazides 3a–f (Series 1) and N-


(alkyl)-N 0-quinolin-2-ylmethylene-hydrazines/hydrazides 4a–f (Series


2) against drug-sensitive strain of Mycobacterium tuberculosis H37Rv


Compound R Test concn (lg/mL) % inhibition


N


N
N
H


R


Series 1


3a


F


6.25 0


3b


F


6.25 0


3c F 6.25 0


3d CHO 6.25 0


3e COCH3 6.25 26


3f 6.25 0
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presumably due to the instability of the carbaldehyde
group under the oxidative nature of the reaction condi-
tions and high temperature. We then varied the reaction
conditions and observed that best results were observed
by carrying out the reaction at ambient temperature for
30 min. Thus, 2-alkyl-4-quinolinecarbaldehydes 5 and 6
were conveniently synthesized from 1 by homolytic free
radical reaction using requisite alkylcarboxylic acid in
the presence of a catalytic amount of AgNO3 and
ammonium persulfate in H2SO4 and CH3CN as solvent
at ambient temperature for 30 min (Scheme 2).


Unfortunately, the modified reaction conditions
applicable for the direct ring-substitution of 4-quinoline-
carbaldehyde (1) could not be extended to 2-quinoline-
carbaldehyde (2). In the latter case, all attempts lead to
the formation of unidentifiable high molecular weight
products possibly due to polymerization, along with some
quantity of unreacted starting material and was not pur-
sued further. Finally, 2-alkyl-quinoline-4-carbaldehydes
5 and 6 upon reaction with various commercially avail-
able aliphatic/aromatic hydrazines in the presence of abs
ethyl alcohol at 80 �C for 8 h produced N-(2-adaman-
tan-1-yl-quinolin-4-yl-methylene)-N 0-substituted hydra-
zines/hydrazides 7a–f and N-(2-cyclohexyl-quinolin-4-
yl-methylene)-N 0-substituted hydrazines/hydrazides
8a–f (Scheme 1).

N
N


N
H


R


Series 2


4a


F


3.125 99


4b


F


6.25 97


4c F 6.25 94


4d CHO 6.25 12


4e COCH3 6.25 5


4f 6.25 3

3. Biological activity


In vitro activities of the synthesized derivatives (Series1–
4) against M. tuberculosis H37Rv strains (ATCC 27294,
susceptible both to rifampicin and isoniazid) were ini-
tially carried out using the Microplate Alamar Blue
Assay (MABA) at a concentration of 6.25 lg/mL.12


Compounds exhibiting fluorescence were then tested in
the BACTEC 460 radiometric system9,13 and the % inhi-
bition is summarized in Tables 1 and 2. Compounds
demonstrating P90% inhibition at 6.25 lg/mL in the
primary screen were also tested at the lower concentra-
tion of 3.125 lg/mL to determine MIC value that is de-
fined as the minimum concentration exhibiting 99%
inhibition. Isoniazid (99% inhibition, MIC = 1 lg/mL)
was included, as a standard drug, for comparison.


The intermediates 2-(1-adamantyl)-4-quinolinecarbalde-
hyde (5) and 2-cyclohexyl-4-quinolinecarbaldehyde (6)
displayed weak activity with 36% and 26% inhibition,
respectively, at 6.25 lg/mL against the drug-sensitive
TB strain.


None of the N-(alkyl)-N 0-quinolin-4-ylmethylene hydra-
zines 3a–f (Series 1) was found active; only compound

N


HO


N


HO


i


1 5-6


Scheme 2. Reagents and conditions: (i) 1-adamatanecarboxylic acid or cyc


30 min, rt; (ii) R1NHNH2, abs EtOH, 80 �C, 8 h.

(3e) exhibited weak inhibition (26%) at 6.25 lg/mL
(Table 1). Interestingly, derivatives 3a–c bearing fluor-
ophenyl hydrazine group were found inactive. This is
presumably due to the inductive and resonance effects
of fluorine on the quinoline ring basicity. While,

R N


N


R


N
H


R1


ii


7a-f, 8a-f


lohexanecarboxylic acid, AgNO3, (NH4)2S2O8, CH3CN, 10% H2SO4,







Table 2. In vitro antimycobacterial activity data of N-(2-adamantan-1-yl-quinolin-4-yl-methylene)-N 0-substituted hydrazines/hydrazides 7a–f (Series


3) and N-(2-cyclohexyl-quinolin-4-yl-methylene)-N 0-substituted hydrazines/hydrazides 8a–f (Series 4) against drug-sensitive strain of Mycobacterium


tuberculosis H37Rv


N R


N
N
H


R1


Compound R R1 Test concn (lg/mL) % inhibition


7a Adamantan-1-yl


F


6.25 93


7b Adamantan-1-yl


F


6.25 94


7c Adamantan-1-yl F 3.125 99


7d Adamantan-1-yl CHO 6.25 98


7e Adamantan-1-yl COCH3 6.25 0


7f Adamantan-1-yl 6.25 0


8a c-C6H11


F


3.125 99


8b c-C6H11


F


6.25 99


8c c-C6H11 F 6.25 0


8d c-C6H11 CHO 6.25 0


8e c-C6H11l COCH3 6.25 0


8f c-C6H11 6.25 0
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compounds 4a–c from the N-(alkyl)-N 0-quinolin-2-ylm-
ethylene-hydrazines (Series 2) showed promising results
and inhibited the growth of mycobacteria by 94% at
6.25 lg/mL (Table 1). The most active compound of this
series, N-(2-fluorophenyl)-N 0-quinolin-2-ylmethylene-
hydrazine (4a), was a promising inhibitor of M. tubercu-
losis H37Rv and displayed 99% inhibition at a lower
dose of 3.125 lg/mL (Table 1). In agreement with our
earlier observation,6–9 placement of a cycloalkyl group
like 1-adamantyl or cyclohexyl at the C-2 position in
4-quinolinecarbaldehyde derivatives led to a consider-
able improvement in anti-TB activity. For example,
derivatives 7a–d from the N-(2-adamantan-1-yl-quino-
lin-4-yl-methylene)-N 0-substituted hydrazines/hydra-
zides (Series 3) inhibited the growth of drug-sensitive
M. tuberculosis H37Rv by P93% at 6.25 lg/mL. The
most active compound of this series, N-(2-adamantan-
1-yl-quinolin-4-ylmethylene)-N 0-(4-fluorophenyl)hy-
drazine (7c), also exhibited 99% inhibition at
3.125 lg/mL (Table 2).


Finally, derivatives 8a and 8b from the N-(2-cyclohexyl-
quinolin-4-yl-methylene)-N 0-substituted hydrazines/hy-

drazides (Series 4) inhibited the growth of mycobacteria
by 99% at 6.25 lg/mL (Table 2). The most active com-
pound N-(2-cyclohexyl-quinolin-4-ylmethylene)-N 0-(2-
fluorophenyl)hydrazine (8a) of the series also displayed
99% inhibition at 3.125 lg/mL (Table 2). These
results indicate that (fluorophenyl)hydrazine/hydrazide
derivatives of 2-(1-adamantyl)- and 2-cyclohexyl-4-quino-
linecarbaldehydes exhibit anti-TB activity; while
derivatives containing phenyl and aliphatic hydrazine/
hydrazide groups were inactive. The only exception
was formic acid (2-adamantan-1-yl-quinolin-4-ylmethyl-
ene)hydrazide (7d) (Series 3) which displayed 98%
inhibition at 6.25 lg/mL (Table 2).

4. 3D-QSAR study


4.1. Methodology


The molecules 4a–c, 7a–d, and 8a and 8b have been clas-
sified as ‘active’ and remaining fifteen as ‘inactive.’ All
the active molecules have pIC50 values above 5.85 log
units. The pIC50 values were calculated as follows:14
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pIC50 ¼ � log cþ logit


where c is molar concentration = concentration (lg/
mL) · 0.001/(molecular weight) and logit = log [% inhi-
bition/(100 � % inhibition)].


The binary classification as active or inactive (1 and 0)
has been used for the QSAR study. The molecules were
built with the ‘Sketch’ module of Sybyl 7.1(Tripos Inc.,
USA) installed on a Pentium PIV PC running under the
Red Hat Enterprise WS 2.3 OS. These were then energy
minimized by Powell’s method using the MMFF9415


force field with a distance-dependent dielectric term.
The minimization was terminated when the gradient
reached 0.5 kcal/mol/Å. Each structure was then sub-
jected to molecular dynamics (MD) simulation, where
it was heated to 700 K for 1 ps and annealed slowly to
200 K in steps of 100 K for 1 ps at each temperature,
with a step size of 1 fs, and snapshots captured every
5 fs. The lowest energy structure from the MD trajectory
was sent through a final round of minimization, which
was carried out with the same criteria as mentioned
above. Molecule 7c was chosen as the template on which
other molecules were aligned to it using the Database
Alignment method in Sybyl. The aligned molecules were
considered for the QSAR study. All descriptor calcula-
tions and statistical analysis were carried out using
TSAR 3.3 (Accelrys Inc., USA) for Windows OS.


4.2. Descriptor calculations


Molar refractivity (MR) and lipophilicity (log P) of the
molecules were calculated by the ‘sum of atomic partial
values’ method as implemented in TSAR 3.3. Partial
atomic charges were calculated at the AM1 level of the-
ory as implemented in the Vamp module of TSAR 3.3.
The similarity indices of molecules in terms of atomic
charges, shape, lipophilicity, molar refractivity, and
overall similarity were calculated using the Asp (Auto-
mated Similarity Package) module of TSAR 3.3. The
similarity values provide a set of 3D-QSAR descrip-
tors.16 The Asp-similarity, both ‘individual similarity
indices’ and ‘combined similarity index’, was calculated
across the 24 molecules as the ‘Carbo molecular similar-
ity index’17 for the molecules. The ‘combined similarity
index’ was calculated for four different combinations:
(i) charge and shape; (ii) charge, shape, and logP; (iii)
charge, shape and MR; and (iv) charge, shape, logP,
and MR.


4.3. Statistics


The standard data reduction technique of ‘Principal
Component Analysis’ (PCA) was used to reduce the 24

Table 3. Total variance explained and eigenvalues of the first three compon


Combined similarity


(charge, shape)


Combined similarity


(charge, shape, logP)


Total variance Eigen value Total variance Eigen value


PC1 64 15.3 63 15.1


PC2 88 5.8 87 5.8


PC3 95 1.8 95 2.0

columns of descriptors to the principal components that
contain as much of the original information as possible.
The data were scaled using mean/SD before PCA. The
first three PCA vectors were added to the study table
containing the binary representation of the activity of
the molecules. ‘Stepping discriminant analysis’18


(SDA) was carried out on the binary activity data and
the first three principal components PC1, PC2, and
PC3. A graph of PC2 versus PC3 was then constructed
and analyzed (vide infra).


4.4. Results and discussion


PCA is a method that is used to reduce a large number
of variables to a smaller number without losing vital
information, the original variables being transformed
into a new orthogonal set of linear combinations. Each
principal component (PC) is a combination of the origi-
nal variables, defined by the PC loading coefficients. The
first PC always explains the greatest variance, with
decreasing account by the successive PCs. Each PC
has an associated eigenvalue, which shows how much
of the variance of the original data set is explained by
that PC. The results of the PCA study on the four
descriptors sets are shown in Table 3. In all cases, the
first three PCs explain �95–97 % of the total variance,
hence, only the first 3 PCs were considered for analysis.
Inclusion of MR or logP or both into the calculation of
‘combined similarity index’ did not improve the statis-
tics significantly.


In the next step, the binary activity data were subjected to
SDA with the first three PCs as the X-variables. Discrim-
inant analysis is a technique that aims to separate two or
more classes of compounds using a number of explanato-
ry variables. TSAR 3.3 uses the Mahalanobis18 distance
discrimination algorithm. A stepwise procedure was used
to select a subset of the explanatory variables and opti-
mize the classification rule. The entering variable, at each
stage, is the one that gives the greatest increase in the total
Mahalanobis distance between all pairs of class centers of
all variables under consideration. The stepwise selection
of explanatory variables ends when no variable gives
more than 5% increase in the total Mahalanobis distance
sum between class centers and the best variable reduces
the total number of well-classified points. The results of
SDA are shown in Table 4.


The analysis of SDA reveals that the variables PC2
and PC3 enter the model in the first two steps of step-
ping and offer significant classification of the data,
whereas the variable PC1 never enters the model.
The model constructed with the Similarity Index,

ents from PC analysis of four sets of descriptors


Combined similarity


(charge, shape, MR)


Combined similarity


(charge, shape, MR, logP)


Total variance Eigen value Total variance Eigen value


64 15.3 63 15.1


88 5.7 85 5.7


95 1.9 97 2.0







Figure 3. Plot of PC2 versus PC3 derived from the PCA of combined similarity descriptors calculated using charge and shape properties. The data


points in red represent ‘active’ and those in blue represent ‘inactive’ molecules. The ‘active’ molecules are clustered in a small region.


Table 4. The statistics of stepping discriminant analysis using the first three principal components


Active


predicted


active


Active


predicted


active (CV)a


Inactive


predicted


inactive


Inactive


predicted


inactive (CV)a


Confidence


for active


Confidence


for inactive


Overall


confidence


Combined similarity (charge, shape) 9 9 11 11 1.0 0.73 0.80


Combined similarity (charge, shape, logP) 9 9 11 11 1.0 0.73 0.80


Combined similarity (charge, shape, MR) 9 9 11 11 1.0 0.73 0.80


Combined similarity (charge, shape, MR, logP) 9 8 11 11 0.89 0.73 0.76


a Results of the cross-validation run.
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calculated using charge and shape, shows a good clas-
sification of ‘active’ and ‘inactive’ molecules. The
inclusion of MR and logP, individually or together,
did not improve the statistics. All nine ‘active’ mole-
cules were predicted correctly. Of the 15 ‘inactive’
molecules, 11 were predicted correctly, but molecules
7e, 7f, 8f, and 4f have been predicted as ‘active.’ A
graph of PC2 versus PC3 for this model is shown in
Figure 3. All ‘actives’ cluster together in a small re-
gion, except for molecule 7d. In this cluster of ‘active’
molecules, there exist three ‘inactive’ molecules 7f, 8f,
and 4f. The confidence for correctly predicting the ‘ac-
tive’ molecule is 1.0, for ‘inactive’ molecules is 0.73,
and the overall confidence is 0.80 (Table 4). In the
present dataset of the nine ‘active’ and fifteen ‘inac-
tive’ molecules, assigning each molecule at random
should give a probability of 0.375 and 0.625 for the
compounds correctly classified as ‘active’ and ‘inac-
tive,’ respectively. The confidence estimate obtained
by SDA is higher than that obtained by random
calculations. Thus, the ‘combined similarity index’

calculated based on charge (electrostatic) and shape
(steric) was able to classify the molecules into ‘active’
and ‘inactive’ classes with a high level of statistical
confidence.

5. Conclusions


In conclusion, we have designed, synthesized, and
evaluated ring-substituted-2/4-quinolinecarbaldehyde
derivatives as inhibitors of M. tuberculosis H37Rv.
This study was focused on the manipulation at the
C-2 and C-4 positions of 2/4-quinolinecarbaldehydes
and at the C-4 position of 2-(adamantan-1-yl)- and
2-cyclohexyl-4-quinolinecarbaldehydes. The study
resulted in the identification of compounds 4a, 7c,
and 8a as promising inhibitors of M. tuberculosis.
It is also clear that placement of a fluorine and its
inductive and resonance effects on the basicity of
ring-substituted quinolines led to a significant change
in biological activity. All compounds were synthe-
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sized in good yield using inexpensive starting materi-
als in 1–2 overall steps thereby indicating their
importance as the lead compounds in anti-tuberculo-
sis drug discovery and development due to the poor
demographic profile of the TB-patients. In an at-
tempt to understand the essential structural require-
ments for anti-tuberculosis activity, we have
performed a 3D-QSAR analysis of the synthesized
compounds. Molecular modeling studies have thrown
some insight into the observed SAR profile. For the
present quinoline dataset, the similarity index based
on electrostatic and steric features of the molecules,
combined with PCA and SDA, is able to classify
them as active or inactive within the limits of statis-
tical significance. This strategy represents a promising
approach for the discovery and development of the
new ring-substituted quinoline compounds effective
for the treatment of TB.

6. Experimental


Melting points were recorded on a Mettler DSC 851
instrument or a capillary melting point apparatus and
are uncorrected. 1H spectra were recorded on a
300 MHz Bruker FT-NMR (Avance DPX300) spectrom-
eter using tetramethylsilane as internal standard and the
chemical shifts are reported in d units. Mass spectra were
recorded on a HRMS (Finnigan Mat LCQ) spectrometer
using ESI mode. Elemental analyses were carried out on
an Elementar Vario EL spectrometer. Chromatographic
purifications were carried out with silica gel 60 (230–400
mesh) and TLC (silica gel) was done on silica gel coated
(Merck Kiesel 60 F254, 0.2 mm thickness) sheets. All
chemicals were purchased from Aldrich Chemical Ltd
(Milwaukee, WI, USA). Solvents used for the chemical
synthesis were acquired from commercial sources, were
of analytical grade, and used without further purification
unless otherwise stated.


6.1. General method for the synthesis of N-(alkyl)-N 0-
quinolin-4-yl-methylene-hydrazines/hydrazides 3a–f and
N-(alkyl)-N0-quinolin-2-yl-methylene-hydrazines/hydrazides
4a–f


To a solution of 4-quinolinecarbaldehyde or 2-quinoline-
carbaldehyde (1 or 2, 0.1 g, 0.63 mmol) in abs ethyl
alcohol (10 mL), the aromatic or aliphatic hydrazine
(0.75 mmol) was added, and the reaction mixture heated
at 80 �C for 8 h. The reaction mixture was cooled to
ambient temperature, and solvent removed to afford
the crude product. Recrystallization of the crude prod-
uct with 95% ethyl alcohol afforded compounds 3a–f
and 4a–f.


6.1.1. N-(2-Fluorophenyl)-N 0-quinolin-4-ylmethylene-hy-
drazine (3a). Yield: 74%; mp: 182–184 �C (dec); 1H
NMR (CDCl3): d 8.92 (d, 1H, J = 4.1 Hz), 8.60 (d,
1H, J = 8.2 Hz), 8.38 (s, 1H), 8.16 (d, 1H, J = 8.2 Hz),
7.70 (m, 4H), 7.15 (m, 1H), 7.05 (m, 1H), 6.88 (m,
1H); ESI-MS: m/z 266 (M+1). Anal. Calcd for
C16H12FN3 (265.3): C, 72.44; H, 4.56; N, 15.84. Found:
C, 72.38; H, 4.54; N, 15.85.

6.1.2. N-(3-Fluorophenyl)-N 0-quinolin-4-ylmethylene-hy-
drazine (3b). Yield: 55%; mp: 178–180 �C (dec); 1H
NMR (CDCl3): d 9.05 (br s, 1H), 8.72 (d, 1H,
J = 4.5 Hz), 8.35 (d, 1H, J = 8.4 Hz), 8.07 (m, 2H),
7.62 (m, 1H), 7.46 (m, 1H), 7.30 (m, 2H), 7.17 (m,
2H), 6.94 (m, 1H); ESI-MS: m/z 266 (M+1). Anal. Calcd
for C16H12FN3 (265.3): C, 72.44; H, 4.56; N, 15.84.
Found: C, 72.41; H, 4.51; N, 15.81.


6.1.3. N-(4-Fluorophenyl)-N 0-quinolin-4-ylmethylene-hy-
drazine (3c). Yield: 58%; mp: 169–171 �C (dec); 1H
NMR (CDCl3): d 8.91 (d, 1H, J = 4.4 Hz), 8.57 (d,
1H, J = 7.6 Hz), 8.27 (s, 1H), 8.15 (d, 1H, J = 7.5 Hz),
7.68 (m, 3H), 7.41 (m, 2H), 7.06 (m, 2H); ESI-MS: m/z
266 (M+1). Anal. Calcd for C16H12FN3 (265.3): C,
72.44; H, 4.56; N, 15.84. Found: C, 72.39; H, 4.52; N,
15.82.


6.1.4. Formic acid quinolin-4-ylmethylene-hydrazide (3d).
Yield: 60%; mp: 178–180 �C (dec); 1H NMR (CDCl3): d
10.12 (s, 1H), 8.99 (d, 1H, J = 4.7 Hz), 8.51 (m, 2H),
8.19 (d, 1H, J = 8.4 Hz), 7.78 (m, 2H), 7.66 (m, 1H);
ESI-MS: m/z 200 (M+1). Anal. Calcd for C11H9N3O
(199.2): C, 66.32; H, 4.55; N, 21.09; found: C, 66.31;
H, 4.56; N, 21.01.


6.1.5. Acetic acid quinolin-4-ylmethylene-hydrazide (3e).
Yield: 65%; mp: 172–174 �C (dec); 1H NMR (CDCl3): d
8.98 (d, 1H, J = 4.5 Hz), 8.56 (d, 1H, J = 8.6 Hz), 8.41
(s, 1H), 8.19 (d, 1H, J = 8.3 Hz), 7.77 (m, 2H), 7.65
(m, 1H), 2.49 (s, 3H); ESI-MS: m/z 214 (M+1). Anal.
Calcd for C12H11N3O (213.2): C, 67.59; H, 5.20; N,
19.71. Found: C, 67.53; H, 5.18; N, 19.77.


6.1.6. N-Phenyl-N 0-quinolin-4-ylmethylene-hydrazine (3f).
Yield: 60%; mp: 167–169 �C (dec); 1H NMR (CDCl3): d
8.91 (d, 1H, J = 4.7 Hz), 8.55 (d, 1H, J = 8.3 Hz), 8.35
(s, 1H), 8.15 (d, 1H, J = 8.4 Hz), 7.74 (m, 2H), 7.63
(m, 1H), 7.23 (m, 5H); ESI-MS: m/z 248 (M+1). Anal.
Calcd for C16H13N3 (247.3): C, 77.71; H, 5.30; N,
16.99. Found: C, 77.65; H, 5.31; N, 17.03.


6.1.7. N-(2-Fluorophenyl)-N 0-quinolin-2-ylmethylene-hy-
drazine (4a). Yield: 63%; mp: 180–182 �C (dec); 1H
NMR (CDCl3): d 8.72 (br s, 1H), 8.21 (m, 3H), 8.07
(d, 1H, J = 8.1 Hz), 7.78 (m, 2H), 7.57 (m, 1H), 7.43
(d, 1H, J = 8.5 Hz), 7.06 (m, 2H), 6.90 (d, 1H,
J = 6.7 Hz); ESI-MS: m/z 266 (M+1). Anal. Calcd for
C16H12FN3 (265.2): C, 72.44; H, 4.56; N, 15.84. Found:
C, 72.36; H, 4.53; N, 15.81.


6.1.8. N-(3-Fluorophenyl)-N 0-quinolin-2-ylmethylene-hy-
drazine (4b). Yield: 65%; mp: 175–177 �C (dec); 1H
NMR (CDCl3): d 8.18 (m, 2H), 8.09 (m, 2H), 7.81 (d,
1H, J = 8.2 Hz), 7.73 (m, 1H), 7.56 (m, 1H), 7.10 (m,
3H), 6.87 (m, 1H); ESI-MS: m/z 266 (M+1). Anal. Calcd
for C16H12FN3 (265.3): C, 72.44; H, 4.56; N, 15.84.
Found: C, 72.37; H, 4.54; N, 15.80.


6.1.9. N-(4-Fluorophenyl)-N 0-quinolin-2-ylmethylene-hy-
drazine (4c). Yield: 70%; mp: 167–169 �C (dec); 1H
NMR (CDCl3): d 8.17 (m, 2H), 8.04 (d, 1H,
J = 8.7 Hz), 7.96 (s, 1H), 7.81 (d, 1H, J = 7.9 Hz), 7.70
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(m, 1H), 7.52 (m, 1H), 7.03 (d, 2H, J = 10.9 Hz), 6.86 (d,
2H, J = 8.1 Hz); ESI-MS: m/z 266 (M+1). Anal. Calcd
for C16H12FN3 (265.3): C, 72.44; H, 4.56; N, 15.84.
Found: C, 72.39; H, 4.51; N, 15.80.


6.1.10. Formic acid quinolin-2-ylmethylene-hydrazide
(4d). Yield: 75%; mp: 178–180 �C (dec); 1H NMR
(CDCl3): d 8.89 (s, 1H), 8.21 (d, 1H, J = 8.4 Hz), 8.07
(m, 3H), 7.85 (d, 1H, J = 8.1 Hz), 7.75 (m, 1H), 7.61
(m, 1H); ESI-MS: m/z 200 (M+1). Anal. Calcd for
C11H9N3O (199.2): C, 66.32; H, 4.55; N, 21.09. Found:
C, 66.28; H, 4.51; N, 21.05.


6.1.11. Acetic acid quinolin-2-ylmethylene-hydrazide (4e).
Yield: 80%; mp: 187–189 �C (dec); 1H NMR (CDCl3): d
9.15 (br s, 1H), 8.18 (d, 1H, J = 8.5 Hz), 8.06 (m, 3H),
7.84 (d, 1H, J = 8.1 Hz), 7.75 (m, 1H), 7.60 (m, 1H),
2.45 (s, 3H); ESI-MS: m/z 214 (M+1). Anal. Calcd for
C12H11N3O (213.2): C, 67.59; H, 5.20; N, 19.71. Found:
C, 67.63; H, 5.24; N, 19.74.


6.1.12. N-Phenyl-N 0-quinolin-2-ylmethylene-hydrazine
(4f). Yield: 70%; mp: 174–176 �C (dec); 1H NMR
(CDCl3): d 8.18 (m, 3H), 8.07 (d, 1H, J = 8. 4 Hz), 7.77
(m, 2H), 7.56 (m, 1H), 7.33 (m, 5H); ESI-MS: m/z 248
(M+1). Anal. Calcd for C16H13N3 (247.3): C, 77.71; H,
5.30; N, 16.99. Found: C, 77.68; H, 5.34; N, 17.02.


6.2. General method for the synthesis of 2-alkyl-4-
quinolinecarbaldehydes 5 and 6


To a mixture of 4-quinolinecarbaldehyde (1, 2.0 g, 13
mmol), AgNO3 (1.2 g, 7 mmol), alkylcarboxylic acid
(52 mmol) in CH3CN (8 mL), and 10% H2SO4 (20 mL)
was added. The reaction mixture was stirred at ambient
temperature and a freshly prepared solution of ammoni-
um persulfate (40 mmol) in water (10 mL) was added
dropwise in 2 min. After stirring for additional 30 min,
the reaction was terminated by pouring it onto ice.
The resulting mixture was made alkaline with 25%
NH4OH solution and extracted with ethyl acetate (3·
50 mL). The combined extracts were washed with brine
solution (2· 25 mL) and dried over anhydrous Na2SO4.
The solvent was removed under reduced pressure to
afford oil, which upon chromatographic purification
over silica gel (230–400 mesh) using EtOAc/hexanes
(8:92) gave compounds 5 and 6.


6.2.1. 2-(1-Adamantyl)-4-quinolinecarbaldehyde (5).
Yield: 35%; semi-solid; 1H NMR (CDCl3): d 9.92 (s,
1H), 8.94 (d, 1H, J = 8.4 Hz), 8.16 (d, 1H, J = 8.3 Hz),
7.88 (s, 1H), 7.76 (m, 1H), 7.64 (m, 1H), 1.88 (m,
15H); ESI-MS: m/z 292 (M+1). Anal. Calcd for
C20H21NO (291.4): C, 82.44; H, 7.26; N, 4.81. Found:
C, 82.38; H, 7.21; N, 4.76.


6.2.2. 2-Cyclohexyl-4-quinolinecarbaldehyde (6). Yield:
25%; semi-solid; 1H NMR (CDCl3): d 10.43 (s, 1H),
8.89 (d, 1H, J = 8.4 Hz), 8.11 (d, 1H, J = 8.4 Hz), 7.70
(m, 2H), 7.58 (m, 1H), 2.98 (m, 1H), 1.52 (m, 10H);
ESI-MS: m/z 240 (M+1). Anal. Calcd for C16H17NO
(239.3): C, 80.30; H, 7.16; N, 5.85. Found: C, 80.35;
H, 7.18; N, 5.88.

6.3. General method for the synthesis of N-(2-adamantan-
1-yl-quinolin-4-yl-methylene)-N 0-substituted hydrazines/
hydrazides 7a–f and N-(2-cyclohexyl-quinolin-4-yl-meth-
ylene)-N 0-substituted hydrazines/hydrazides 8a–f


To a solution of 2-alkyl-4-quinolinecarbaldehyde (5 and
6, 0.35 mmol) in abs ethyl alcohol (10 mL), requisite
aromatic or aliphatic hydrazine (0.42 mmol) was added,
and the reaction mixture heated at 80 �C for 8 h. The
reaction mixture was cooled to ambient temperature
and the solvent evaporated under reduced pressure.
The resulting residue was diluted with ethyl acetate
(50 mL), washed with water (2· 25 mL) followed with
brine solution (2· 25 mL) and dried over anhydrous
Na2SO4. The solvent was removed under reduced pres-
sure to afford oily residue, which upon column chroma-
tographic purification over neutral alumina using
EtOAc/hexanes (8:92) gave compounds 7a–f and 8a–f.


6.3.1. N-(2-Adamantan-1-yl-quinolin-4-ylmethylene)-N 0-
(2-fluorophenyl)hydrazine (7a). Yield: 67%; mp: 172–
174 �C (dec); 1H NMR (CDCl3): d 8.61 (d, 1H,
J = 8.4 Hz), 8.36 (s, 1H), 8.11 (d, 1H, J = 8.5 Hz), 7.78
(s, 1H), 7.69 (m, 2H), 7.57 (m, 1H), 7.19 (m, 1H), 7.09
(m, 1H), 6.89 (m, 1H), 1.88 (m, 15H); ESI-MS: m/z 400
(M+1). Anal. Calcd for C26H26FN3 (399.5): C, 78.17; H,
6.56; N, 10.52. Found: C, 78.13; H, 6.51; N, 10.57.


6.3.2. N-(2-Adamantan-1-yl-quinolin-4-ylmethylene)-N 0-
(3-fluorophenyl)hydrazine (7b). Yield: 53%; semi-solid;
1H NMR (CDCl3): d 8.56 (br s, 1H), 8.46 (d, 1H,
J = 8.5 Hz), 8.21 (s, 1H), 8.15 (d, 1H, J = 8.4 Hz), 7.73
(s, 1H), 7.65 (m, 1H), 7.51 (m, 2H), 6.97 (m, 1H), 6.87
(d, 1H), 6.61 (m, 1H), 1.88 (m, 15H); ESI-MS: m/z 400
(M+1). Anal. Calcd for C26H26FN3 (399.5): C, 78.17;
H, 6.56; N, 10.52 Found: C, 78.24; H, 6.51; N, 10.56.


6.3.3. N-(2-Adamantan-1-yl-quinolin-4-ylmethylene)-N 0-
(4-fluorophenyl)hydrazine (7c). Yield: 63%; semi-solid;
1H NMR (CDCl3): d 8.45 (d, 1H), 8.24 (s, 1H), 8.14
(d, 1H, J = 8.4 Hz), 7.74 (s, 1H), 7.70 (m, 1H), 7.51
(m, 1H), 7.13 (m, 2H), 7.02 (m, 2H), 1.88 (m, 15H);
ESI-MS: m/z 400 (M+1). Anal. Calcd for C26H26FN3


(399.5): C, 78.17; H, 6.56; N, 10.52. Found: C, 78.17;
H, 6.61; N, 10.57.


6.3.4. Formic acid (2-adamantan-1-yl-quinolin-4-ylmeth-
ylene)hydrazide (7d). Yield: 67%; mp: 170–172 �C (dec);
1H NMR (CDCl3): d 9.92 (s, 1H), 8.96 (d, 1H,
J = 10.3 Hz), 8.46 (s, 1H), 8.13 (d, 1H, J = 8.2 Hz),
7.79 (s, 1H), 7.72 (m, 1H), 7.57 (m, 1H), 1.88 (m,
15H); ESI-MS: m/z 334 (M+1). Anal. Calcd for
C21H23N3O (333.4): C, 75.65; H, 6.95; N, 12.60; found:
C, 75.59; H, 6.88; N, 12.57.


6.3.5. Acetic acid (2-adamantan-1-yl-quinolin-4-ylmethyl-
ene)hydrazide (7e). Yield: 66%; mp: 158–160 �C (dec);
1H NMR (CDCl3): d 9.86 (br s, 1H), 8.59 (d, 1H,
J = 8.2 Hz), 8.34 (s, 1H), 8.13 (d, 1H, J = 8.3 Hz), 7.71
(m, 2H), 7.56 (m, 1H), 2.51 (s, 3H), 1.88 (m, 15H);
ESI-MS: m/z 348 (M+1). Anal. Calcd for C22H25N3O
(347.5): C, 76.05; H, 7.25; N, 12.09. Found: C, 76.11;
H, 7.32; N, 12.17.
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6.3.6. N-(2-Adamantan-1-yl-quinolin-4-ylmethylene)-N 0-
phenylhydrazine (7f). Yield: 60%; semi-solid; 1H NMR
(CDCl3): d 8.56 (br s, 1H), 8.49 (d, 1H, J = 8.5 Hz),
8.20 (m, 2H), 7.74 (s, 1H), 7.68 (m, 1H), 7.52 (m, 1H),
7.26 (m, 5H), 1.88 (m, 15H); ESI-MS: m/z 382 (M+1).
Anal. Calcd for C26H27N3 (381.5): C, 81.85; H, 7.13;
N, 11.01. Found: C, 81.91; H, 7.19; N, 11.09.


6.3.7. N-(2-Cyclohexyl-quinolin-4-ylmethylene)-N 0-(2-flu-
orophenyl)hydrazine (8a). Yield: 62%; semi-solid; 1H
NMR (CDCl3): d 8.56 (d, 1H), 8.35 (s, 1H), 8.11 (d,
1H, J = 8.3 Hz), 7.68 (m, 3H), 7.56 (m, 1H), 7.18 (m,
1H), 7.11 (m, 1H), 6.89 (m, 1H), 2.94 (m, 1H), 1.52
(m, 10H); ESI-MS: m/z 348 (M+1). Anal. Calcd for
C22H22FN3 (347.4): C, 76.05; H, 6.38; N, 12.09. Found:
C, 76.09; H, 6.43; N, 12.13.


6.3.8. N-(2-Cyclohexyl-quinolin-4-ylmethylene)-N 0-(3-flu-
orophenyl)hydrazine (8b). Yield: 61%; semi-solid; 1H
NMR (CDCl3): d 9.15 (br s, 1H), 8.44 (d, 1H,
J = 8.3 Hz), 8.28 (s, 1H), 8.20 (d, 1H, J = 8.3 Hz),
7.73 (m, 2H), 7.54 (m, 1H) 7.34 (s, 1H), 7.09 (d,
1H, J = 10.8 Hz), 6.97 (d, 1H, J = 7.8 Hz), 6.71 (m,
1H), 3.03 (m, 1H), 1.52 (m, 10H); ESI-MS: m/z 348
(M+1). Anal. Calcd for C22H22FN3 (347.4): C,
76.05; H, 6.38; N, 12.09. Found: C, 76.07; H, 6.44;
N, 12.13.


6.3.9. N-(2-Cyclohexyl-quinolin-4-ylmethylene)-N 0-(4-flu-
orophenyl)hydrazine (8c). Yield: 60%; semi-solid; 1H
NMR (CDCl3): d 8.37 (d, 1H, J = 7.0 Hz), 8.16 (s,
1H), 8.04 (d, 1H, J = 8.2 Hz), 7.59 (m, 1H), 7.54 (s,
1H), 7.43 (m, 1H), 7.07 (m, 2H), 6.96 (m, 2H), 2.86
(m, 1H), 1.52 (m, 10H); ESI-MS: m/z 348 (M+1). Anal.
Calcd for C22H22FN3 (347.4): C, 76.05; H, 6.38; N,
12.09; found: C, 76.01; H, 6.33; N, 12.06.


6.3.10. Formic acid (2-cyclohexyl-quinolin-4-ylmethyl-
ene)hydrazide (8d). Yield: 77%; semi-solid; 1H NMR
(CDCl3): d 8.40 (d, 1H, J = 8.3 Hz), 8.30 (s, 1H),
8.06 (d, 1H, J = 8.3 Hz), 7.67 (m, 1H), 7.57 (s, 1H),
7.49 (m, 1H), 2.91 (s, 1H), 1.52 (m, 10H); ESIMS:
m/z 282 (M+1). Anal. Calcd for C17H19N3O (281.3):
C, 72.57; H, 6.81; N, 14.94. Found: C, 72.52; H,
6.77; N, 14.91.


6.3.11. Acetic acid (2-cyclohexyl-quinolin-4-ylmethyl-
ene)hydrazide (8e). Yield: 65%; semi-solid; 1H NMR
(CDCl3): d 9.85 (br s, 1H), 8.53 (d, 1H, J = 8.3 Hz),
8.35 (s, 1H), 8.12 (d, 1H, J = 8.3 Hz), 7.73 (m, 1H),
7.59 (m, 2H), 2.96 (s, 1H), 2.50 (s, 3H), 1.52 (m,
10H); ESI-MS: m/z 296 (M+1). Anal. Calcd for
C18H21N3O (295.4): C, 73.19; H, 7.17; N, 14.23.
Found: C, 73.13; H, 7.13; N, 14.18.


6.3.12. N-(2-Cyclohexyl-quinolin-4-ylmethylene)-N 0-
phenylhydrazine (8f). Yield: 66%; semi-solid; 1H NMR
(CDCl3): d 8.37 (d, 1H, J = 8.2 Hz), 8.21 (m, 2H), 7.67
(m, 2H), 7.50 (m, 1H), 7.33 (m, 5H), 2.96 (m, 1H),
1.52 (m, 10H); ESI-MS: m/z 330 (M+1). Anal. Calcd
for C22H23N3 (329.2): C, 80.21; H, 7.04; N, 12.76.
Found: C, 80.17; H, 7.03; N, 12.74.
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Sébastien Vidal,a Isabelle Bruyère,a Annie Malleron,b
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Abstract—A series of C-glycosyl ethylphosphonophosphate analogues of UDP-Glc, UDP-Gal, UDP-GlcNAc and GDP-Fuc were
synthesized from the corresponding C-glycosyl ethylphosphonic acids. Analogues were obtained as a-anomers through either dia-
stereoselective photo-induced radical addition of glycosyl bromides (DD-Glc, DD-Gal and LL-Fuc) to diethyl vinylphosphonate, or a mul-
ti-step sequence (DD-GlcNAc), with subsequent coupling with morpholidate-activated nucleotide monophosphates. The in vitro
inhibitory activity of UDP-Gal, GDP-Fuc and UDP-GlcNAc analogues towards glycosyltransferases (b-1,4-GalT, FUT3 and
LgtA) was evaluated through a competition fluorescence assay and IC50 values of 40 lM, 2 mM and 3.5 mM were obtained,
respectively.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Formation of glycosidic linkages in the biosynthesis of
oligosaccharides, glycolipids and glycoproteins usually
occurs through the Leloir pathway1 under the control
of glycosyltransferases,2–5 by transfer of a carbohydrate
from a nucleotide diphosphate sugar (NDP sugar) as
donor to the acceptor substrate, releasing the corre-
sponding nucleotide diphosphate. Glycosyltransferases
catalyze the transfer of sugar units to acceptors with
either inversion or retention of the anomeric configura-
tion with respect to the NDP sugar donor. The proposed
mechanism6–8 of glycosyl transfer with inversion of con-
figuration is occurring through weakening of the donor
glycosidic bond implicating an acidic residue in the en-
zyme active site, followed by a SN2-type transition state
involving an oxonium ion. Final attack of the acceptor’s
hydroxyl group with assistance of a basic group in the
enzyme catalytic site provides the glycosylated acceptor
(Fig. 1).

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Since glycoconjugates are involved in numerous cell–cell
recognition and communication processes, the rational
design of glycosyltransferase inhibitors has been inten-
sively investigated9–33 for a better understanding of bio-
chemical pathways implicating these enzymes and also
for potential therapeutical applications. Glycosyltrans-
ferase inhibitors are generally designed based on analo-
gies between the three different moieties composing the
NDP sugar natural substrates, mimicking either the car-
bohydrate part,9–12,31 the diphosphate linkage,13–20 the
nucleoside moiety or combinations of these.21–30 The
diphosphate linkage, essential for most glycosyltransfe-
rases’ activity, interacts via its dianionic charge with
metallic cations, for example, Mn2+, coordinated with
two aspartate residues within the active site (Fig. 1). Sev-
eral mimics of the dianionic charge of NDP sugars have
been designed ranging from phosphonates,32 methylpyro-
phosphates,19,33 methylenediphosphonates,14 to malo-
nates, tartrates or even monosaccharidic structures.13–20


Even though several syntheses of glycoconjugates mim-
icking the diphosphate linkage have been described in
the literature, the biological evaluation of these analogues
towards glycosyltransferases is rather limited.13–15,32,33


C-Glycosyl analogues are useful mimetics due to their
higher stability towards acid- or enzyme-catalyzed
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Figure 1. Proposed mechanism for inverting glycosyltransferases.26
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hydrolysis compared to O-glycosides and several
approaches have been developed for their stereocon-
trolled synthesis.34–39 Being involved in a continuing
programme focusing on a series of glycosyltransferases
with mostly a-configured natural substrates, we wanted
to prepare analogues with the same a-configuration. The
use of radical chemistry,40 for example, addition of gly-
cosyl radicals to suitable alkenes, is probably the most
efficient method41–48 due to mild conditions, atom econ-
omy and high stereocontrol. Although this approach is
leading predominantly to a-configured C-glycosyl deriv-
atives, we could achieve the synthesis of the b-config-
ured analogues41 under very mild conditions using
photo-induced activation.


Based on our previously developed radical chemistry,41


we are now reporting on the design of donor substrate
analogues, with a modification at the diphosphate link-
age (Fig. 2). These compounds are not isosteric to natu-
ral substrates due to the replacement of the oxygen atom
by an ethylene moiety, resulting in an increased distance
between the sugar anomeric centre and the phosphorus
atom. Therefore, it was assumed that these structures
would mimic the lengthening of the anomeric C–O bond
which occurs in the SN2-type transition state (Fig. 1) in-
volved for the natural substrate according to the pro-
posed mechanism.26

2. Results and discussion


The preparation of three C-glycosyl analogues (DD-Glc,
DD-Gal and LL-Fuc) of NDP sugar was achieved through
photo-induced radical addition of glycosyl bromides to
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Figure 2. Glycosyltransferase natural substrates and C-glycosyl ethylphosph

diethyl vinylphosphonate,41 the GlcNAc derivative
being obtained by a multi-step route, to afford C-glyco-
syl ethylphosphonates. The corresponding phosphonic
acids were then coupled to activated nucleotide mono-
phosphates in order to obtain the desired analogues
for enzymatic studies.


2.1. Synthesis of UDP-Glc and UDP-Gal analogues
(4a,b)


Reaction of commercially available acetobromoglycoses
1a,b with diethyl vinylphosphonate under photo-
induced conditions (Scheme 1) yielded the desired a-
configured C-glycosyl ethylphosphonates 2a,b.41 Depro-
tection49 of the diethylphosphonates upon treatment
with Me3SiBr in MeCN followed by deacetylation
(H2O/MeOH/Et3N) and C18-reverse phase column chro-
matography afforded the fully deprotected C-glycosyl
ethylphosphonic acids 3a,b in high yields. Final coupling
of 3a,b and UMP-morpholidate50,51 provided the de-
sired analogues 4a,b after purification52 by ion exchange
resin chromatography using DEAE-Sephadex A-25
(HCO3


� form).


2.2. Synthesis of GDP-LL-Fuc analogue (8)


Preparation of the GDP-LL-fucose analogue 8 was also
achieved through a similar procedure (Scheme 2). Acet-
ylation of LL-fucose followed by conversion of 5 into LL-
fucosyl bromide53 and subsequent treatment under pho-
tochemical conditions41 in the presence of diethyl vinyl-
phosphonate afforded the LL-fucosyl ethylphosphonates
in good yield, as a mixture of anomers predominantly
a (a/b, 9:1).47 The a-anomer 6 could be easily purified
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by silica gel chromatography and its stereochemistry
was assigned by a detailed analysis of the 1H NMR data.
The observed coupling constant between H-1 and H-2
(3J1,2 = 5.6 Hz) is in agreement with the a-configuration
at the anomeric centre as noted for similar C-glycosyl
derivatives.54 Deprotection49 of the diethylphosphonate
followed by deacetylation provided the fully deprotected
phosphonic acid 7. Coupling with GMP-morpholi-
date50,51 afforded the desired analogue 8. As compared
to uracil derivatives 4a,b and 10, we noticed a relatively
poor stability of analogue 8 resulting in partial decom-
position into GMP and 7 when stored for 2 weeks at
�+4 �C. Slow decomposition is probably due to the sen-
sitivity of the P–O–P–O linkage and the increased basici-
ty and nucleophilicity of the guanine moiety, in
comparison to uracil.


2.3. Synthesis of UDP-GlcNAc analogue (10)


Synthesis of the GlcNAc-based analogue 10 using the
radical approach was ineffective. When either the chlo-

ro- or bromo-activated N-acetylglucosamine derivative
A (Fig. 3) were subjected to coupling under our standard
conditions41 in the presence of a large excess of diethyl
vinylphosphonate (up to 15 equiv), the major compound
isolated after irradiation was the oxazoline B in >80%
yield. Despite several attempts using acetamide or triflu-
oroacetamide derivatives, we were not able to obtain the
expected C-glycosyl ethylphosphonate C, even though
Junker and Fessner47 previously reported the radical
coupling of the glucosamine trifluoroacetamide deriva-
tive with diethyl vinylphosphonate. Radical reactions
in the GlcNAc series being highly sensitive to different
parameters,42,46 one can therefore assume that using dif-
ferent conditions (Et2O/5 · 50 W halogen lamps under
Fessner’s conditions47 and t-BuOH/450 W UV lamp in
our case) would greatly alter the outcome of the
reaction.


Nevertheless, the protected GlcNAc analogue could be
prepared through a multi-step approach55,56 and cou-
pling of the corresponding phosphonic acid 9 with
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UMP-morpholidate afforded the desired GlcNAc C-gly-
cosyl ethylphosphonophosphate analogue 10 (Scheme
3).


The formation of the P–O–P bond in C-glycosyl ethyl-
phosphonophosphate analogues 4a,b, 8 and 10 could
be easily evidenced by 31P NMR spectroscopy display-
ing two doublets resonating at d � �10 (phosphate)
and d � 19 ppm (phosphonate) with a 2JP,P = 26 Hz.
The presence of the desired phosphonophosphates in
the crude reaction mixtures was checked by 31P · 31P
2D COSY NMR analysis with observation of the
expected correlation between these two doublets.

Table 1. Inhibitory activities (IC50) of NDP-sugar analogues 4b, 8 and


10


Glycosyltransferases Km
a


(lM)


Km
b


(lM)


Analogues IC50


b-1,4-GalT 4458 51 4b 40 lMc


FUT3 3361 43 8 2 mMd


LgtA 22062 540 10 3.5 mMe


a Km values previously reported in the literature.
b Km values measured with our enzymatic assay using fluorescent


acceptor substrates, under similar experimental conditions as


described for the measurement of the IC50 values of 4b, 8 and 10.
c Measured at 0.2 mM dansylated acceptor substrate and 0.04 mM


UDP-Gal.
d Measured at 0.2 mM dansylated acceptor substrate and 0.05 mM


GDP-Fuc.
e Measured at 0.8 mM dansylated acceptor substrate and 0.25 mM


UDP-GlcNAc.

3. Biological evaluations


3.1. Inhibitory activity of UDP-Gal analogue (4b)


Compound 4b is a non-isosteric a-configured analogue
of the sugar nucleotide donor UDP-Gal, the natural
substrate of bovine milk b-1,4-galactosyltransferase (b-
1,4-GalT, EC 2.4.1.22). This inverting enzyme catalyzes
the transfer, with the b-configuration, of a galactose unit
from UDP-Gal to the 4-position of a GlcNAc residue.
Human b-1,4-GalT plays a role in the biosynthesis of
blood group antigens and sialyl Lewis x (sLex) but is
also involved in some pathologies such as arthritis and
cancer.31 The biological evaluation of 4b towards bovine
milk b-1,4-GalT was carried out through a competition
assay using a fluorescent acceptor substrate, GlcNAc-b-
O-(CH2)6-NH-dansyl,57 where the reaction product was
quantified by RP-HPLC. Km constants were measured
for bovine milk b-1,4-galactosyltransferase and the
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two other enzymes studied (vide infra), and compared
to the corresponding Km values reported in the literature
(Table 1). In each case, a fairly good agreement was ob-
served, thus proving the validity of the applied method.
The IC50 value of 40 lM observed for 4b is similar to the
Km value58 for the natural donor substrate, UDP-Gal
(Table 1). This compound is therefore a good inhibitor
of b-1,4-GalT. It is noteworthy that non-isosteric a-
and b-configured analogues of UDP-Gal displaying an
extra methylene between the sugar and UDP have no
inhibitory activity against recombinant pig a(1–3)-galac-
tosyltransferase (pa(1–3)GalT).59 On the other hand, the
C-glycosyl ethylphosphonic acid 3b, evaluated in the
same conditions up to 16 mM concentration, did not
display any inhibitory activity towards b-1,4-GalT, thus
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indicating that the nucleotide moiety of UDP-Gal ana-
logues cannot be omitted without altering the inhibitory
activity.


3.2. Inhibitory activity of GDP-Fuc analogue (8)


The inhibitory activity of GDP-Fuc analogue 8 towards
recombinant human Galb(1! 3/4)GlcNAc-a-1,4/3-
fucosyltransferase60 (FUT3, EC 2.4.1.65) was deter-
mined. This enzyme catalyzes the transfer of a fucose
unit from GDP-Fuc, with the a-configuration, to the
3- or 4-position of a GlcNAc residue belonging either
to disaccharide acceptors Galb(1! 3)GlcNAc or
Galb(1! 4)GlcNAc. Inhibition tests were similarly car-
ried out through a competition assay using a fluorescent
acceptor substrate, Galb(1! 3)GlcNAc-b-O-(CH2)6-
NH-dansyl,57 in which the reaction product was quanti-
fied by RP-HPLC. An IC50 value of 2 mM, about 2 or-
ders of magnitude higher than the Km for GDP-Fuc,61


was found for GDP-Fuc analogue 8 (Table 1). The weak
inhibitory activity of 8 against FUT3 could be due to the
a-anomeric configuration of this C-glycosyl analogue,
opposite to the b-configuration of the natural donor
substrate GDP-Fuc, although an a-anomer analogue
of GDP-Fuc has been reported to inhibit significantly
human fucosyltransferases,31 even though their natural
substrates possess the opposite b-configuration. The
elongation of the distance between the guanosine and
the sugar moiety in 8 can also account for the lower inhi-
bition observed.12


3.3. Inhibitory activity of UDP-GlcNAc analogue (10)


The inhibitory activity of UDP-GlcNAc analogue
10 against recombinant Neisseria meningitidis
Galb(1! 4)Glc-b-1,3-N-acetyl-glucosaminyltransferase57


(LgtA, EC 2.4.1.56) was measured according to the same
procedure with Galb(1! 4)Glcb-O-(CH2)6-NH-dan-
syl57 as the fluorescent acceptor substrate. This enzyme
catalyzes the transfer of a GlcNAc residue from the su-
gar nucleotide donor UDP-GlcNAc to the 3-position of
the terminal galactose of a lactose unit. With a IC50 val-
ue of 3.5 mM that is about 1 order of magnitude higher
than the Km value for UDP-GlcNAc,62 the analogue 10
turned out to be only a poor inhibitor towards the bac-
terial enzyme LgtA (Table 1), unlike the analogue 4b
that exhibited a significant inhibitory activity against
the bovine b-1,4-GalT. Considering that both glyco-
syltransferases are inverting enzymes that require man-
ganese ions for proper activity, a different spatial
arrangement of the amino acid residues involved in the
enzyme active sites may account for this discrepancy.
Other elongated non-isosteric compounds have been
shown to be weaker inhibitors of UDP-GlcNAc 2-epi-
merase, as compared to analogues which closely resem-
ble UDP-GlcNAc.29,33

4. Conclusion


A photo-induced addition of glycosyl radicals to diethyl
vinylphosphonate followed by deprotection and
coupling with activated nucleotide monophosphates

afforded three C-glycosyl ethylphosphonophosphate
analogues of glycosyltransferase donor substrates (4a
for UDP-Glc, 4b for UDP-Gal and 8 for GDP-Fuc),
the UDP-GlcNAc analogue 10 being obtained through
a multi-step sequence. The radical-based approach al-
lowed for the syntheses of C-glycosyl ethylphosphonates
with high diastereoselectivity in favour of the a-anomer.
Biological evaluations of UDP-Gal, GDP-Fuc and
UDP-GlcNAc analogues (4b, 8 and 10, respectively)
were achieved using a fluorescence assay and IC50 values
of 40 lM, 2 mM and 3.5 mM were determined for b-1,4-
GalT, FUT3 and LgtA, respectively. Based on these re-
sults, the replacement of the O–P oxygen–phosphorus
bond in the natural donor substrates by C–C–P car-
bon–carbon–phosphorus bonds led to non-isosteric ana-
logues displaying weak inhibitory activities, except for
UDP-Gal analogue 4b which turned out to be an inter-
esting candidate for b-1,4-galactosyltransferase inhibi-
tion, at least in vitro. Further investigations of the
biological properties of these glycoconjugates are being
pursued in our efforts to better understand the mecha-
nism of action of glycosyltransferases and their biologi-
cal implications.

5. Materials and methods


5.1. General methods


tert-Butanol was distilled over CaH2 and under argon
atmosphere. Diethyl vinylphosphonate (97% grade)
and NaBH3CN (95% grade) were purchased from Al-
drich and used as received. Air was removed from the
reaction media by bubbling argon into organic solu-
tions. Thin-layer chromatography (TLC) was carried
out on aluminium sheets coated with silica gel 60 F254


(Merck). TLC plates were inspected under UV light
and developed by charring after spraying with 5%
H2SO4 in EtOH. Preparative C18-reversed phase chro-
matography (RP-18) was performed using a
15 · 15 mm column of fully endcapped silica gel 100
C18 (>400 mesh, Fluka). Ion exchange chromatography
was performed using a 25 · 200 mm column of DEAE-
Sephadex A25 resin (HCO3


� form, Pharmacia). 1H
and 13C NMR spectra were recorded using Bruker
AC200, DRX300 or DRX500 spectrometers with the
residual solvent as the internal standard.63 The chemical
shifts are expressed on the d scale in parts per million
(ppm). 31P NMR spectra were recorded with a Bruker
spectrometer at 80 MHz (AC200) or 120 MHz
(DRX300) from D2O or CDCl3 solutions with H3PO4


as the external reference. The following abbreviations
are used to explain the observed multiplicities: s, singlet;
d, doublet; dd, doublet of doublets; ddd, doublet of dou-
blet of doublets; t, triplet; q, quadruplet; m, multiplet;
br, broad. NMR solvents were purchased from Euriso-
top (Saint Aubin, F-91194, France). Mass spectra were
measured with a Finnigan Mat95XL spectrometer.
Optical rotations were measured using a Perkin-Elmer
polarimeter. Reversed phase HPLC (RP-HPLC) analy-
ses were performed using a Waters 600 pump equipped
with a reversed phase column (C18, Nucleosil, 5 lm,
3.9 mm id · 300 mm; mobile phase, H2O–MeCN:
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73:27; flow rate, 1 mL/min), with a Luminescence Spec-
trometer LS50B (Perkin-Elmer) as the detection device.
Fluorescence of substrates and products was read at 385
nm excitation/540 nm emission. b-1,4-GalT was pur-
chased from Sigma. LgtA64 and FUT360 were prepared
according to previously described procedures.52 Struc-
ture elucidation was deduced from 1D and 2D NMR
spectroscopy which allowed, in most cases, complete sig-
nal assignments based on COSY, HSQC and HMBC
correlations. The glycopyranosyl rings existed in all
cases under a chair conformation (4C1 or 1C4), as de-
duced from the observed values of the vicinal H–H cou-
pling constants. Abbreviations Glc, Gal, Fuc, Rib and
Ura were used for the NMR assignments of DD-glucose,
DD-galactose, LL-fucose, DD-ribose and uracil protons and
carbons, respectively.


5.2. Bis(triethylammonium) 2-(a-DD-glucopyranosyl)-eth-
ylphosphonate (3a)


To a solution of 2a41 (1.854 g, 3.73 mmol) in MeCN
(40 mL) was added C5H5N (3.12 mL, 37.88 mmol) at
0 �C followed by dropwise addition of Me3SiBr (5 mL,
37.88 mmol). The solution was stirred at 0 �C for 2 h then
quenched with H2O/C5H5N (9:1/30 mL). The mixture
was evaporated to dryness and the white powder purified
(RP-18/H2O then H2O/MeOH, 1:1) to obtain the acety-
lated phosphonic acid intermediate. The product was stir-
red in H2O/MeOH/Et3N (7:3:1/30 mL) for 16 h then
evaporated to dryness and the white powder purified
(RP-18/H2O) to afford 3a (933 mg, 92%) as a colourless
foam. [a]D +37 (c 1, H2O). 1H NMR (D2O, 300 MHz): d
1.23 (t, 18H, J = 7.3 Hz, NCH2CH3), 1.38–1.92 (m, 4H,
CH2CH2P), 3.15 (q, 12H, J = 7.3 Hz, NCH2CH3), 3.28
(t, 1H, J4,3 = J4,5 = 9.8 Hz, H-4), 3.46 (ddd, 1H,
J 5;60 ¼ 2:2 Hz, J5,6 = 5.9 Hz, J5,4 = 9.8 Hz, H-5), 3.58–
3.72 (m, 3H, H-2, H-3, H-6), 3.82 (dd, 1H,
J 60 ;6 ¼ 12:3 Hz, H-6 0), 3.94 (m, 1H, H-1). 13C NMR
(D2O, 75 MHz): d 9.1 (NCH2CH3), 19.4 (d, JC,P = 3.4 Hz,
CH2CH2P), 24.4 (d, JC,P = 174.2 Hz, CH2CH2P), 47.5
(NCH2CH3), 62.0 (C-6), 71.3 (C-4), 72.1, 74.0 (2s, C-2,
C-3), 73.2 (C-5), 77.0 (d, JC,P = 16.5 Hz, C-1). 31P NMR
(D2O, 80 MHz): d 26.2. LSIMS (negative mode, glycerol)
m/z: 271 [M�2HNEt3+H]�. HRLSIMS (negative mode,
glycerol) m/z: calcd for C8H16O8P1 [M�2HNEt3+H]�,
271.0583; found, 271.0584.


5.3. Bis(triethylammonium) 2-(a-DD-galactopyranosyl)-
ethylphosphonate (3b)


To a solution of 2b41 (668 mg, 1.34 mmol) in MeCN
(20 mL) was added C5H5N (1.11 mL, 13.4 mmol) at
0 �C followed by Me3SiBr (1.8 mL, 13.4 mmol). The solu-
tion was stirred at 0 �C for 1 h then quenched with H2O/
C5H5N (9:1/10 mL). The mixture was evaporated to dry-
ness and the white powder purified (RP-18/H2O then
H2O/MeOH, 1:1) to obtain the acetylated phosphonic
acid intermediate. The product was stirred in H2O/
MeOH/Et3N (7:3:1/30 mL) for 16 h then evaporated to
dryness and the white powder purified (RP-18/H2O) to af-
ford 3b (342 mg, 94%) as a colourless foam and as its
mono-triethylammonium salt. [a]D +53 (c 1, H2O). 1H
NMR (D2O, 300 MHz): d 1.17 (t, 9H, J = 7.3 Hz,

NCH2CH3), 1.30–1.85 (m, 4H, CH2CH2P), 3.08 (q, 6H,
J = 7.3 Hz, NCH2CH3), 3.57–3.65 (m, 3H, H-5, H-6, H-
6 0), 3.70 (dd, 1H, J2,1 = 3.4 Hz, J2,3 = 9.3 Hz, H-2),
3.83–3.94 (m, 3H, H-1, H-3, H-4). 13C NMR (D2O,
75 MHz): d 8.6 (NCH2CH3), 18.8 (d, JC,P = 2.8 Hz,
CH2CH2P), 24.3 (d, JC,P = 135.0 Hz, CH2CH2P), 47.0
(NCH2CH3), 61.6 (C-6), 68.7 (C-2), 69.5, 70.0 (2s, C-3,
C-4), 72.0 (C-5), 76.2 (d, JC,P = 16.6 Hz, C-1). 31P NMR
(D2O, 80 MHz): d 26.2. LSIMS (negative mode, glycerol)
m/z: 271 [M�2HNEt3+H]�. HRLSIMS (negative mode,
glycerol) m/z: calcd for C8H16O8P1 [M�2HNEt3+H]�,
271.0583; found, 271.0584.


5.4. General procedure for the synthesis of 4a,b, 8 and 10


A water solution of 3a,b, 7 or 9 was evaporated to dryness
then dried under high vacuum over P2O5 for 24 h. The
morpholidate-activated nucleotide monophosphate and
tetrazole were added. The solvent was evaporated off
and the mixture dried under high vacuum over P2O5 for
24 h. The solid residue was dissolved in anhydrous
C5H5N (10 mL) and stirred under argon at room temper-
ature for 10 days. The reaction mixture was diluted with
H2O (100 mL) then evaporated to dryness and the yellow
powder purified (Sephadex DEAE-A25 HCO3


� form/0 to
1 M TEAB) to obtain 4a,b, 8 or 10 as white foams.


5.4.1. Bis(triethylammonium) [2-(a-DD-glucopyranosyl)-
ethylphosphono]uridin-5 0-yl phosphate (4a). A mixture of
3a (509 mg, 1.87 mmol), 4-morpholine-N,N 0-dic-
yclohexylcarboxamidinium uridine 5 0-monophospho-
morpholidate (470 mg, 0.68 mmol) and tetrazole
(16.2 mL, 7.27 mmol, 0.45 M in MeCN) was treated
according to the general procedure described above to ob-
tain 4a (95 mg, 24%). [a]D +18 (c 1, H2O). 1H NMR (D2O,
300 MHz): d 1.24 (t, 18H, J = 7.3 Hz, NCH2CH3), 1.58–
2.00 (m, 4H, CH2CH2P), 3.13 (q, 12H, J = 7.3 Hz,
NCH2CH3), 3.28–3.36 (m, 1H, H-4Glc), 3.52 (ddd, 1H,
J5,4 = 9.7 Hz, J5,6 = 5.7 Hz, J 5;60 ¼ 2:2 Hz, H-5Glc),
3.62–3.75 (m, 3H, H-2Glc, H-3Glc, H-6Glc), 3.84 (dd, 1H,
J6 0,6 = 12.3 Hz, H-6 0Glc), 3.92–4.03 (m, 1H, H-1Glc),
4.15–4.21 (m, 2H, H-5Rib, H-50Rib), 4.21–4.28 (m, 1H, H-
4Rib), 4.30–4.39 (m, 2H, H-2Rib, H-3Rib), 5.88 (d, 1H,
J = 7.8 Hz, H-5Ura), 6.00 (d, 1H, J1,2 = 4.6 Hz, H-1Rib),
7.83 (d, 1H, J = 7.7 Hz, H-6Ura). 13C NMR (D2O,
125 MHz): d 8.7 (NCH2CH3), 18.9 (d, JC,P = 3.0 Hz,
CH2CH2P), 24.1 (d, JC,P = 139.5 Hz, CH2CH2P), 47.0
(NCH2CH3), 61.6 (C-6Glc), 65.1 (d, JC,P = 5.3 Hz, C-
5Rib), 70.0, 74.1 (C-2Rib, C-3Rib), 70.9 (C-4Glc), 71.7 (C-
2Glc), 72.7 (C-5Glc), 73.6 (C-3Glc), 76.5 (d, JC,P = 17.5 Hz,
C-1Glc), 83.6 (d, JC,P = 9.1 Hz, C-4Rib), 88.8 (C-1Rib),
103.0 (C-5Ura), 142.1 (C-6Ura), 152.1 (C-2Ura), 166.5 (C-
4Ura). 31P NMR (D2O, 80 MHz): d �10.8 (d,
JP,P = 26.3 Hz, CPOPO), 19.6 (d, JP,P = 26.3 Hz, CPO-
PO). LSIMS (negative mode, glycerol) m/z: 577
[M�2HNEt3+H]�. HRLSIMS (negative mode, glycerol)
m/z: calcd for C17H27N2O16P2 [M�2HNEt3+H]�,
577.0836; found, 577.0834.


5.4.2. Bis(triethylammonium) [2-(a-DD-galactopyranosyl)-
ethylphosphono]uridin-5 0-yl phosphate (4b). A mixture of
3b (177 mg, 0.65 mmol), 4-morpholine-N,N 0-dicyclo-
hexylcarboxamidinium uridine 5 0-monophosphomor-
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pholidate (250 mg, 0.36 mmol) and tetrazole (5.6 mL,
2.53 mmol, 0.45 M in MeCN) was treated according to
the general procedure described above to obtain 4b
(21 mg, 10%). [a]D +39 (c 1.05, H2O). 1H NMR (D2O,
300 MHz): d 1.23 (t, 18H, J = 7.3 Hz, NCH2CH3),
1.30–2.00 (m, 4H, CH2CH2P), 3.10 (q, 12H,
J = 7.3 Hz, NCH2CH3), 3.66–3.75 (m, 3H, H-5Gal, H-
6Gal, H-60Gal), 3.80 (dd, 1H, J3,4 = 3.4 Hz, J3,2 = 9.4 Hz,
H-3Gal), 3.90–3.93 (m, 1H, H-4Gal), 3.94–4.04 (m, 2H,
H-1Gal H-2Gal), 4.10–4.20 (m, 2H, H-5Rib, H-50Rib),
4.20–4.26 (m, 1H, H-4Rib), 4.29–4.38 (m, 2H, H-2Rib,
H-3Rib), 5.87 (d, 1H, J = 7.7 Hz, H-5Ura), 6.00 (d, 1H,
J1,2 = 4.6 Hz, H-1Rib), 7.82 (d, 1H, J = 7.7 Hz, H-6Ura).
13C NMR (D2O, 125 MHz): d 8.6 (NCH2CH3), 18.7
(d, JC,P = 2.4 Hz, CH2CH2P), 24.3 (d, JC,P = 139.4 Hz,
CH2CH2P), 47.1 (NCH2CH3), 61.6 (C-6Gal), 65.1 (d,
JC,P = 5.2 Hz, C-5Rib), 68.7 (C-2Gal), 69.5 (C-4Gal),
69.99 (C-3Gal), 70.02, 74.2 (C-2Rib, C-3Rib), 72.0 (C-
5Gal), 76.1 (d, JC,P = 18.1 Hz, C-1Gal), 83.7 (d,
JC,P = 9.0 Hz, C-4Rib), 88.8 (C-1Rib), 103.0 (C-5Ura),
142.1 (C-6Ura), 152.2 (C-2Ura), 166.6 (C-4Ura). 31P
NMR (D2O, 120 MHz): d �10.3 (d, JP,P = 26.8 Hz,
CPOPO), 20.3 (d, JP,P = 26.8 Hz, CPOPO). LSIMS
(negative mode, glycerol) m/z: 577 [M�2HNEt3+H]�.
HRLSIMS (negative mode, glycerol) m/z: calcd for
C17H27N2O16P2 [M�2HNEt3+H]�, 577.0836; found,
577.0832.


5.4.3. Diethyl 2-(2,3,4-tri-O-acetyl-a-LL-fucopyranosyl)-
ethylphosphonate (6). A solution of 553 (1.5 g,
4.52 mmol) and HBr (5 mL, 33% wt in AcOH) in
CH2Cl2 (5 mL) was stirred at 0 �C for 10 min, then
warmed to rt and stirred for an additional 45 min. The
mixture was poured into saturated NaHCO3 (100 mL)
and extracted with CH2Cl2 (2 · 100 mL). The organic
layers were combined, dried (Na2SO4), filtered and
evaporated to dryness. The crude orange gum was used
for the next step without further purification. A solution
of the crude fucosyl bromide (1.6 g, 4.52 mmol),
NaBH3CN (426 mg, 6.77 mmol), AIBN (445 mg,
2.71 mmol), n-Bu3SnCl (370 lL, 1.35 mmol) and diethyl
vinylphosphonate (3.5 mL, 22.6 mmol) in t-BuOH
(80 mL) was introduced into a quartz tube, then de-
gassed (argon) for 15 min and finally irradiated for 5 h
with a medium pressure mercury lamp (Hanovia/
450 W) equipped with a Vycor filter (k > 254 nm) and
inserted in a two-wall jacket made of quartz with water
flow for cooling. The mixture was evaporated to dryness
and purified (SiO2/petroleum ether then EtOAc, then
EtOAc/MeOH, 95:5) to afford the pure a-anomer
(718 mg) and a second crop (450 mg) of a 77:23 mixture
of a/b-anomers, respectively, as determined by 1H
NMR. Compound 6 (1.17 g) was obtained in 59% total
yield with an a/b global ratio of 9:1. The a-anomer was
used for characterization and the next synthetic steps.
[a]D �70 (c 1, CHCl3). 1H NMR (CDCl3, 300 MHz): d
0.98 (d, 3H, J6,5 = 6.4 Hz, H-6), 1.17 (dt, 6H,
J CH2;CH3


¼ 7:3 Hz, J CH3;P ¼ 1:5 Hz, POCH2CH3), 1.40–
1.91 (m, 4H, CH2CH2P), 1.82, 1.89, 1.98 (3s, 3· 3H,
CH3CO), 3.74 (dq, 1H, J5,4 = 1.5 Hz, J5,6 = 6.4 Hz, H-
5), 3.94 (qd, 4H, J CH2;CH3


¼ 7:3 Hz, J CH3;P ¼ 2:7 Hz,
POCH2CH3), 3.90–4.00 (m, 1H, H-1), 5.01 (dd, 1H,
J2,3 = 10.1 Hz, J3,4 = 3.3 Hz, H-3), 5.08 (dd, 1H,

J4,5 = 1.5 Hz, H-4), 5.14 (dd, 1H, J1,2 = 5.6 Hz, H-2).
13C NMR (CDCl3, 75 MHz): d 15.7 (C-6), 16.1 (d,
JC,P = 5.8 Hz, POCH2CH3), 18.3 (d, JC,P = 3.8 Hz,
CH2CH2P), 20.3, 20.4 (2s, CH3CO), 21.3 (d,
JC,P = 136.6 H z, CH2CH2P), 61.3, 61.4 (2d,
JC,P = 6.3 Hz, POCH2CH3), 65.1 (C-5), 67.6 (C-2),
68.0 (C-3), 70.2 (C-4), 72.1 (d, JC,P = 16.9 Hz, C-1),
169.4, 169.6, 170.0 (3s, CH3CO). 31P NMR (CDCl3,
80 MHz): d 31.8. LSIMS (positive mode, glycerol) m/z:
439 [M+H]+, 461 [M+Na]+. HRLSIMS (positive mode,
glycerol) m/z: calcd for C18H32O10P1 [M+H]+, 439.1733;
found, 439.1732.


5.4.4. Bis(triethylammonium) 2-(a-LL-fucopyranosyl)-eth-
ylphosphonate (7). To a solution of 6 (630 mg,
1.44 mmol) in MeCN (20 mL) was added C5H5N
(1.18 mL, 14.42 mmol) at 0 �C followed by Me3SiBr
(1.90 mL, 14.42 mmol). The solution was stirred at
0 �C for 1 h then quenched with H2O/C5H5N (9:1/
15 mL). The mixture was evaporated to dryness and
the white powder purified (RP-18/H2O then H2O/
MeOH, 1:1) to obtain the acetylated phosphonic acid
intermediate. The product was stirred in H2O/MeOH/
Et3N (7:3:1/25 mL) for 16 h then evaporated to dryness
and the white powder purified (RP-18/H2O) to afford 7
(459 mg, 89%) as a colourless foam and as its mono-tri-
ethylammonium salt. [a]D �62 (c 1, H2O). 1H NMR
(D2O, 300 MHz): d 1.03 (d, 3H, J6,5 = 6.4 Hz, H-6),
1.12 (t, 9H, J = 7.3 Hz, NCH2CH3), 1.20–1.82 (m, 4H,
CH2CH2P), 3.03 (q, 6H, J = 7.3 Hz, NCH2CH3), 3.59–
3.84 (m, 5H, H-1 to H-5). 13C NMR (D2O, 75 MHz):
d 8.6 (NCH2CH3), 16.2 (C-6), 18.8 (d, JC,P = 2.1 Hz,
CH2CH2P), 24.6 (d, JC,P = 134.8 Hz, CH2CH2P), 46.9
(NCH2CH3), 67.2, 68.3, 70.1, 72.1 (4s, C-2 to C-5),
76.6 (d, JC,P = 17.1 Hz, C-1). 31P NMR (D2O,
80 MHz): d 25.9. LSIMS (negative mode, glycerol)
m/z: 255 [M�2HNEt3+H]�. HRLSIMS (negative mode,
glycerol) m/z: calcd for C8H16O7P1 [M�2HNEt3+H]�,
255.0634; found, 255.0631.


5.4.5. Bis(triethylammonium) [2-(a-LL-fucopyranosyl)-eth-
ylphosphono]guanosin-5 0-yl phosphate (8). A mixture of 7
(114 mg, 0.44 mmol), 4-morpholine-N,N 0-dicyclohexyl-
carboxamidinium guanosine 5 0-monophosphomorpholi-
date (90 mg, 0.12 mmol) and tetrazole (2.8 mL,
1.24 mmol, 0.45 M in MeCN) was treated according to
the general procedure described above to obtain 8
(17.6 mg, 24%) as 1:3 mixture with excess TEAB salts.
1H NMR (D2O, 300 MHz): d 1.14 (d, 3H, J6,5 = 6.4 Hz,
H-6Fuc), 1.31 (t, 18H, J = 7.3 Hz, NCH2CH3), 1.50–2.00
(m, 4H, CH2CH2P), 3.50 (q, 12H, J = 7.3 Hz,
NCH2CH3), 3.68–3.83 (m, 4H, H-2Fuc to H-5Fuc), 3.90–
3.99 (m, 2H, H-1Fuc, H-5Rib), 4.16–4.23 (m, 2H, H-4Rib,
H-5 0Rib), 4.30–4.38 (m, 1H, H-3Rib), 4.52 (dd, 1H,
J2,1 = 6.0 Hz, J2,3 = 3.3 Hz, H-2Rib), (d, 1H,
J1,2 = 6.0 Hz, H-1Rib), 8.13 (s, 1H, H-8Gua). 13C NMR
(D2O, 125 MHz): d 15.8 (C-6), 18.4 (d, JC,P = 3.4 Hz,
CH2CH2P), 24.1 (d, JC,P = 140.0 Hz, CH2CH2P), 65.3
(d, JC,P = 5.2 Hz, C-5Rib), 66.9 (C-5Fuc), 70.4 (C-3Rib),
68.2, 69.9, 71.9 (C-2Fuc to C-4Fuc), 73.9 (C-2Rib), 76.3 (d,
JC,P = 17.2 Hz, C-1Fuc), 83.7 (d, JC,P = 8.6 Hz, C-4Rib),
87.3 (C-1Rib), 137.4 (C-8Gua), 151.4, 153.8, 157.8, 158.5
(C-2Gua, C-4Gua, C-5Gua, C-6Gua). 31P NMR (D2O,







7300 S. Vidal et al. / Bioorg. Med. Chem. 14 (2006) 7293–7301

80 MHz): d �10.7 (d, JP,P = 26.2 Hz, CPOPO), 19.7 (d,
JP,P = 26.2 CPOPO). LSIMS (negative mode, glycerol)
m/z: 600 [M�2HNEt3+H]�. HRLSIMS (negative
mode, glycerol) m/z: calcd for C18H28N5O14P2


[M�2HNEt3+H]�, 600.1108; found, 600.1104.


5.4.6. Bis(triethylammonium) [2-(2-acetamido-2-deoxy-a-
DD-glucopyranosyl)-ethylphosphono]uridin-5 0-yl phosphate
(10). A mixture of 956 (214 mg, 0.68 mmol), 4-morpho-
line-N,N 0-dicyclohexylcarboxamidinium uridine 5 0-
monophosphomorpholidate (440 mg, 0.64 mmol) and
tetrazole (14.2 mL, 6.41 mmol, 0.45 M in MeCN) was
treated according to the general procedure described
above to obtain 10 (50 mg, 13%). [a]D +35 (c 1, H2O).
1H NMR (D2O, 300 MHz): d 1.22 (t, 18H, J = 7.3 Hz,
NCH2CH3), 1.47–1.94 (m, 4H, CH2CH2P), 1.99 (s, 3H,
CH3CONH), 3.11 (q, 12H, J = 7.3 Hz, NCH2CH3), 3.35
(t, 1H, J4,3 = J4,5 = 9.5 Hz, H-4Glc), 3.42–3.50 (m, 1H,
H-5Glc), 3.67 (dd, 1H, J6,5 = 5.5 Hz, J 6;60 ¼ 12:4 Hz, H-
6Glc), 3.73 (t, 1H, J3,4 = J3,2 = 9.5 Hz, H-3Glc), 3.83 (dd,
1H, J 60;5 ¼ 1:5 Hz, H-60Glc), 3.75–3.80 (m, 2H, H-1Glc, H-
2Glc), 4.05–4.15 (m, 2H, H-5Rib, H-50Rib), 4.15–4.20 (m,
1H, H-4Rib), 4.25–4.30 (m, 2H, H-2Rib, H-3Rib), 5.86 (d,
1H, J = 7.7 Hz, H-5Ura), 5.98 (d, 1H, J1,2 = 4.4 Hz, H-
1Rib), 7.81 (d, 1H, J = 7.7 Hz, H-6Ura). 13C NMR (D2O,
125 MHz): d 8.7 (NCH2CH3), 19.6 (d, JC,P = 3.0 Hz,
CH2CH2P), 22.3 (CH3CONH), 24.3 (d, JC,P = 139.6 Hz,
CH2CH2P), 47.0 (NCH2CH3), 53.8 (C-2Glc), 61.5 (C-
6Glc), 65.1 (d, JC,P = 5.3 Hz, C-5Rib), 70.0, 74.1 (C-2Rib,
C-3Rib), 71.0 (C-3Glc), 71.4 (C-4Glc), 72.7 (C-5Glc), 74.5
(d, JC,P = 18.3 Hz, C-1Glc), 83.6 (d, JC,P = 9.1 Hz, C-
4Rib), 88.8 (C-1Rib), 103.0 (C-5Ura), 142.1 (C-6Ura), 152.1
(C-2Ura), 166.5 (C-4Ura), 174.8 (CH3CONH). 31P NMR
(D2O, 80 MHz): d �10.7 (d, JP,P = 26.4 Hz, CPOPO),
19.2 (d, JP,P = 26.4 Hz, CPOPO). LSIMS (positive
mode, glycerol) m/z: 620 [M�2HNEt3+3H]+, 721
[M�HNEt3+2H]+, 823 [M+H]+. LSIMS (negative mode,
glycerol) m/z: 618 [M�2HNEt3+H]�. HRLSIMS (nega-
tive mode, glycerol) m/z: calcd for C19H30N3O16P2


[M�2HNEt3+H]�, 618.1101; found, 618.1108.


5.5. General procedure for the determination of IC50


values


Solutions were prepared and incubated as indicated be-
low. Incubation was halted by immersion for 2 min in a
boiling water bath. The solution was diluted with water
(100 lL) and filtered. The samples were analyzed by RP-
HPLC using fluorescence detection. The percentage of
conversion was quantified from the fluorescence intensi-
ty of the peaks corresponding, respectively, to acceptor
substrate and product. A control reaction without inhib-
itor was run simultaneously and measurements for each
concentration were done in triplicate. In each assay, the
amount of the disaccharide formed was less than 20% of
the total amount of donor substrate (NDP-sugar).


5.6. Inhibition of b-1,4-galactosyltransferase
(EC 2.4.1.22, b-1,4-GalT)


Enzyme assay conditions: 10 mM MnCl2, 50 mM Hepes
buffer (pH 7.4), 2 g/mL BSA, 200 lM b-GlcNAc-O-
(CH2)6-dansyl,57 40 lM UDP-Gal, 0.1 mU b-1,4-GalT

and inhibitor 4b (1, 5, 10, 25, 50 and 100 lM) in 50 lL to-
tal volume. Assays were incubated at 30 �C for 14 min.


5.7. Inhibition of Galb(1! 3/4)GlcNAc-a-1,4/3-fucosyl-
transferase (EC 2.4.1.65, FUT3)


Enzyme assay conditions: 10 mM MnCl2, 25 mM caco-
dylate buffer (pH 6), 200 lM Galb(1! 3)GlcNAcb-O-
(CH2)6-NH-dansyl,57 50 lM GDP-Fuc, 0.2 mU FUT3
and inhibitor 8 (0.5, 1, 2, 4 and 8 mM) in 50 lL total
volume. Assays were incubated at 37 �C for 9 min.


5.8. Inhibition of Galb(1! 4)Glc-b-1,3-N-acetyl-glucos-
aminyltransferase (EC 2.4.1.56, LgtA)


Enzyme assay conditions: 15 mM MnCl2, 50 mM caco-
dylate buffer (pH 7.2), 800 lM Galb(1! 4)Glcb-O-
(CH2)6-NH-dansyl,57 250 lM UDP-GlcNAc, 0.4 mU
LgtA and inhibitor 10 (1, 2, 4, 8 and 16 mM) in 50 lL
total volume. Assays were incubated at 37 �C for 6 min.
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4. Üngligil, U. M.; Rini, J. M. Curr. Opin. Struct. Biol. 2000,
10, 510.


5. Kowal, P.; Chen, X.; Wang, P. G. In Glycochemistry;
Wang, P. G., Bertozzi, C. R., Eds.; Marcel Dekker: New
York, 2001; pp 625–640, Chapter 17.


6. Murry, B. W.; Wittmann, V.; Burkart, M. D.; Hung,
S.-C.; Wong, C.-H. Biochemistry 1997, 36, 823.


7. Charnock, S. J.; Davies, G. J. Biochemistry 1999, 38, 6380.
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60. Augé, C.; Malleron, A.; Tahrat, H.; Marc, A.; Goergen,
J.-L.; Cerutti, M.; Steelant, W. F. A.; Delannoy, P.;
Lubineau, A. Chem. Commun. 2000, 2017.


61. Vo, L.; Lee, S.; Marcinko, M. C.; Holmes, E. H.; Macher,
B. A. J. Biol. Chem. 1998, 273, 25250.


62. Blixt, O.; Van Die, I.; Norberg, T.; Van den Eijnden, D.
H. Glycobiology 1999, 9, 1061.


63. Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. J. Org. Chem.
1997, 62, 7512.


64. Priem, B.; Gilbert, M.; Wakarchuk, W. W.; Heyraud, A.;
Samain, E. Glycobiology 2002, 12, 235.





		Non-isosteric C-glycosyl analogues of natural nucleotide diphosphate sugars as glycosyltransferase inhibitors

		Introduction

		Results and discussion

		Synthesis of UDP-Glc and UDP-Gal analogues (4a,b)

		Synthesis of GDP-l-Fuc analogue (8)

		Synthesis of UDP-GlcNAc analogue (10)



		Biological evaluations

		Inhibitory activity of UDP-Gal analogue (4b)

		Inhibitory activity of GDP-Fuc analogue (8)

		Inhibitory activity of UDP-GlcNAc analogue (10)



		Conclusion

		Materials and methods

		General methods

		Bis(triethylammonium) 2-( alpha -d-glucopyranosyl)-ethylphosphonate (3a)

		Bis(triethylammonium) 2-( alpha -d-galactopyranosyl)-ethylphosphonate (3b)

		General procedure for the synthesis of 4a,b, 8 and 10

		Bis(triethylammonium) [2-( alpha -d-glucopyranosyl)-ethylphosphono]uridin-5 prime -yl phosphate (4a)

		Bis(triethylammonium) [2-( alpha -d-galactopyranosyl)-ethylphosphono]uridin-5 prime -yl phosphate (4b)

		Diethyl 2-(2,3,4-tri-O-acetyl- alpha -l-fucopyranosyl)-ethylphosphonate (6)

		Bis(triethylammonium) 2-( alpha -l-fucopyranosyl)-ethylphosphonate (7)

		Bis(triethylammonium) [2-( alpha -l-fucopyranosyl)-ethylphosphono]guanosin-5 prime -yl phosphate (8)

		Bis(triethylammonium) [2-(2-acetamido-2-deoxy- alpha -d-glucopyranosyl)-ethylphosphono]uridin-5 prime -yl phosphate (10)



		General procedure for the determination of IC50 values

		Inhibition of  beta -1,4-galactosyltransferase �(EC 2.4.1.22,  beta -1,4-GalT)

		Inhibition of Gal beta (1 rarr 3/4)GlcNAc- alpha -1,4/3-fucosyltransferase (EC 2.4.1.65, FUT3)

		Inhibition of Gal beta (1 rarr 4)Glc- beta -1,3-N-acetyl-glucosaminyltransferase (EC 2.4.1.56, LgtA)



		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry 14 (2006) 7282–7292

2,4-Diamino-9H-pyrimido[4,5-b]indol-5-ols: Synthesis,
in vitro cytotoxic activity, and QSAR investigations


Bernd Dotzauer,a Renate Grünert,b Patrick J. Bednarski,b Harald Lanig,c


Jens Landwehra and Reinhard Troschütza,*


aInstitut für Pharmazie und Lebensmittelchemie, Emil Fischer Centrum, Friedrich-Alexander-Universität,


Schuhstr. 19, D-91052 Erlangen, Germany
bInstitut für Pharmazie der Ernst-Moritz Arndt-Universität, Friedrich-Ludwig-Jahnstr. 17, D-17487 Greifswald, Germany


cComputer-Chemie-Centrum der Friedrich-Alexander-Universität, Nägelsbachstr. 25, D-91052 Erlangen, Germany
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Abstract—A series of novel 2,4-diaminopyrimido[4,5-b]indol-6-ols has been synthesized and the in vitro cytotoxic activities were
evaluated against four human cancer cell lines originating from solid tumors. An increase in activity was observed when a hetero-
aromatic ring was annulated on side g of the pyrimido[4,5-b]indole system to give compounds with activities comparable to
ellipticine and cisplatin. To understand the experimental cytotoxic activities, QSAR investigations were performed, which showed
a very good linearity between the experimental and predicted IC50.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Since the isolation of ellipticine (5,11-dimethyl-6H-pyr-
ido[4,3-b]carbazole) (1) and the isomer olivacine (3) in
1959 from the leaves of Ochrosia elliptica (Apocyna-
ceae), and the discovery of their antitumor activity,1 a
great number of derivatives and analogues have been
prepared in order to enhance the anticancer activities,
to improve the water solubility, and to reduce the toxic-
ity. A new and promising candidate with a 9-hydroxy
group is the olivacine derivative S 16020-2, which
recently entered clinical trials.2


The preparation of 9-hydroxyellipticine derivatives such
as elliptinium acetate (celliptiumR) (4), a clinical candi-
date on the market in France against advanced breast
cancer, was mainly based on the hypothesis that
9-hydroxyellipticine (2), a metabolite of ellipticine (1),
and other 9-hydroxyellipticine derivatives are metaboli-
cally oxidized in vivo to highly reactive 1,4-quinone-
imine derivatives. These can react at the C-10 as
electrophiles with bionucleophiles of the tumor cells;

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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that is, amino acids, proteins, and hydroxyl groups of
the DNA. A recent review3 on ellipticine gives an excel-
lent overview on the properties and multiple modes of
antitumor activity by arylation (alkylation), intercala-
tion with DNA, inhibition of DNA polymerases as well
as interaction with topoisomerases I and II.


In the course of our synthetic studies with pteridine ana-
logues,4 we became interested in planar benzo- and het-
eroaromatic annulated indoles as DNA intercalators
with potential antitumor activity; that is, analogues of
9-hydroxyellipticine (2), in which ring C is eliminated,
giving tricyclic pyrido[4,3-b] indoles (c-carbolines) with
a 5-hydroxyindole substructure. This subunit might be
oxidatively metabolized in the tumor cell to a 1,4-quin-
oneimine intermediate with possible antitumor activity.
The synthesis of tricyclic analogues of ellipticine was
first realized by Bisagni et al.5 and led to pyrido[4,3-b]-
indol-1-amines with interesting antitumor activities.


Retelliptine (5) (BD 84),6 the 1-aminosubstituted ellipti-
cine derivative, served as our starting point in the design
of new analogues. The deletion of the benzene ring (ring
C) gives 8-methoxysubstituted pyrido[4,3-b]indol-1-
amines 6, which have been already prepared by Bisagni
et al.5 In order to design new tricyclic analogues of
9-hydroxyellipticine (2), we envisioned an isosteric ex-
change of C-4 in 6 by a nitrogen atom to give the more
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polar 2,4-diaminosubstituted pyrimido[4,5-b]indol-6-ols
7 as new tricyclic analogues of 9-hydroxyellipticine.


Recently, pyrimido[4,5-b]indol-4-amines and -2,4-diam-
ines have been synthesized by multi-step procedures.
These heterocyclics have been found to be inhibitors
of protein kinases MKK4 and MKK7,7 as inhibitors
of epidermal growth factor receptor tyrosine kinase,8


as new antiasthmatics (i.e., PNU-142731A9), and agents
against neurodegenerative disorders.10 These interesting
biological properties motivated us to prepare 2,4-diam-
inopyrimido[4,5-b]indoles 7 with a 5-hydroxyindole sub-
unit (Fig. 1).


The method of choice for access to 2,3-substituted
5-hydroxyindoles is the Nenitzescu reaction, which
involves treatment of alkyl b-aminocrotonates or
b-aminovinylketones with 1,4-benzoquinone and deriva-
tives.11 Based on retrosynthetic considerations and suc-
cessful synthetic experiments, we recently developed a
one-pot synthesis of the title compounds by an extension
of the Nenitzescu reaction, utilizing pyrimidine-2,4,6-tri-
amines as new enamine components.12 This one-step
reaction promised to be useful in the preparation of a
wide variety of related heterocyclics suitable for struc-
ture–activity relationships (SAR).


Herein we give a detailed report on the preparation and
in vitro cytotoxic activity of a series of novel 2,4-diami-
no-9H-pyrimido[4,5-b]indol-6-ols 7 (R1, R2 = NH2,
NR2) and tetracyclic congeners 14, 16, and 18.

2. Results and discussion


2.1. Chemistry


The preparation of the title compounds 7 started with
the synthesis of pyrimidine-2,4,6-triamines 9 according
to literature procedures. All pyrimidines 9 possess a pri-

mary amino group in position 4 and primary or tertiary
amino moieties in positions 2 and 6. One exception is 9g,
in which the amino group R1 is exchanged by a methoxy
function. In earlier semi-empirical MO calculations
(AM 1 and PM 3) we have found that the 13C NMR val-
ue of C-5 of pyrimidine-2,4,6-triamines 9 correlates well
with charge density at C-5.13 Therefore, the enamine
reactivity of pyrimidine-2,4,6-triamines 9 toward 1,4-
benzoquinone (8) and other 1,4-quinones can be calcu-
lated by the 13C NMR value of C-5; a value of
75 ppm or lower will give a successful reaction. 2-Meth-
oxypyrimidine-4,6-diamine, with a C-5 value of 78 ppm,
showed no reaction with 1,4-benzoquinone (8). Glacial
acetic acid is the solvent of choice for the preparation
of the title compounds. Sometimes a mixture of EtOH
and HOAc (50:1) was used. The amines 9 and 1,4-benzo-
quinone (8), at a molar ratio of 1:1.3, were each refluxed
over 6 h in these solvents, typically giving dark residues
after evaporation. Isolation and purification of com-
pounds 7 were performed mainly by MPLC on silica
gel (Scheme 1).


According to mechanistic studies of the Nenitzescu reac-
tion,11 the reaction sequence of our synthesis most likely
begins with the addition of a pyrimidine-2,4,6-triamine 9
to the enone substructure of 1,4-benzoquinone (8), giv-
ing a Michael adduct 10, which is oxidized by 8 to a qui-
none intermediate 11. 1,4-Benzoquinone (8) is reduced
in this process to hydroquinone (12). Following the
intramolecular condensation of 11, characterized by
the concurrent elimination of water and reduction by
the hydroquinone (12), the final 2,4-diamino-9H-pyrim-
ido[4,5-b]indol-6-ols 7 are obtained in medium to low
yields, which is typical for Nenitzescu reactions. In order
to test our methodology as well as to explore the SAR of
the title compounds, additional 1,4-quinones, example,
bicyclic 1,4-quinones such as 1,4-naphthoquinone (13)
were reacted with five selected pyrimidine-2,4,6-triam-
ines, 9a, k, l, j and e. These syntheses were achieved
by refuxing the reactants in EtOH/HOAc (50:1) for
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6 h, giving the tetracyclic benzo[g] annulated pyrimi-
do[4,5-b]indol-6-ols 14a–e in medium yields (Scheme 2).


Finally the N-heteroaromatic quinones quinoline-5,8-
dione (15)14 and quinoxaline-5,8-dione (17)15 were treat-
ed with pyrimidine 9j in boiling HOAc, yielding the
tetracyclic systems 16 and 18, which possess a 5-hydrox-
yindole subunit. Compounds 16 and 18 are structures
that contain hitherto unknown heterocyclic ring systems
(Scheme 3).


In order to study the influence of the hydroxyl group in
position 6 of this new class of compounds on biological
activity, we first synthesized the 6-methoxypyrimido[4,5-

14 
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d 
e 
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O N
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Scheme 2. Reagents and condition: (a) EtOH/HOAc (50:1), reflux 6 h.

b]indol-2,4-diamine 19 by methylation of 7j with methy-
liodide/NaH. The pyrimido[4,5-b]indole 22, which lacks
a hydroxyl group, was prepared by reacting 2-chlorocy-
clohexanone (20) with 2-pyrrolidin-1-ylpyrimidine-2,4-
diamine (9j) in n-BuOH (under reflux), giving rise to
the tetrahydroindole derivative 21, which was
finally oxidized by treatment with Pd/C in boiling xylene
to yield 9H-pyrimido[4,5-b]indol-2,4-diamine 22
(Scheme 4).


To investigate the importance of an amine group in
position 2 on the biological activity, the 2-unsubstituted
4-amino- and 4-phenylsubstituted pyrimido[4,5-b]indol-
6-ols 24 and 26 were also prepared. Ring closure
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reactions of 2-amino-5-hydroxy-1H-indol-3-carbonitrile
(23)16 and (2-amino-5-hydroxy-1H-indol-3-yl)(phen-
yl)methanone (25)16 with formamide under slightly
varying conditions gave 24 and 26, respectively, in mod-
est yields (Scheme 5).


2.2. In vitro cytotoxic activity


To evaluate the in vitro cytotoxic potency of 2,4-di-
amino-9H-pyrimido[4,5-b]indoles 7a–q, 14a–e, 16, 18,
19, 22, 24, and 26, an established microtiter assay,
based on cell staining with crystal violet, was used
to measure the inhibition of cell growth caused by
the test compounds. In these studies, four human
cancer cell lines from solid tumors were used: two
human bladder cancer cell lines 5637 (ACC 35)
and RT-4 (ACC 412), and two human lung cancer
cell lines A-427 (ACC 234) and LCLC-103H (ACC
384). The microtiter assay measures the degree of
cell growth inhibition over a 4 d continuous exposure
to drug; at the end of the drug exposure the adher-
ent cells are stained with crystal violet. After wash-
ing out the non-bound dye, the cell-bound dye is
redissolved in 70% ethanol/water and the optical den-

Cl
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Scheme 4. Reagents and conditions: (a) NaH/methyliodide/acetone, 12 h; (b

sity (OD) of the wells at k = 570 nm is measured
with a plate reader.17 The OD is directly proportion-
al to the number of cells in the well. The assay has
been previously validated with the A-427 cell line by
comparing the IC50 values obtained for cisplatin
either by direct cell counting or by the microtiter
assay.18


The results of the cytotoxic studies are reported in Table
1 and indicate pronounced SAR with regard to the cell
growth inhibitory activity of the diverse compounds.
In general, compounds that showed poor activity in
one cell line were poorly active in the other three, and
vice versa for compounds showing good activity. The
differences in potency were all within a factor of five
across the four cell lines. This was also the case with
ellipticine and cisplatin, two compounds with known
antitumor activity.


The type and substitution position of the amine sub-
stituents in compounds 7 had a noticeable effect on
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Table 1. Cell growth inhibitory activity (IC50, lM) of compounds 7a–q, 14a–e, 16, 18, 19, 22, 24, and 26 against four human cancer cell lines


Compound IC50 (lM) ±SD


5637 RT 4 A-427 LCLC-103 H Averageb


7a 20.5 ± 6.7 >20 20.5 ± 3.9 >20 20.5


7ba >20 >20 >20 >20


7c 14.0 ± 4.2 13.8 ± 11.4 8.94 ± 1.35 16.9 ± 4.0 13.41


7d 8.4 ± 2.2 13.6 ± 4.2 11.0 ± 1.1 17.6 ± 1.6 12.65


7e 15.3 ± 2.5 >20 13.7 ± 1.0 >20 15.30


7f 20.4 ± 5.3 >20 >20 >20 20.40


7ga 5.84 >20 8.02 10.7


7h 15.4 ± 6.0 17.0 ± 13.0 21.6 ± 6.7 17.8 ± 6.1 17.95


7ia >20 >20 >20 >20


7j 16.9 ± 6.4 3.88 ± 1.56 16.8 ± 4.1 >20 12.52


7k 16.6 ± 2.7 21.7 ± 2.7 18.3 ± 1.7 >20 18.87


7la >20 >20 >20 >20


7ma >20 >20 >20 >20


7n 4.49 ± 1.49 4.68 ± 1.99 2.39 ± 0.26 7.74 ± 1.83 4.83


7o 11.4 ± 2.6 8.58 ± 1.34 7.77 ± 1.84 13.9 ± 1.4 10.41


7p 9.96 ± 2.39 9.05 ± 0.26 5.02 ± 0.97 5.05 ± 1.28 7.27


7q 9.50 ± 1.87 3.83 ± 0.70 4.14 ± 1.02 12.6 ± 0.7 7.52


14a 2.39 ± 0.17 1.17 ± 0.44 3.51 ± 0.39 5.51 ± 0.65 3.15


14b 5.63 ± 1.66 3.69 ± 1.25 5.28 ± 0.43 4.54 ± 0.60 4.79


14c 0.77 ± 0.35 3.96 ± 1.38 2.85 ± 1.06 3.00 ± 0.91 2.65


14da >20 >20 >20 >20


14e 2.18 ± 0.57 6.45 ± 2.59 4.19 ± 0.29 4.16 ± 0.52 4.25


16 0.56 ± 0.39 0.90 ± 0.14 1.97 ± 0.29 2.50 ± 0.36 1.48


18 2.51 ± 0.72 0.50 ± 0.23 3.18 ± 0.49 3.08 ± 0.69 2.32


19 15.0 ± 3.7 >20 15.3 ± 1.5 >20 15.15


22a >20 >20 >20 >20


24 10.0 ± 3.4 18.4 ± 2.9 4.79 ± 0.09 19.8 ± 5.6 13.25


26 2.24 ± 0.95 8.28 ± 3.59 1.36 ± 0.45 5.81 ± 0.88 4.42


Ellipticine 0.89 ± 0.20 1.21 ± 0.16 0.89 ± 0.06 0.80 ± 0.04 0.95


Cisplatin 0.37 ± 0.08 1.77 ± 0.37 1.27 ± 0.25 1.09 ± 0.40 1.13


Values with standard deviations (SD) are averages of at least three independent determinations. Values without SD for 7g are averages of two


determinations. Values >20 lM indicate less than 50% growth inhibition at 20 lM.
a Not used in the QSAR.
b Average IC50 used in the QSAR.
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activity. The lead compound 7a with 2,4-diamino
groups was one of the weakest compounds tested.
Generally, substitution of dialkylamines or heterocy-
clic amines at both position 2 and 4 increased activ-
ity compared to the analogues with just one of the
positions substituted with an amine (i.e., compare
7p with 7e and 7k or 7o with 7d and 7j or 7q with
7f and 7l). However, this trend was not dramatic
and not always observed in all cell lines.


The poor water solubility of the parent compound 7a
prompted us to introduce basic piperazine rings into
the aromatic heterocyclic ring system in order to facil-
itate salt formation. Compounds 7f and 7l with just
one N-methylpiperazine ring were inactive in our
cytotoxicity screen. However, the derivative with two
N-methylpiperazine rings, 7q, shows modest activity
compared to the most active compound, 16. In the
group of tetracyclic compounds 14, one of the most
active compounds, 14c, possesses a basic N-methylpip-
erazine. In fact, the basic nitrogen appears to directly
improve activity because the morpholino derivative
14b was less active. Thus, the introduction of pipera-
zine rings as basic substituents offers a useful method
to improve on the pharmaceutical properties of these
compounds.

The absence of a free hydroxy group in position 6 did
not completely eliminate activity; the methoxy deriva-
tive 19 retained some weak activity in the 5637 and
A-427 cell lines (compare 7j with 19) but lost activity
in the RT-4 cell line. However, analogue 22, which lacks
altogether an oxygen in position 6, was inactive. This is
in contrast to ellipticine, which also lacks a hydroxy
group but is quite potent, presumably because it is
oxidized to 9-hydroxyellipticine in the cell.


A general increase in activity was observed when the
phenol ring of 7 is annulated with an additional ring
to give either naphthalene (14), quinoline (16) or
quinoxaline (18) systems. Although they are connect-
ed differently, four annulated rings are also present
in the structures of the ellipticines. The compound
with the best overall activity in this series was that
with the quinoline ring (16), possessing potency com-
parable to ellipticine and cisplatin (Table 1). Never-
theless, not all compounds in this series had good
activity; that is, replacing the quinoline nitrogen with
carbon distinguished the most potent compound 16
from one of the least potent 14d. This is a remark-
able SAR, indicating that compound 16 probably
interacts with a specific target molecule to inhibit
cell growth.







Figure 3. Average experimental IC50 versus calculated IC50 values for


19 compounds.
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2.3. QSAR investigations


In order to understand the experimental biological
data on a theoretical basis, we established a quantita-
tive structure–activity relationship (QSAR) between
the in vitro cytotoxic potency of 19 selected com-
pounds and descriptors coding for atomic, fragment,
and molecular properties of the molecules under con-
sideration. The parameter of biological activity was
the average IC50 value over all four cell lines. Com-
pounds 7b, 7i, 7l, 7m, 14d, and 22 were omitted due
to lack of activity (IC50 values larger than 20 lM
for all cell lines), compound 7g due to the missing
N4 substituent. Calculated molecular descriptors (i.e.,
mass, surface area, volume, molar refractivity, heat
of formation, lipophilicity, lipole, HOMO and LUMO
energies, moment of inertia, dipole moment, and Ver-
loop sterical parameters), indices (e.g., connectivity,
topology, and shape), group counts (i.e., atoms, rings,
and functional groups) as well as the calculated partial
charges on various atoms were included in the QSAR
analysis.


The final model, generated by a multiple linear regres-
sion, comprises the following atomic and molecular
descriptors: heat of formation (X1), LUMO (X2) and
HOMO (X3) energies, Kier ChiV3 index (X4), and par-
tial atomic charges on atoms N1 (X5), N2 (X6), N3
(X7), N4 (X8), H1+ (X9), and O (X10). Figure 2 shows
on the common compound scaffold the position of the
atoms (indicated bold) used in the QSAR analysis.


The regression equation for the original data without
standardization is given in Eq. 1.


log 1=IC50 ¼ 0:008311389�X1� 1:5044706�X2


þ 1:3994405�X3� 1:9093369�X4


� 5:8294468�X5þ 0:90101105


�X6þ 3:9894164�X7


þ 0:32782158�X8� 13:69002�X9


� 2:9178424�X10þ 18:34861 ð1Þ
Figure 3 shows a plot of the predicted versus the exper-
imental log1/average IC50 values of the 19 selected ac-
tive compounds (i.e., average IC50 < 20 lM) calculated
by the final model given in Eq. 1.


Encouraged by the quality of the activity prediction
(r2 = 0.95, cross-validated regression coefficient
r2


CV ¼ 0:69) obtained by using mainly quantum-mechan-

N
N 1


N
3


N 4


N 2


H
H


OH


+


Figure 2. Common compound scaffold showing the position of the


atoms (indicated bold) used in the QSAR analysis.

ically derived descriptors, we selected the experimentally
known compounds 24 and 26 as test cases for our meth-
od. However, both test molecules lack a substituent
including N2, while compound 26 additionally including
N4 (see Scheme 5); therefore we first had to rebuild the
model without the descriptor for the partial atomic
charge on the atoms N2 (X6) and N4 (X8). Neverthe-
less, diminishing the number of descriptors by one
(r2 = 0.92) or two (r2 = 0.89) only slightly reduced the
quality of the model. Applying the modified equations
to the test compounds gives the following log 1/IC50 val-
ues (experimental average values over the four cell lines
are given in brackets): 24: 5.04 (exp. 4.88); 26: 5.26 (exp.
5.35).


The predicted activity data compare well with the exper-
imental values in terms of absolute values and ranking.
The results show that the descriptors chosen are well
suited to reproduce the complex and unspecific experi-
mental data.

3. Conclusions


In this study, a series of 2,4-diaminopyrimido[4,5-b]in-
dol-6-ols have been synthesized as analogues of 9-
hydroxyellipticine and their in vitro cytotoxic activities
were evaluated against four human cancer cell lines.
An increase in activity was observed when a heteroaro-
matic ring was annulated on side g of the tricyclic ring
system giving compounds 16 and 18, whose cell growth
inhibitory activity is comparable to ellipticine or cisplat-
in. Another useful modification was the introduction of
a basic N-methylpiperazine ring as a salt-forming moie-
ty; one such compound, 14c, retained good cytotoxic
activity. To help understand the cytotoxic potencies of
this series of compounds, QSAR investigations were
performed. The results showed a very good linearity be-
tween the experimental and predicted IC50. Future work
will aim to understand interactions of these compounds
with molecular targets such as DNA as well as the mech-
anism(s) of cell death.
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4. Experimental


4.1. General


Starting materials were obtained from commercial
sources and were used without further purification. Sol-
vents were dried by standard procedures. Reaction pro-
gress was observed by thin-layer chromatography
making use of commercial silica gel plates (Merck, silica
gel F254 on aluminum sheets). Column chromatography
was done on silica gel 60 (Merck). Melting points were
determined in open capillary tubes on a Buechi 510
melting point apparatus and are uncorrected. Elemental
analyses were performed by the Institut für Organische
Chemie (University of Erlangen/Nuremberg) using Car-
lo Erba Elemental Analyzer 1108. They are within
±0.4% of the theoretical values if not noted otherwise.
1H nuclear magnetic resonance (1H NMR) spectra were
determined with a Bruker AM 360 (360 MHz) spectrom-
eter in appropriate deuterated solvents and are ex-
pressed in parts per million (d, ppm) downfield from
tetramethylsilane (internal standard). NMR data are
given as multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet), coupling constants (J), and num-
ber of protons. Mass spectra (MS) were taken with a
Finnigan MAT TSQ 70 mass spectrometer in the elec-
tron impact mode (70 eV). Significant infrared (IR)
spectra were obtained on a Jasco FT/IR 410 or Per-
kin-Elmer 1740 spectrometer.


Cell lines were obtained from the German Collection of
Microorganisms and Cell Culture (DSMZ, Braun-
schweig, FRG) and were grown in RPMI culture medi-
um supplemented with 10% fetal calf serum. Ellipticine
and all reagents for the cell experiments were obtained
from Sigma–Aldrich (Taufkirchen, FRG). Cisplatin
was from ChemPur (Karlsruhe, FRG). Plastic cell cul-
ture materials were from Sarstedt (Nümbrecht, FRG).
The optical density of crystal violet was measured with
an Anthos 2010 plate reader equipped with a 570 nm fil-
ter (Salzburg, Austria).


4.1.1. General procedure for preparation of 9H-pyrimi-
do[4,5-b]indol-6-ols 7, 14 and compounds 16 and 18. A
mixture of the pyrimidine-2,4,6-triamine 9 (3 mmol)
and either 1,4-benzoquinone (8) (3.6 mmol) or 1,4-naph-
thoquinone (19) (3.6 mmol) or quinoline-5,8-dione (15)
(3.6 mmol) or quinoxaline-5,8-dione (17) (3.6 mmol)
was refluxed for 6 h in either solvent A or B. The solvent
was distilled off in vacuo and the dark residue was puri-
fied by MPLC on silica gel. Solvent A: HOAc, Solvent
B: EtOH/HOAc = 50:1; eluent A: CHCl3/MeOH = 95:5.


4.1.2. 2,4-Diamino-9H-pyrimido[4,5-b]indol-6-ol (7a).
Preparation according to literature.12


4.1.3. 2-Amino-4-dimethylamino-9H-pyrimido[4,5-b]in-
dol-6-ol (7b). Solvent A; eluent A, 238 mg, 32%, gray
powder, mp 294–298 �C. IR (KBr): m (cm�1) = 2919,
1577, 1475, 1394, 1041. 1H NMR: (DMSO-d6);
d = 3.09 (s, 6H, NMe2), 5.99 (s, 2H, exchangeable with
D2O, NH2), 6.63 (dd, 1H, J1 = 2.1 Hz, J2 = 8.5 Hz, H-
7), 7.05 (d, 1 H, J = 2.1 Hz, H-5), 7.07 (d, 1H,

J = 8.5 Hz, H-8), 8.81 (s, 1H, exchangeable with D2O,
OH), 10.90 (s, 1H, exchangeable with D2O, NH). MS
m/z 243 [M+]. Anal. Calcd for C12H13N5O (243.27): C,
59.25; H, 5.39; N, 28.79. Found: C, 58.97; H, 5.67; N,
28.82.


4.1.4. 2-Amino-4-diethylamino-9H-pyrimido[4,5-b]indol-
6-ol (7c). Solvent A; eluent A, 471 mg, 58%, gray
powder, mp >300 �C. The residue was crystallized
from EtOH after cooling and evaporation. IR
(KBr): m (cm�1) = 2969, 1592, 1554, 1383, 796. 1H
NMR: (DMSO-d6); d = 1.18 (t, 6H, –CH2–CH3,
J = 7.1 Hz), 3.59 (q, 4H, 3.09, –CH2–CH3,
J = 7.1 Hz), 5.96 (s, 2H, NH2, exchangeable with
D2O), 6.63 (dd, 1H, H-7, J1 = 8.5 Hz, J2 = 2.1 Hz),
7.05 (d, 1H, H-8, J = 8.5 Hz), 6.93 (d, 1H, H-5,
J = 2.1 Hz), 8.83 (s, 1H, OH, exchangeable with
D2O), 10.90 (s, 1H, NH, exchangeable with D2O).
MS m/z 271 [M+]. Anal. Calcd for C14H17N5O
(271.32): C, 61.98; H, 6.32; N, 25.81. Found: C,
61.79; H, 6.29; N, 25.89.


4.1.5. 2-Amino-4-pyrrolidin-1-yl-9H-pyrimido[4,5-b]in-
dol-6-ol (7d). Solvent A; eluent A, 95:5; 158 mg, 25%,
gray powder, mp >300 �C. IR (KBr):
m (cm�1) = 2921, 1660, 1593, 1552, 1454, 1015, 772. 1H
NMR: (DMSO-d6); d = 1.90 (m, 4H, H-3 0, H-4 0), 3.76
(m, 4H, H-2 0, H-5 0), 5.81 (s, 2H, NH2, exchangeable
with D2O), 6.58 (dd, 1H, H-7, J1 = 8.5 Hz,
J2 = 2.1 Hz), 7.02 (d, 1H, H-8, J = 8.5 Hz), 7.25 (d,
1H, H-5, J = 2.1 Hz), 8.70 (s, 1H, OH, exchangeable
with D2O), 10.84 (s, 1H, NH, exchangeable with
D2O), MS m/z 269 [M+]. Anal. Calcd for C14H15N5O
(269.31): C, 62.44; H, 5.61; N, 26.00. Found: C, 62.14;
H, 5.76; N, 26.23.


4.1.6. 2-Amino-4-morpholin-4-yl-9H-pyrimido[4,5-b]in-
dol-6-ol (7e). Solvent A; eluent A, 273 mg, 32%, green
powder, mp >300 �C. IR (KBr): m (cm�1) = 2965,
2851, 1604, 1561, 1439, 1200, 1110, 880. 1H NMR:
(DMSO-d6); d = 3.43–3.83 (m, 8H, H-2 0, H-3 0, H-5 0,
H-6 0), 6.56 (s, 2H, NH2, exchangeable with D2O), 6.16
(dd, 1H, H-7, J1 = 8.5 Hz, J2 = 2.5 Hz), 6.84 (d, 1H,
H-5, J = 2.5 Hz), 7.08 (d, 1H, H-8, J = 8.5 Hz), 8.90 (s,
1H, OH, exchangeable with D2O), 10.89 (s, 1H, NH,
exchangeable with D2O). MS m/z 285 [M+]. Anal. Calcd
for C14H15N5O2 (285.31): C, 58.94; H, 5.30; N, 24.55.
Found: C, 58.91; H, 5.43; N, 24.85.


4.1.7. 2-Amino-4-(4-methylpiperazin-1-yl)-9H-pyrimido-
[4,5-b]indol-6-ol (7f). Solvent A; eluent A, 7:3; 229 mg,
43%, green powder, mp >300 �C. IR (KBr): m
(cm�1) = 2850, 1616, 1561, 1444, 1203, 617. 1H NMR:
(DMSO-d6); d = 2.29 (s, 3H, CH3), 2.55 (m, 4H, H-3 0,
H-5 0), 3.44 (m, 4H, H-2 0, H-6 0), 6.08 (s, 2H, NH2,
exchangeable with D2O), 6.63 (dd, 1H, H-7,
J1 = 8.5 Hz, J2 = 2.1 Hz), 6.87 (d, 1H, H-5,
J = 2.1 Hz), 7.08 (d, 1H, H-8, J = 8.5 Hz), 8.91 (s, 1H,
OH, exchangeable with D2O), 10.95 (s, 1H, NH,
exchangeable with D2O). MS m/z 298 [M+]. Anal. Calcd
for C15H18N6O (298.35): C, 60.39; H, 6.08; N, 28.17.
Found: C, 60.42; H, 5.89; N, 28.31.
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4.1.8. 2-Amino-4-methoxy-9H-pyrimido[4,5-b]indol-6-ol
(7g). Solvent A; eluent A, 273 mg, 30.8%, green powder,
mp >300 �C. IR (KBr): m (cm�1) = 1609, 1511, 1383,
1239, 829. 1H NMR: (DMSO-d6); d = 4.01 (s, 3H, –
CH3), 6.42 (s, 2H, NH2, exchangeable with D2O), 6.65
(dd, 1H, H-7, J1 = 8.5 Hz, J2 = 2.5 Hz), 7.10 (m, 2H,
H-5, H-8), 8.85 (s, 1H, OH, exchangeable with D2O),
11.04 (s, 1H, NH, exchangeable with D2O). MS m/z
230 [M+]. Anal. Calcd for C11H10N4O2 (230.23): C,
57.39; H, 4.38; N, 24.34. Found: C, 57.19; H, 4.33; N,
24.54.


4.1.9. 4-Amino-2-dimethylamino-9H-pyrimido[4,5-b]in-
dol-6-ol (7h). Solvent A; eluent A, 203 mg, 27.6%, beige
powder, mp 265–266 �C. IR (KBr):
m (cm�1) = 2948, 1616, 1538, 1398, 1020. 1H NMR:
(DMSO-d6); d = 3.10 (s, 6H, NMe2), 6.44 (s, 2H, NH2,
exchangeable with D2O), 6.61 (dd, 1H, H-7,
J1 = 8.5 Hz, J2 = 2.1 Hz), 6.98 (d, 1H, H-5,
J = 2.1 Hz), 7.35 (d, 1H, H-8, J = 8.5 Hz), 8.63 (s, 1H,
OH, exchangeable with D2O), 10.86 (s, 1H, NH,
exchangeable with D2O). MS m/z 243 [M+]. Anal. Calcd
for C12H13N5O (243.27): C, 59.25; H, 5.31; N, 28.79.
Found: C, 59.05; H, 5.37; N, 28.63.


4.1.10. 4-Amino-2-diethylamino-9H-pyrimido[4,5-b]indol-
6-ol (7i). Solvent A; eluent A, 237 mg, 29.2%, gray
plates, mp 235–236 �C. IR (KBr): m (cm�1) = 2963,
1592, 1554, 1401, 831. 1H NMR: (DMSO-d6); d = 1.13
(t, 6H, J = 7.1 Hz, CH3), 3.60 (q, 4H, J = 7.1 Hz,
CH2), 6.67 (s, 2H, NH2, exchangeable with D2O), 6.85
(dd, 1H, J1 = 8.5 Hz, J2 = 1.2 Hz, H-7), 7.16 (d, 1H,
J = 8.5 Hz, H-8), 7.83 (d, 1H, J = 2.1 Hz, H-5), 8.83 (s,
1H, exchangeable with D2O, OH), 11.29 (s, 1H,
exchangeable with D2O, NH). MS m/z 271 [M+]. Anal.
Calcd for C14H17N5O (271.32): C, 61.98; H, 6.32; N,
25.81. Found: C, 61.99; H, 6.42; N, 25.65.


4.1.11. 4-Amino-2-pyrrolidin-1-yl-9H-pyrimido[4,5-b]in-
dol-6-ol (7j). Solvent A; eluent A, 204 mg, 25.3%, gray
powder, mp >300 �C. IR (KBr): m (cm�1) = 3044,
2849, 1635, 1559, 1220, 1043. 1H NMR: (DMSO-d6);
d = 1.89 (m, 4H, H-3 0, H-4 0), 3.40 (m, 4H, H-2 0, H-5 0),
6.45 (s, 2H, NH2, exchangeable with D2O), 6.65 (dd,
1H, H-7, J1 = 8.5 Hz, J2 = 2.1 Hz), 6.95 (d, 1H, H-8,
J = 8.5 Hz), 7.34 (d, 1H, H-5, J = 2.1 Hz), 8.79 (s, 1H,
OH, exchangeable with D2O), 10.90 (s, 1H, NH,
exchangeable with D2O). MS m/z 269 [M+]. Anal. Calcd
for C14H15N5O (269.32): C, 62.44; H, 5.61; N, 26.00.
Found: C, 62.63; H, 5.34; N, 25.99.


4.1.12. 4-Amino-2-morpholin-4-yl-9H-pyrimido[4,5-b]in-
dol-6-ol (7k). Solvent A; eluent A, 273 mg, 32%, brown
powder, mp 260–261 �C. IR (KBr):
m (cm�1) = 2854, 1614, 1419, 1268, 1112. 1H NMR:
(DMSO-d6); d = 3.58–3.72 (m, 8H, H-2 0, H-3 0, H-5 0,
H-6 0), 6.65 (s, 2H, NH2, exchangeable with D2O), 6.63
(dd, 1H, H-7, J1 = 8.5 Hz, J2 = 2.5 Hz), 7.02 (d, 1H,
H-5, J = 2.5 Hz), 7.39 (d, 1H, H-8, J = 8.5 Hz), 8.69 (s,
1H, OH, exchangeable with D2O), 10.92 (s, 1H, NH,
exchangeable with D2O). MS m/z 285 [M+]. Anal. Calcd
for C14H15N5O2 (285.31): C, 58.94; H, 5.30; N, 24.55.
Found: C, 59.11; H, 5.04; N, 24.76.

4.1.13. 4-Amino-2-(4-methylpiperazin-1-yl)-9H-pyrimi-
do[4,5-b]indol-6-ol (7l). Solvent A; eluent A, 385 mg,
45%, green powder, mp >300 �C (EtOH). IR (KBr): m
(cm�1) = 2848, 1610, 1504, 1201, 751. 1H NMR:
(DMSO-d6); d = 2.20 (s, 3H, CH3), 2.33 (m, 4H, H-3 0,
H-5 0), 3.71 (m, 4H, H-2 0, H-6 0), 6.53 (s, 2H, NH2,
exchangeable with D2O), 6.63 (dd, 1H, H-7,
J1 = 8.5 Hz, J2 = 2.1 Hz), 7.00 (dd, 1H, H-8,
J = 8.5 Hz), 7.83 (d, 1H, H-5, J = 2.1 Hz), 8.93 (s, 1H,
OH, with D2O exchangeable), 10.88 (s, 1H, NH, with
D2O exchangeable). MS m/z 298 [M+]. Anal. Calcd for
C15H18N6O (298.35): C, 60.39; H, 6.08; N, 28.17.
Found: C, 60.18; H, 6.38; N, 28.43.


4.1.14. 2,4-Bis-(dimethylamino)-9H-pyrimido[4,5-b]indol-
6-ol (7m). Solvent A; eluent A, 237 mg, 30%, brown
powder, mp 202 �C (ethylacetate). IR (KBr): m
(cm�1) = 2923, 2852, 1596, 1388, 1209. 1H NMR:
(DMSO-d6); d = 3.13 (s, 12H, CH3), 6.61 (dd, 1H,
J1 = 2.1 Hz, J2 = 8.5 Hz, H-7), 7.03 (d, 1H, J = 8.5 Hz,
H-8), 7.07 (d, 1H, J = 2.1 Hz, H-5), 8.79 (s, 1H,
exchangeable with D2O, OH), 11.08 (s, 1H, exchange-
able with D2O, NH). MS m/z 271 [M+]. Anal. Calcd
for C14H17N5O (271.32): C, 61.98; H, 6.32; N, 25.81.
Found: C, 61.83; H, 6.04; H, 25.76.


4.1.15. 2,4-Bis-(diethylamino)-9H-pyrimido[4,5-b]indol-
6-ol (7n). Solvent A; eluent A, 31%, green powder, mp
218–219 �C (ethylacetate). IR (KBr): m (cm�1) = 2975,
1633, 1345, 753. 1H NMR: (DMSO-d6); d = 1.21 (t,
6H, –CH2–CH3, J = 7.0 Hz), 1.33 (t, 6H, –CH2–CH3),
J = 7.0 Hz, 3.66 (q, 4H, –CH2–CH3), J = 7 Hz, 3.80 (q,
4H, –CH2–CH3), J = 7 Hz, 6.75 (dd, H-7, J1 = 8.5 Hz,
J2 = 2.1 Hz), 7.07 (d, 1H, H-5, J = 2.1 Hz), 7.44 (d,
1H, H-8, J = 8.5 Hz), 9.25 (s, 1H, OH, exchangeable
with D2O), 11.35 (s, 1H, NH, exchangeable with
D2O). MS m/z 327 [M+]. Anal. Calcd for C18H25N5O
(327.42): C, 66.03; H, 7.70; N, 21.39. Found: C, 66.28;
H, 7.94; H, 21.56.


4.1.16. 2,4-Dipyrrolidin-1-yl-9H-pyrimido[4,5-b]indol-
6-ol (7o). Solvent A; eluent A, The residue was crystal-
lized from EtOH after cooling and evaporation.
532 mg, 54.9%, green powder, mp 221–222 �C. IR
(KBr): m (cm�1) = 2975, 2881, 1643, 1452, 1213, 655.
1H NMR: (DMSO-d6); d = 1.91 (m, 8H, H-3 0, H-5 0,
H-300, H-400) 3.50–3.79 (m, 8H, H-2 0, H-5 0, H-300, H-400),
6.57 (dd, 1H, H-7, J1 = 8.5 Hz, J2 = 2.1 Hz), 6.97 (d,
1H, H-8, J = 8.5 Hz), 7.27 (d, 1H, H-5, J = 2.1 Hz),
8.68 (s, 1H, OH, exchangeable with D2O), 11.05 (s,
1H, NH, exchangeable with D2O). MS m/z 323 [M+].
Anal. Calcd for C18H21N5O (323.40): C, 66.85; H,
6.55; N, 21.66. Found: C, 66.91; H, 6.37; N, 21.69.


4.1.17. 2,4-Dimorpholin-4-yl-9H-pyrimido[4,5-b]indol-
6-ol (7p). Solvent A; eluent A, 323 mg, 30.4%, tan pow-
der, mp 169–170 �C. IR (KBr): m (cm�1) = 3008, 2854,
1600, 1554, 1257, 1195, 1112, 754. 1H NMR: (DMSO-
d6); d = 3.49–3.93 (m, 16H, H-2 0, H-3 0, H-5 0, H-6 0, H-
200, H-300, H500, H600), 6.68 (dd, 1H, H-7, J1 = 8.5 Hz,
J2 = 2.1 Hz), 6.88 (d, 1H, H-5, J = 2.1 Hz), 7.10 (d,
1H, H-8, J = 8.5 Hz), 8.96 (s, 1H, OH, exchangeable
with D2O), 11.23 (s, 1H, NH, exchangeable with
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D2O). MS m/z 355 [M+]. Anal. Calcd for C18H21N5O3


(355.40): C, 60.83; H, 5.96; N, 19.71. Found: C, 60.98;
H, 6.23; N, 19.62.


4.1.18. 2,4-Bis-(4-methylpiperazin-1-yl)-9H-pyrimido[4,5-
b]indol-6-ol (7q). Solvent A; eluent A, 7:3; 406 mg,
35.5%, green powder, mp 225–228 �C. IR (KBr):
m (cm�1) = 2846, 2802, 1600, 1552, 1446, 1197, 1002.
1H NMR: (DMSO-d6); d = 2.21 (s, 1H, CH3), 2.28 (s,
1H, CH3), 2.35–2.55 (m, 8H, H-3 0, H-5 0, H-300, H-500),
2.35–2.55 (m, 8H, H-3 0, H-5 0, H-300, H-500), 3.50–3.74
(m, 8H, H-2 0, H-6 0, H-200, H-600), 6.67 (dd, 1H, H-7,
J1 = 8.5 Hz, J2 = 2.1 Hz), 6.89 (d, 1H, H-5,
J = 2.1 Hz), 7.08 (d, 1H, H-8, J = 8.5 Hz), 9.02 (s, 1H,
OH, exchangeable with D2O), 11.15 (s, 1H, NH,
exchangeable with D2O). MS m/z 381 [M+]. Anal. Calcd
for C20H27N7O (381.48): C, 62.97; H, 7.13; N, 25.70.
Found: C, 62.98; H, 7.08; N, 25.50.


4.1.19. 7,9-Diamino-11H-benzo[g]pyrimido[4,5-b]indol-5-
ol (14a). Solvent A; eluent A, the product 14a deposits
from the hot reaction mixture and is washed with
EtOH/H2O; 375 mg, 38.1%, deep blue powder, mp
>300 �C. IR (KBr): m (cm�1) = 2415, 1761, 1671, 1383,
1217, 756. 1H NMR: (DMSO-d6); d = 6.00 (s, 2H,
NH2, exchangeable with D2O), 6.83 (s, 2H, NH2,
exchangeable with D2O), 7.46 (td, 1H, H-8,
J1 = 8.0 Hz, J2 = 1.0 Hz), 7.48 (t, 1H, H-9, J1 = 8.0 Hz,
J2 = 1.0 Hz), 7.86 (d, 1H, H-7, J = 8.0 Hz), 8.14 (s, 1H,
H-5), 8.44 (d, 1H, H-10, J = 8.0 Hz), 10.44 (s, 1H,
OH, exchangeable with D2O), 12.15 (s, 1H, NH,
exchangeable with D2O). MS m/z 265 [M+]. Anal. Calcd
for C14H11N5O (265.28): C, 63.39; H, 4.18; N, 26.40.
Found: C, 63.22; H, 4.46; N, 26.69.


4.1.20. 7-Amino-9-(morpholin-4-yl)-11H-benzo[g]pyrimi-
do[4,5-b]indol-5-ol (14b). The educts are stirred at 100 �C
in HOAc. After evaporation in vacuo, the residue is
crystallized from EtOH. 568 mg, 56.2%, tan powder,
mp >300 �C. IR (KBr): m (cm-1) = 3420, 1637, 1535,
1344, 1072. 1H NMR: (DMSO-d6); d = 3.72–3.86 (m,
8H, H-2 0, H-3 0, H-5 0, H-6 0), 6.83 (s, 2H, NH2, exchange-
able with D2O), 7.47 (s, 1H, H-5), 7.56 (td, 1H, H-8,
J1 = 8.2 Hz, J2 = 1.0 Hz), 7.65 (td, 1H, H-9,
J = 8.2 Hz, J2 = 1.0 Hz), 7.90 (d, 1H, H-7, J = 8.2 Hz),
8.53 (d, 1H, H-10, J = 8.2 Hz), 10.48 (s, 1H, OH,
exchangeable with D2O), 12.73 (s, 1H, NH, exchange-
able with D2O). MS m/z 335 [M+]. Anal. Calcd for
C18H17 N5O2: C, 64.47; H, 5.11; N, 20.88. Found: C,
64.69; H, 5.33; N, 20.61.


4.1.21. 7-Amino-9-(4-methylpiperazin-1-yl)-11H-benzo[g]-
pyrimido[4,5-b]indol-5-ol (14c). Solvent A; eluent A,
187 mg, 18.1%, dark gray powder, mp >300 �C. IR
(KBr): m (cm�1) = 3409, 1611, 1533, 1344, 1041, 761.
1H NMR: (DMSO-d6); d = 2.38 (s, 3H, CH3), 2.61–
2,73 (m, 4H, H-3 0, H-5 0) 3.63–3.79 (m, 4H, H-2 0, H-
6 0), 6.92 (s, 2H, NH2, exchangeable with D2O), 7.59
(td, 1H, H-8, J1 = 8.2 Hz, J2 = 1.0 Hz), 7.69 (td, 1H,
H-9, J1 = 8.2 Hz, J2 = 1.0 Hz), 7.92 (d, 1H, H-7,
J = 8.2 Hz), 8.31 (s, 1H, H-5), 8.47 (d, 1H, H-10,
J = 8.2 Hz), 10.16 (s, 1H, OH, exchangeable with
D2O), 12.34 (s, 1H, NH, exchangeable with D2O). MS

m/z 348 [M+]. Anal. Calcd for C19H20N6O (348.41): C,
65.50; H, 5.79; N, 24.12. Found: C, 65.34; H, 5.63; N,
24.41.


4.1.22. 7-Amino-9-pyrrolidin-1-yl-11H-benzo[g]pyrimi-
do[4,5-b]indol-5-ol (14d). Solvent A; eluent A, 165 mg,
17.2%, gray powder, mp >300 �C. IR (KBr):
m (cm�1) = 3411, 1633, 1616, 1529, 1344, 1068, 765. 1H
NMR: (DMSO-d6); d = 1.88 (m, 4H, H-3 0, H-4 0), 3.3.2
(m, 4H, H-2 0, H-5 0), 5.93 (s, 2H, with D2O exchange-
able, NH2), 7.44 (t, J1 = 1.0 Hz, J2 = 8.2 Hz, H-8), 7.58
(td, 1H, J1 = 1.0, J2 = 8.2 Hz, H-9), 8.1 (s, 1H, H-5),
8.24 (d, 1H, J = 8.2 Hz, H-7), 8.59 (d, 1H, J = 8.2 Hz,
H-7), 10.19 (s, OH, with D2O exchangeable), 12.22 (s,
1H, NH, with D2O exchangeable). MS m/z 319 [M+].
Anal. Calcd for C18H17N5O (319.37): C, 67.70; H,
5.37; N, 21.93. Found: C, 67.40; H, 5.65; N, 21.67.


4.1.23. 9-Amino-7-(morpholin-4-yl)-11H-benzo[g]pyrimi-
do[4,5-b]indol-5-ol (14e). Solvent A; eluent A, 95:5.
275 mg, 27.4%, gray powder, mp >300 �C. IR (KBr):
m (cm�1) = 3747, 2921, 2337, 1733, 1589, 800. 1H
NMR: (DMSO-d6); d = 3.70–3.85 (m, 8H, H-2 0, H-3 0,
H-5 0, H-6 0), 6.03 (s, 2H, NH2, exchangeable with
D2O), 7.45 (s, 1H, H-5), 7.57 (td, 1H, H-8,
J1 = 8.2 Hz, J2 = 1.0 Hz), 7.63 (td, 1H, H-9,
J = 8.2 Hz, J2 = 1.0 Hz), 7.91 (d, 1H, H-7, J = 8.2 Hz),
8.51 (d, 1H, H-10, J = 8.2 Hz), 10.45 (s, 1H, OH,
exchangeable with D2O), 12.71 (s, 1H, NH, exchange-
able with D2O). MS m/z 335 [M+]. Anal. Calcd for
C18H17N5O2 (335.37): C, 64.47; H, 5.11; N, 20.88.
Found: C, 64.33; H, 5.00; N, 20.97.


4.1.24. 7-Amino-9-pyrrolidin-1-yl-11H-pyrimido[50,40:4,5]-
pyrrolo[2,3-f]quinolin-5-ol (16). Solvent B; eluent A,
96 mg, 10.6%, green powder, mp >300 �C. IR (KBr): m
(cm�1) = 2923, 2351, 1756, 899. 1H NMR: (DMSO-
d6); d = 1.98 (m, 4H, H-3 0, H-4 0), 3.56 (m, 4H, H-2 0,
H-5 0), 6.89 (s, 2H, NH2, exchangeable with D2O), 7.60
(dd, 1H, H-9, J1 = 8.5 Hz, J2 = 5.7 Hz), 7.80 (s, 1H, H-
5), 8.74 (d, 1H, H-8, J = 8.5 Hz), 8.85 (d, 1H, H-10,
J = 5.7 Hz), 9.16 (s, 1H, OH, exchangeable with D2O),
12.55 (s, 1H, NH, exchangeable with D2O). MS m/z
320 [M+]. Anal. Calcd for C17H16N6O (320.36): C,
63.74; H, 5.03; N, 26.23. Found: C, 63.99; H, 5.00; N,
25.97.


4.1.25. 7-Amino-9-pyrrolidin-1-yl-11H-pyrimido[50,40:4,5]-
pyrrolo[2,3-f]quinoxalin-5-ol (18). Solvent B; eluent A,
182 mg, 19%, green powder, mp >300 �C. IR (KBr): m
(cm�1) = 2915, 1665, 1556, 1171, 1029. 1H NMR:
(DMSO-d6); d = 1.92 (m, 4H, H-3 0, H-4 0), 3.53 (m, 4H,
H-2 0, H-5 0), 6.76 (s, 2H, NH2, exchangeable with
D2O), 7.99 (s, 1H, H-6), 8.76 (d, 1H, J = 1.8 Hz), 8.87
(d, 1H, J = 1.8 Hz), 9.41 (s, 1H, OH, exchangeable with
D2O), 12.02 (s, 1H, NH, exchangeable with D2O). MS
m/z 321 [M+]. Anal. Calcd for C16H15N7O (321.34): C,
59.80; H, 4.71; N, 30.51. Found: C, 59.97; H, 5.00; N,
30.29.


4.1.26. 6-Methoxy-2-pyrrolidin-1-yl-9H-pyrimido[4,5-b]-
indol-4-amine (19). Compound 7j (100 mg, 0.36 mmol)
and 14 mg of a NaH dispersion (60%) are stirred in
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acetone (25 ml) for 15 min. After evolution of hydrogen
gas stopped, 100 mg methyliode (0.72 mmol) was added
and the mixture was stirred for 12 h. The acetone was
distilled off in vacuo and the resulting residue was taken
up in 2 N NaOH (20 ml) and was extracted three times
with ethylacetate. After evaporation, a gray powder
(36 mg) was isolated. Yield: 34%, mp >300 �C. IR
(KBr): m (cm�1) = 3044, 2849, 1635, 1559, 1220, 1043.
1H NMR: (DMSO-d6); d = 1.83 (m, 4H, H-3 0, H-4 0)
3.51 (m, 4H, H-2 0, H-5 0), 3.88 (s, 3H, CH3), 6.63 (s,
2H, NH2, exchangeable with D2O), 6.65 (dd, 1H, H-7
J1 = 8.5 Hz, J2 = 2.1 Hz), 7.03 (d, 1H, H-8,
J = 8.5 Hz), 7.63 (d, 1H, H-5, J = 2.1 Hz), 11.2 (s, 1H,
NH, exchangeable with D2O). MS m/z 283 [M+]. Anal.
Calcd for C15H17N5O (283.34): C, 63.59; H, 6.05; N,
24.72. Found: C, 63.71; H, 6.30; N, 24.87.


4.1.27. 2-Pyrrolidin-1-yl-5,6,7,8-tetrahydro-9H-pyrimi-
do[4,5-b]indol-4-amine (21). 2-Pyrrolidin-4-ylpyrimidin-
4,6-diamine (9j) (179 mg, 1 mmol) and 2-chlorocyclo-
hexanone (20) (132 mg, 1 mmol) were heated to reflux
for 6 h. After evaporation in vacuo, the residue was
purified by MPLC. Eluent A, 113 mg, 43.9%, colorless
powder, mp 260–261 �C. IR (KBr): m (cm�1) = 2923,
2362, 1735, 1614, 1068. 1H NMR: (DMSO-d6);
d = 1.72 (m, 4H, H-6, H-7), 1.86 (m, 4H, H-3 0, H-4 0)
2.46–2.65 (m, 4H, H-5, H-8), 3.40 (m, 4H, H-2 0, H-5 0),
5.45 (s, 2H, NH2, exchangeable with D2O), 10.45 (s,
1H, NH, exchangeable with D2O). MS m/z 257 [M+].
Anal. Calcd for C14H19N5 (257.36): C, 65.34; H, 7.44;
N, 27.21. Found: C, 65.39; H, 7.21; N, 27.23.


4.1.28. 2-Pyrrolidin-1-yl-9H-pyrimido[4,5-b]indol-4-
amine (22). Compound 21 (101 mg, 0.4 mmol) and palla-
dium/charcoal catalyst 5% (10 mg) are suspended in
xylene (150 ml) and heated to reflux for 8 h. After filtra-
tion and evaporation in vacuo the residue was purified
by MPLC. Eluent A, 41 mg, 25.3%, tan powder, mp
281–283 �C. IR (KBr): m (cm�1) = 2950, 2867, 1610,
1517, 1413, 1226. 1H NMR: (DMSO-d6); d = 1.90 (m,
4H, H-3 0, H-4 0), 3.50 (m, 4H, H-2 0, H-5 0), 6.45 (s, 2H,
NH2, exchangeable with D2O), 7.03 (t, 1H, H-6,
J = 7.5 Hz), 7.05 (t, 1H, H-7, J = 7.5 Hz), 7.19 (d, 1H,
H-6, J = 7.5 Hz), 7.98 (d, 1H, H-8, J = 7.5 Hz), 11.26
(s, 1H, NH, exchangeable with D2O). MS m/z 253
[M+]. Anal. Calcd for C14H15N5 (253.31): C, 66.38; H,
5.97; N, 27.65. Found: C, 66.36; H, 6.11; N, 27.84.


4.1.29. 4-Amino-9H-pyrimido[4,5-b]indol-6-ol (24). Com-
pound 23 (100 mg, 0.58 mmol), 1 ml formamide, 0.3 ml
dimethylformamide, and 0.15 ml of formic acid (85%)
were refluxed over a period of 2 h. After cooling to rt,
the surplus reagents were distilled off in vacuo and the
resulting residue was purified via MPLC. Solvent: cyclo-
hexane/ethylacetate 6:4, 30 mg, 27%, gray powder, mp
>300 �C. Crystallized from cyclohexane/ethylacetate.
IR (KBr): m (cm�1) = 3740, 3690, 3650, 3630, 3310,
1650, 1625, 1560, 1540, 1508, 1295, 1180, 915, 795,
670, 650. 1H NMR: (DMSO-d6); d = 6.86 (dd, H,
J1 = 2.5, J2 = 8.5 Hz, H-7), 6.92 (s, 2H, exchangeable
with D2O, NH2), 7.22 (d, 1H, J = 8.5 Hz, H-8), 7.61
(d, 1H, J = 2.5 Hz, H-5), 8.17 (s, 1H, H-2), 8.90 (s,
1H, exchangeable with D2O, OH), 11.44 (s, 1H,

exchangeable with D2O, NH). MS m/z 200 [M+]. Anal.
Calcd for C10H8N4O (200.2): C, 60.00; H, 4.03; N,
27.99. Found: C, 59.68; H, 4.05; N, 27.90.


4.1.30. 4-Phenyl-9H-pyrimido[4,5-b]indol-6-ol (26). Com-
pound 25 (200 mg, 0.79 mmol) and 300 mg formic acid
(85%) in 2 ml formamide were refluxed over a period
of 30 min. After cooling to rt, the surplus reagents was
evaporated in vacuo and the resulting residue was puri-
fied via MPLC. Solvent: cyclohexane/ethylacetate 7:3,
124 mg, 60%, yellow crystals, mp >300 �C. Crystallized
from cyclohexane/ethylacetate. IR (KBr): m
(cm�1) = 3550, 3480, 3415, 3080, 2815, 2680, 1685,
1590, 1565, 1420, 1360, 1320, 1275, 1200, 1155, 965,
930. 1H NMR: (DMSO-d6); d = 7.00 (dd, 1H,
J1 = 2.5 Hz, J2 = 8.5 Hz, H-7), 7.20 (d, 1H, J = 2.5 Hz,
H-5), 7.40 (d, 1H, J = 8.5 Hz, H-8), 7.64 (m, 3H, H-3 0,
H-4 0, H-5 0), 7.83 (m, 2H, H-2 0, H-6 0), 8.90 (s, 1H, H-
2), 9.18 (s, 1H, exchangeable with D2O, OH), 12.18 (s,
1H, exchangeable with D2O, NH). MS m/z 261 [64,
M+], Anal. Calcd for C16H11N3O (261.3): C, 73.55; H,
4.24; N, 16.08. Found: C, 73.31; H, 4.25; N, 16.27.


4.2. Cell proliferation assay


Details of the cytotoxic testing and calculation of the
IC50 values have been described in detail elsewhere.16,17


All compounds were dissolved in DMSO (cell culture
grade) to give stock solutions of 20 mM and stored at
�20 �C until used. On the day of testing, the stock solu-
tions were thawed and serially diluted in DMSO to the
desired working concentration range (i.e., 20, 10, 5.0,
2.50, 1.25, and 0.67 mM). Depending on the expected
potency, five working solutions were selected and dilut-
ed 1000-fold into cell culture medium to treat the cells.
The actively dividing cells were exposed to test substanc-
es for a total of 96 h before fixing with glutaraldehyde
and staining with crystal violet.


4.3. QSAR-methods


All molecules were first geometry-optimized using the
semi-empirical program package VAMP19 applying
the AM120 hamiltonian. Rotatable substituents at-
tached to the aromatic scaffold in positions 2 and 4
were systematically scanned applying VAMP’s built-in
TORQUE function, ensuring to choose the minimum-
energy conformation reflecting the absolute minimum
in the gas phase. Due to the basic character of the aro-
matic nitrogens present in every compound, all mole-
cules were considered to be positively charged. The
location of the protonation at N1 was determined by
comparing the heat of formation of the different
mono-protonated isomers and choosing the energetical-
ly most favorable. Partial atomic charges were calculat-
ed using the Vamp ElectroStatic Potential fit Approach
VESPA.21 The calculation of the molecular descriptors
and all data analysis were performed using the molec-
ular spreadsheet TSAR.22 The initially generated
descriptors range from molecular attributes (mass, sur-
face area, volume, Verloop sterical parameters, mo-
ments of inertia, dipole moments, molar refractivity,
lipophilicity, and lipole), indices (connectivity, shape,
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and topology), to atom, ring, and group counts. Addi-
tionally, the semi-empirical geometry optimization pro-
vided quantum-mechanical descriptors like heat of
formation, HOMO and LUMO energies, and partial
charges on atoms present in all molecules of the data
set. As target for the activity prediction by multiple lin-
ear regression, the average of the four in vitro tests
5637, RT-4, A-427, and LCLC-103H, represented as
log1/IC50, was used. Variable reduction and selection
was done by calculating correlation matrices and care-
ful automatic F stepping, followed by manual remov-
ing of single descriptors. The quality of the model
was checked throughout the data reduction procedure
by calculating cross-validated regression coefficients
ðr2


CVÞ.
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12. Dotzauer, B.; Troschütz, R. Synlett 2004, 1039.
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Abstract—Deoxyribonucleic acid (DNA) topoisomerases are involved in diverse cellular processes, such as replication, transcrip-
tion, recombination, and chromosome segregation. Searching new compounds that inhibit both topoisomerases I and II is very
important due to the deficiency of the specific inhibitors to overcome multidrug resistance (MDR). A QSAR study was developed,
employing the 3D-MoRSE descriptors and a set of 64 benzophenazines in order to model the inhibition of the topoisomerases I and
II, expressed by the cytotoxicity of these compounds (IC50) versus drug-resistant human small cell lung carcinoma line cell H69/
LX4. A comparison with other approaches such as the Topological, BCUT, Galvez topological charge indexes, 2D autocorrelations,
Randić molecular profile, Geometrical, RDF, and WHIM descriptors was carried out. The mathematical models were obtained by
means of the multiple regression analysis (MRA) and the variables were selected using the genetic algorithm. The model relative to
the 3D-MoRSE descriptors was considered as the best, taking into account its statistical parameters. It was able to describe more
than 82.2% of the variance in the experimental activity once the outliers were extracted.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Deoxyribonucleic acid (DNA) topoisomerases are in-
volved in very diverse cellular processes such as replica-
tion, transcription, recombination, and chromosome
segregation. Such enzymes solve topological problems
related to DNA double helical structure by breaking
and rejoining DNA strands. There are two major classes
of topoisomerases, the topoisomerases I, which break
and reseal one strand of DNA, and the topoisomerases
II that alter DNA topology by catalyzing the passing of
an intact DNA double helix through a transient double-
stranded break made in a second helix and has a critical
role in DNA processing required for the separation of
chromosomes to complete mitosis.1
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Topoisomerase inhibitors have been widely used in the
treatment of cancer. The inhibitors of topoisomerase I,
for instance, camptothecin analogs such as irinotecan
and topotecan have been reported for the treatment of
colon cancer.2 Furthermore a number of antitumor
drugs, including the anthracycline doxorubicin, the
epipodophyllotoxins etoposide and teniposide, and
amsacrine are thought to be cytotoxic by virtue of their
ability to stabilize a covalent topoisomerase II–DNA
intermediate (the cleavable complex).1


However, a deficiency of these specific inhibitors, for both
types of topoisomerases, results in an inability to over-
come multidrug resistance (MDR).3,4 Research of new
compounds that present a dual inhibition toward topo-
isomerases I and II is very important. There has been
extensive research of dual inhibitor enzymes, like intopli-
cine,5 XR5000 (DACA),6 and TAS-103.7 Moreover, due
to the similarity in the shape between the acridines and
phenazines have been reported the synthesis and antitu-
moral activity of phenazine derivative, specifically, substi-
tuted phenazine-1-carboxamides, being the most active
the 8,9-benzo[a]phenazine-1-carboxamide compounds.8,9
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Quantitative structure–activity relationships (QSAR)
have been broadly used for some years mainly in medical
research.10–14 This methodology makes use of the molec-
ular descriptors offering valuable and simple information
about the structure of the molecules which is used later in
the elaboration of the predictive models. The employment
of this methodology allows cost savings by reducing the
laboratory resources needed, and the time required to cre-
ate and investigate new drugs with certain desired biolog-
ical activity. For this reason, QSAR is a useful alternative
tool in the research of novel compounds with dual inhibi-
tion toward the topoisomerase enzymes.


In addition, several works including QSAR studies
employing physicochemical descriptors and multiregres-
sion analyses (MRA) have been reported. For instance,
Garg et al.15 formulated a QSAR for two sets of DNA-
binding topoisomerase agents (bis-acridines and bis-
phenazines) showing for the acridines only a small
negative hydrophobic effect and for the phenazines a
strong hydrophobic effect. They suggested that, despite
the structural similarity of the compounds, different
modes of enzyme and/or DNA binding may be involved.15


Mekapati et al.16 developed seven QSAR models for the
anticancer activity (growth inhibition) of various tumor
cells by bis(11-oxo-11H-indeno[1,2-b]quinoline-6-carbox-
amides), bis(phenazine-1-carboxamides), and bis- (naph-
thalimides), finding positive hydrophobic interactions in
two models, consistent with other QSAR studies.


More recently, Verma17 developed sixteen quantitative
structure–activity relationships (QSAR) for different sets
of compounds that are camptothecin analogs, 1,4-naph-
thoquinones, unsaturated acids, benzimidazoles,
quinolones, and miscellaneous fused heterocycles to
understand chemical–biological interactions governing
their inhibitory activities toward topoisomerases I and II.


Our aim was to carry out a QSAR study relative to a set of
benzophenazines as dual topoisomerase I and II inhibi-
tors. For this purpose, we used 3D descriptors, specifically
the 3D-MoRSE, owing to the flexibility of these descrip-
tors, since they afford the possibility for choosing an
appropriate atomic property and in this way we could
adapt them to the specific problem under study. Besides,
these descriptors present an advantage as they code with
fixed-length representation of 3D molecular structure,
allowing us the comparison of data sets comprising mol-
ecules of different size, and number of atoms.18,19

2. Results and discussion


The model selection was subjected to the principle of
parsimony.20 Then, we chose a function with higher
statistical significance but having as few parameters as
possible. For that reason, although several models were
developed for the 3D-MoRSE, changing the number of
variables in every step of the analysis, the preliminary
best model that we found was described with the follow-
ing equation and with the statistical parameters of the
regression presented next:

� logðIC50Þ ¼ �0:79ð�0:12Þ �Mor07m


� 1:19ð�0:25Þ �Mor11m


þ 3:80ð�0:52Þ �Mor16m


þ 10:13ð�2:00Þ �Mor12v


� 2:15ð�0:62Þ �Mor26v


� 0:28ð�0:06Þ �Mor03e


� 0:72ð�0:27Þ �Mor24e


� 9:50ð�1:91Þ �Mor12p


þ 3:38ð�0:55Þ �Mor18p


þ 1:25ð�0:52Þ ð1Þ

N = 64, R2 = 0.726, S = 0.321, F = 15.946 p < 10�5,
q = 6.4, AIC = 0.141, FIT = 0.986, q2


CV-LOO ¼ 0:619,
SCV-LOO = 0.379, q2


CV-LGO ¼ 0:594, SCV-LGO = 0.391,
where N is the number of compounds included in the
model, R2 is the square of the correlation coefficient, S
is the standard deviation of the regression, F is the Fish-
er ratio, p is the significance of the model, and q is the
ratio between number of cases and adjustable parameter
numbers. AIC is the Akaike’s information criterion and
FIT is the Kubinyi function. Furthermore, we calculated
the validation parameters shown previously like cross-
validated squared regression coefficient q2 and the stan-
dard deviation Scv of the LOO and LGO procedures.


The parameter q2 is used as a criterion of both robust-
ness and predictive ability of the model. Many authors
consider high q2 (for instance, q2 > 0.5) as an indicator
or even as the ultimate proof that the model is highly
predictive.21 As we can see, the model proponed by us
as the best one presents appropriate values of statistical
parameters. Nevertheless it would be interesting to show
the analysis that we carried out to determine the best
model with the 3D-MoRSE descriptors family.


As we mentioned above, we developed several models
for the 3D-MoRSE descriptors changing the number
of variables in every step of the analysis. In other words,
once a model was developed, we calculated their statis-
tical parameters and tested if the addition of a new var-
iable to the model was justified. If it were the case, we
compared the results with the previous models and we
repeated again and again this analysis whenever we
included a new variable.


In this connection it was very important to calculate the
parameter q, as a criterion in order to know when to
stop the introduction of new variables in the develop-
ment of the model. Our data set contains 64 compounds
and the maximum number of variables is fourteen for
the minimum value of q (4.267).


This criterion was not the only one employed to deter-
mine the optimum number of variables to include in
the development of the models. Another criterion that
we used is the ratio between the number of cases and
variables included in the model. It has been reported
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that this relation is appropriate when there are five cases
per variable (5:1) as a minimum value.22 As our data set
consisted of 64 compounds, the maximum number of
variables is twelve. We also applied the Akaike’s infor-
mation criterion and Kubinyi function to determine if
a variable should be included in the model. That is to
say, if the Akaike’s information criterion decreases in
value when adding an additional variable and the Kub-
inyi function increases in value, then, the introduction of
this new variable is justified.


The equations that describe the models relative to eight
and ten variables are shown below with their statistical
parameters.


� logðIC50Þ ¼ �0:69ð�0:12Þ �Mor07m


� 1:27ð�0:26Þ �Mor11m


þ 3:92ð�0:54Þ �Mor16m


þ 3:13ð�0:57Þ �Mor18p


� 0:26ð�0:06Þ �Mor03e


� 2:37ð�0:65Þ �Mor26v


þ 9:18ð�2:08Þ �Mor12v


� 8:37ð�1:97Þ �Mor12p


þ 0:73ð�0:51Þ ð2Þ

N = 64, R2 = 0.691, S = 0.338, F = 15.350, p < 10�5,
q = 7.11, AIC = 0.152, FIT = 0. 959, q2


CV-LOO ¼ 0:591,
SCV-LOO = 0.389, q2


CV-LGO ¼ 0:579, SCV-LGO = 0.423.


� logðIC50Þ ¼ �0:64ð�0:12Þ �Mor07m


� 1:59ð�0:28Þ �Mor11m


þ 4:49ð�0:55Þ �Mor16m


þ 3:10ð�0:56Þ �Mor18p


� 0:26ð�0:06Þ �Mor03e


� 1:59ð�0:67Þ �Mor26v


þ 12:38ð�2:23Þ �Mor12v


� 11:61ð�2:13Þ �Mor12p


þ 0:55ð�0:19Þ �Mor06v


� 0:57ð�0:28Þ �Mor14p


� 0:02ð�0:71Þ ð3Þ

N = 64, R2 = 0.701, S = 0.329, F = 18.8, p < 10�5,
q = 8.0, AIC = 0.114, FIT = 1.162, q2


CV-LOO ¼ 0:620,
SCV-LOO = 0.372, q2


CV-LGO ¼ 0:593, SCV-LGO = 0.391.


The quality of the statistical parameters for the model
with eight variables was adequate, although the inter-
cept of the equation turned out not to be significant.
Insofar as the q value was equal to 7.11 and the relation-
ship between the number of cases and the number of
variables in the model was 8:1 (>5:1) we investigated
the possibility of improving the statistical results by
introducing a ninth variable into the model. It was

determined by genetic algorithm that the variable
Mor24e would be added to the model. The introduction
of this new variable conformed to the Akaike’s informa-
tion criterion (decrement from 0.152 to 0.141) and the
Kubinyi function (increased from 0.959 to 0.986). The
statistical parameters in this model improved with
increases in the value of the R2, q2, and F, and a decrease
in the value of S.


In order to find better results and a more predictive
model, we introduced a tenth variable and analyzed
the statistical parameters (Eq. 3). In spite of the
improvement in the other parameters of the comparison,
the value of the Kubinyi function got worse (decrement
of 0.986–0.906) as well as the Akaike’s information cri-
terion (increase of 0.141–0.143) and the intercept of the
equation was not significant. We determined that the
model with nine variables was best and would be used
for the analysis.


Although we determined that the 3D-MoRSE descrip-
tors family was statistically significant we carried out a
comparison of different methodologies to validate our
model. The results obtained from this comparison are
presented in Table 1.


We can see in Table 1 that every model was developed
using 12 variables except for the model proposed by
our research, due to the reasons explained above.
We determined that 12 variables were required to
achieve optimum statistical parameters and this was
supported by the Akaike’s information criterion and
other tests.


The models with twelve variables relative to the
Topological, BCUT, and 2D autocorrelations have
comparable R2 value (0.67, 0.602, and 0.664, respec-
tively) but lower than the R2 reported for the model
relative to the 3D-MoRSE descriptors. The Galvez
topological charge indexes, Randić molecular profile,
Geometrical, and WHIM descriptors are included in
another group with R2 values lower still than those
reported for the group analyzed previously (0.373,
0.502, 0.534, and 0.592, respectively, and all of them
lower than 0.600).


It is important to highlight the low predictive capability
of all of the models with respect to these descriptors, ex-
cept the model that contains the Topological descriptors
and presents a q2 value of 0.527, the rest reported a q2


value lower than 0.5.


In lieu of these facts and the likenesses established, com-
parison between the models with the RDF and 3D-
MoRSE descriptors was undertaken. The R2 parameter
is very similar with values of 0.70 and 0.726, respective-
ly. The other statistical parameters were similarly trend-
ing with the model of the 3D-MoRSE descriptors
yielding superior results, except for the Akaike’s infor-
mation criterion that is slightly lower for the RDF
descriptors. With respect to the predictive capabilities,
the 3D-MoRSE approach yielded a significantly higher
q2 value (0.619 vs 0.538).







Table 1. The statistical parameters of the linear regression models obtained for the nine kinds of descriptors involved in the comparison


Kind of descriptor Variables R2 S F p q2
CV�LOO SCV-LOO AIC FIT


Topological 12 0.67 0.363 8.64 0.527 0.434 0.154 0.498


BCUT 12 0.602 0.398 6.438 0.398 0.49 0.186 0.371


Galvez topological charge indexes 12 0.373 0.5 2.524 0.098 0.662 0.293 0.146


2D autocorrelations 12 0.664 0.366 8.409 0.471 0.459 0.157 0.485


Randic molecular profile 12 0.502 0.446 4.286 0.232 0.553 0.233 0.247


Geometrical 12 0.534 0.431 4.875 0.291 0.536 0.218 0.281


RDF 12 0.70 0.346 9.898 0.538 0.429 0.140 0.572


3D-MoRSE 9 0.726 0.321 15.946 0.619 0.379 0.141 0.986


WHIM 12 0.592 0.404 6.158 0.397 0.490 0.191 0.356


All models contained twelve variables, except with 3D-MoRSE descriptors.
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Consequently, we conducted a comparison of the same
methodologies mentioned above, using all of the models
relative to the 3D-MoRSE descriptors in order to empha-
size the differences among this methodology and the rest,
especially the RDF descriptors, because their results are
the most similar to the 3D-MoRSE results. We developed
the models taking into account only nine variables with
the aim of equaling the conditions under study. The
results of this comparison are given in Table 2.


As we can see, the only model that has predictive capa-
bility besides the 3D-MoRSE is the RDF model. How-
ever, the values of its statistical parameters of the RDF
model are significantly lower than those of the 3D-
MoRSE descriptors. The proposed model contains the
best descriptors in order to predict the anticancer activ-
ity. It is the simplest, with just nine variables has and
yielded the best statistical results. We proceeded to test
whether the superiority of the 3D-MoRSE descriptors
to the other methodologies in this training set for this
biological property was the result of collinearity among
variables. Collinearity was avoided by making an
orthogonalization of molecular descriptors because
interrelatedness among different descriptors can result
in highly unstable models.


The QSAR model obtained with the 3D-MoRSE (Eq. 4)
after orthogonalization and standardization is given
below, together with the statistical parameters of the
regression analysis.


� logðIC50Þ ¼ �0:21ð�0:04Þ � X1Mor07m


� 0:22ð�0:04Þ � X2Mor11m


þ 0:16ð�0:04Þ � X3Mor16m


� 0:14ð�0:04Þ � X4Mor26v


� 0:17ð�0:04Þ � X5Mor03e


� 0:20ð�0:04Þ � X6Mor12p


þ 0:14ð�0:04Þ � X7Mor18p


� 0:08ð�0:04Þ � X8Mor24e


þ 0:04ð�0:04Þ � X9Mor12v


� 2:24ð�0:04Þ ð4Þ

N = 64, R2 = 0.727, S = 0.321, F = 15.946, p < 10�5,
q = 6.4, AIC = 0.120, FIT = 0.991, q2


CV-LOO ¼ 0:619,
SCV-LOO = 0.379.

As a result of orthogonalization the variables Mor24e
and Mor12v became insignificant. This fact might result
because during the orthogonalization process, the infor-
mation contained in the variable to be orthogonalized,
that is common to the information contained in the vari-
ables previously orthogonalized, is finally eliminated
when the variable undergoes the process. In other
words, in this case the variables Mor24e and Mor12v
did not provide new information and that is why they
turned out not to be significant. This aspect is shown
in the next table (Table 3).


As we can see, there is an increase in the R2 values in the
every step for all variables in this report. Though, specif-
ically in the case of the step from Mor26v to Mor24e,
the increase of R2 value is only 0.02, whereas the other
increases are, at least, higher than 0.059.


These two variables were eliminated from the previous
model, which resulted in the following equation:


� logðIC50Þ ¼ �0:21ð�0:04Þ � X1Mor07m


� 0:22ð�0:04Þ � X2Mor11m


þ 0:16ð�0:04Þ � X3Mor16m


� 0:14ð�Þ � X4Mor26v


� 0:17ð�0:04Þ � X5Mor03e


� 0:20ð�0:04Þ � X6Mor12p


þ 0:14ð�0:04Þ � X7Mor18p


� 2:24ð�0:04Þ ð5Þ

N = 64, R2 = 0.701, S = 0.329, F = 18.8, p < 10�5,
q = 8.0, AIC = 0.114, FIT = 1.162, q2


CV-LOO ¼ 0:620,
SCV-LOO = 0.372, q2


CV-LGO ¼ 0:593, SCV-LGO = 0.391.


To further test the QSAR model, it was important to
examine the data outliers. The level of outliers can be-
come a serious problem because the model is unable to
predict ‘real’ biological activity. In this context, we
looked for the presence of outliers in Eq. 5. The number
of outliers extracted ranged from 0 to 6. The extraction
of 10% of the general data is classically accepted in the
literature as the threshold for this procedure. The two
tests that we used to detect the presence of outliers were
a standard residual higher than 2 · d, where d is equiva-
lent to the standard deviation, and deleted residual, The
structure of these outliers is shown below and the new







Table 3. Forward stepwise step-by-step analysis


Mor11m Mor07m Mor12p Mor03e Mor16m Mor18p Mor26v Mor24e Mor12v bo R2 S p-level


�0.218 �2.24 0.148 0.529 2 · 10�6


�0.218 �0.210 �2.24 0.284 0.489 3 · 10�6


�0.218 �0.210 �0.201 �2.24 0.408 0.448 7 · 10�6


�0.218 �0.210 �0.201 �0.167 �2.24 0.495 0.417 1.2 · 10�4


�0.218 �0.210 �0.201 �0.167 0.164 �2.24 0.578 0.385 1.67 · 10�4


�0.218 �0.210 �0.201 �0.167 0.164 0.144 �2.24 0.642 0.357 7.83 · 10�4


�0.218 �0.210 �0.201 �0.167 0.164 0.144 �0.138 �2.24 0.701 0.329 1.213 · 10�3


�0.218 �0.210 �0.201 �0.167 0.164 0.144 �0.138 �0.080 �2.24 0.721 0.321 0.053


�0.218 �0.210 �0.201 �0.167 0.164 0.144 �0.138 �0.080 0.041 �2.24 0.727 0.321 0.310


Table 2. The statistical parameters of the linear regression models obtained for the nine kinds of descriptors involved in the comparison


Kind of descriptor Variables R2 S F q2
CV-LOO SCV-LOO AIC FIT


Topological 9 0.629 0.374 10.163 0.488 0.439 0.192 0.631


BCUT 9 0.539 0.417 7.006 0.390 0.480 0.238 0.435


Galvez topological charge indexes 9 0.342 0.498 3.118 0.049 0.599 0.340 0.194


2D autocorrelations 9 0.601 0.388 9.024 0.445 0.457 0.206 0.561


Randic molecular profile 9 0.418 0.468 4.308 0.163 0.562 0.300 0.267


Geometrical 9 0.505 0.432 6.121 0.309 0.51 0.256 0.380


RDF 9 0.624 0.376 9.945 0.526 0.423 0.194 0.618


3D-MoRSE 9 0.726 0.321 15.946 0.619 0.379 0.141 0.986


WHIM 9 0.475 0.445 5.424 0.324 0.504 0.271 0.337


All models contained nine variables.
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statistical parameters for each successive extraction are
given in Table 4.


Taking into account the two tests employed, the 44 and
47 compounds showed the highest potentialities to be
considered as outliers. Compound 44 is structurally sim-
ilar to compound 43 with an important difference, the
position of the OMe substituent in relation to the side
chain of the same ring as can be seen in Figure 1.


This fact caused us to explore if the ortho effect might be
present in the compound 44. This effect could be one of
the causes of the change in its conformation, causing the
substituent be out of plane. On the other hand, the pres-
ence of an intra-molecular hydrogen bond, between the
amide carbonyl and the protonated acridine nitrogen,
and in the case of molecules more acidic, between the
amide N–H and the phenazine nitrogen has been report-
ed previously for active conformation of phenazines.9


In compound 44, the ortho effect could impede the for-
mation of a possible intra-molecular hydrogen bond ow-
ing to the change in its conformation. It is possible that
this compound interacts in another unknown way with
the receptor.


In order to understand what properties of compound 47
caused it to be an outlier we compared compound 47
with compounds 46 and 48 in order to understand
why it is an outlier (see Fig. 2).


As we can see, in this set of compounds the major differ-
ence is the substituent in ortho position with respect to
the side chain. All these structures are able to form an
intra-molecular hydrogen bond between the substituent
in ortho and the side chain (to the oxygen atom from

C@O), and also between the acridine nitrogen and the
side chain (to the amide N–H). Therefore, these mole-
cules might have the necessary conformation to consider
them activate in front of the receptor, in spite of the
ortho effect present in these molecules.


Compound 47 presented one interesting property
which differentiates it with respect to the other ones.
This is the dual possibility of the NH2 group to form
hydrogen bonds due to it having two hydrogen atoms.
Moreover, it has been reported before for acridine
derivative, the interaction with the ADN by a
specific hydrogen bond between the protonated N,
N-dimethylamino group of the side chain
(–CONH(CH2)2N(CH3)2) and the N7 from the guan-
ine in the major groove.23 Then, it could be possible
an interaction between the second hydrogen atom
from the amine group in the compound 47 and the
receptor in a different mode.


The following equation was obtained without the
outliers:

� logðIC50Þ ¼ �0:21ð�0:03Þ � X1Mor07m


� 0:26ð�0:03Þ � X2Mor11m


þ 0:14ð�0:03Þ � X3Mor16m


� 0:11ð�0:03Þ � X4Mor26v


� 0:16ð�0:03Þ � X5Mor03e


� 0:18ð�0:03Þ � X6Mor12p


þ 0:17ð�0:03Þ � X7Mor18p


� 2:21ð�0:03Þ ð6Þ







Table 4. Structures and statistics parameters of the outliers


Compound Structure R2 S F q2
LOO SLOO AIC FIT


44
N


N


CONH(CH2)2N(CH3)2


H3CO


OCH3


0.721 0.307 20.28 0.637 0.35 0.102 1.279


47
N


N


CONH(CH2)2N(CH3)2


H3CO


NH2


0.748 0.290 22.91 0.666 0.333 0.100 1.444


59
N


N


CONHC(CH3)2CH2N(CH3)2


H3CO 0.770 0.277 25.372 0.697 0.318 0.098 1.613


25
N


N


CONH(CH2)2N(CH3)2


O 0.787 0.265 27.481 0.716 0.306 0.091 1.763


35
N


N


CONH(CH2)2N(CH3)2


H3COCH2CO 0.806 0.255 30.202 0.737 0.297 0.086 1.962


18
N


N


CONH(CH2)2N(CH3)2


H3CO2C 0.822 0.246 33.001 0.761 0.286 0.080 2.158
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N = 58, R2 = 0.822, S = 0.246, F = 33.001, p < 10�5,
q = 8.0, AIC = 0.080, FIT = 2.158, q2


CV-LOO ¼ 0:761,
SCV-LOO = 0.286, q2


CV-LGO ¼ 0:731, SCV-LGO = 0.304.


This final model yielded the best statistical results with
just seven variables; hence its interpretation becomes
simpler still.


In order to make the analysis easier, we developed Table 5
where the individual contribution of the variables to the
percentage of the explained variance and their definition
are shown. It highlights the contribution of the variables
weighted by atomic mass, accounting for the 48.5% of
the experimental variance, and being this one, higher than
the experimental variance explained by the rest of descrip-
tors with other weights like atomic polarizabilities
(21.0%), atomic Sanderson electronegativities (8.3%)
and atomic van der Waals volumes (4.4%).

Nevertheless, a deeper analysis is necessary to interpret
the application of these kinds of descriptors. In this
context, we can say that 3D-MoRSE descriptors could
return a negative value because within the original equa-
tion is the following function:


sinðs � rijÞ
s � rij


ð7Þ


where s measures the scattering angle and rij represents
the interatomic distances between atoms i and j. As we
can see in the chart (Fig. 3), the descriptor values as
well as the sign depend, to a large extent, on the values
of s and rij. For these reasons, we cannot say that cer-
tain variable has a particular influence on the biologi-
cal activity, either negative or positive, only taking
into account the coefficient sign at the final regression
equation reported above, as the case when the indepen-
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Figure 2. (a) Compound 46; (b) compound 47; and (c) compound 48.
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Figure 1. (a) Compound 44 and (b) compound 43.
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dent variables used for the biological activity modeling
are only positive. In this study, when the coefficient
and the independent variable (descriptor) have the

same sign, the contribution of this last one is positive,
else, negative.


All these things considered, we might focus the analysis
on the variable group weighted by the atomic mass,
since two of these, Mor11m and Mor07m, are the most
meaningful. With the aim of making this analysis in the
most useful way, we developed the following table.


Note in Table 1 of the supplementary material, the par-
ticular structural features of these compounds and how
useful they will be for a possible comparison among
them, so as to interpret the descriptors that are present
in the final regression equation. In other words, in Table
6, we only showed the backbone of the data and also
nine compounds more. These nine compounds were
chosen because they form three groups with comparable
structural features. For example, in every group the
compounds are isomers, taking into account the posi-
tion of the substituent in the benzene ring fused to the
phenazine. When we compare across groups, the differ-
ence is the nature of the substituent, while the positions
in the benzene ring is the same. The substituents used
were CH3–O, OH, and NO2 as can be seen in Table 1
of the supplementary material.


It can be seen in Table 6 that the values for the descrip-
tors Mor11m and Mor07m were the highest for the com-
pounds 8, 9, and 10, when apparently the structural
features were not so different. Besides, it can be seen
how the above-mentioned descriptors’ values are even
higher relative to others, when weighted by other atomic
properties, for these specific compounds set with the
NO2 group. This fact allows us to hypothesize about
the importance of their contribution when the difference
in regard to the atomic mass, among the different sub-
stituents, is persistent, no matter what kind of contribu-
tion is exerted, either negative or positive.


We made a comparison among the compounds con-
tained in Table 6, splitting them into groups in regard
to the position of the substituents. We can make the gen-
eralization that the compounds with NO2 are the most
active for all positions, except, for position number four,
in spite of presence of the highest value for the Mor07m
descriptor. This fact could be supported by the contribu-
tion of other weightings, such as atomic polarizability,
that increase the importance of its contribution to the
biological activity that it exerts. The values reported
for these kinds of descriptors for compound 10
(Mor12p = 1.81 and Mor18p = �0.14) are worse than
for compounds 4 (Mor12p = 0.48 and Mor18p = 1.09)
and 7 (Mor12p = �0.16 and Mor18p = 0.32). It is
important to note the negative sign in the coefficient of
the Mor12p descriptor, and the positive one in Mor18p
and to remember that they were also considered the sec-
ond most meaningful group according to its contribu-
tion to the explained variance, with 21% as we
reported above.


Nonetheless, not only is weighting important in the anal-
yses of the results obtained with the 3D-MoRSE descrip-
tors, but also others which were previously men-







Table 5. Contribution from the variables to the pattern


Variables Definition R2 global


(step by step)


R2 for every variable


in the model


Mor11m 3D-MoRSE—signal 11/weighted by atomic masses 0.244 0.244


Mor07m 3D-MoRSE—signal 07/weighted by atomic masses 0.416 0.172


Mor12p 3D-MoRSE—signal 12/weighted by atomic polarizabilities 0.527 0.111


Mor18p 3D-MoRSE—signal 18/weighted by atomic polarizabilities 0.626 0.099


Mor03e 3D-MoRSE—signal 03/weighted by atomic Sanderson electronegativities 0.709 0.083


Mor16m 3D-MoRSE—signal 16/weighted by atomic masses 0.778 0.069


Mor26v 3D-MoRSE—signal 26/weighted by atomic van der Waals volumes 0.822 0.044


Table 6. Descriptor values with the observed and predicted values for a sample of compounds from the data set


Compound Mor11m Mor07m Mor12p Mor18p Obsd values Pred values Residual


1 0.11 �0.39 �0.47 �0.17 6.89 6.94 �0.05


2 0.75 0.26 �0.67 0.12 6.95 6.65 0.30


3 0.61 0.63 �0.12 �0.73 6.73 6.36 0.37


4 �0.02 0.27 0.48 1.09 7.31 7.01 0.30


5 0.10 0.04 �0.14 0.06 6.55 6.56 �0.01


6 0.35 0.49 �0.03 0.93 6.71 6.80 �0.08


7 �0.51 �0.22 �0.16 0.32 7.32 7.08 0.24


8 2.04 �3.69 �1.17 1.07 6.99 7.28 �0.28


9 2.20 �2.83 0.58 0.73 7.16 7.00 0.16


10 2.23 �2.59 1.81 �0.14 6.92 6.76 0.16


Figure 3. Chart relative to the function y = sin(x)/x, where x = s Æ rij.
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tioned such as the parameter s and the interatomic dis-
tances rij.


For a compound, if the weighting and the structure are
kept constant, there are thirty-two possible values of
I(s), (3D-MoRSE descriptor) and will quantify the
intensity of the scattered radiation considering these
32 different values of s for this molecule. In other
words, these 32 descriptors will describe the diffraction
pattern for the molecule that has been predetermined
or imposed with the aim to establish a common param-
eter useful in several different studies. In this way, we
would see the signs more marked or typical for the
compound under certain conditions. However, when
a model is developed, the most significant thing is that
a group with certain signs correlates with a biological

activity and then, their values take on a greater impor-
tance according to the specific molecule described.


The influence of the interatomic distance is related to
a large extent to the structure of the different com-
pounds and plays a significant role in the 3D coding
of the molecules. For instance, when a comparison
is made of the results obtained for compounds 8, 9,
and 10, which only differ in the substituent position,
we can see that for this subset of compounds, the
Mor07m descriptor contributes to a greater extent,
with the reported activity being �3.69, �2.83, and
�2.59, respectively.


As we can see in Figure 4, the distances among the dif-
ferent atoms will be the principal means to separate the







Figure 4. Different interatomic distances that show their influence in the descriptor values at the compounds 8, 9, and 10.
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molecules according to their structural features when
the other parameters remain constant. In short, the es-
sence of the difference among the molecules resides in
this parameter that includes the 3D part of the
descriptor.


If we observe once again Table 6, it can be seen that for
the same sign s and weighting, there are great differences
among the values of the descriptors; therefore, the rij is
the parameter in which we should focus our efforts to
better interpret these descriptors.

3. Conclusion


In this study we modeled the anticancer activity, specif-
ically the inhibition of topoisomerases I and II, ex-
pressed by the cytotoxicity of sixty-four compounds
(IC50) against drug-resistant human small cell lung car-
cinoma line cell H69/LX4 which overexpresses P-glyco-
protein (P-gp). For this purpose, we employed the
3D-MoRSE descriptors.


The results produced by the methodology we proposed
were superior to the other descriptors such as; Topologi-
cal, BCUT, Galvez topological charge indexes, 2D auto-
correlations, Randić molecular profile, Geometrical,
RDF, and WHIM; taking into account the statistical
parameters of the model and the cross-validation results.


The variables that were found to be most significant in
describing the model were atomic masses, atomic polar-
izabilities, atomic Sanderson electronegativities, and
atomic van der Waals volumes.

The analysis of the outliers present also suggested to us
that a certain conformation is necessary, as plane as pos-
sible in the aromatic rings regarding the substituents, for
the interaction between the compounds and the
receptor.

4. Materials and methods


4.1. Data set


Our data set consisted of 64 benzophenazines with dual
topoisomerase I and topoisomerase II inhibitors as anti-
cancer agents, with the necessary concentration to re-
duce the cell number to 50% (IC50) reported.9


We used only 64 compounds of a total set of 72, because
the other 8 benzophenazines were reported with an inex-
act IC50 concentration measurement higher than
5000 nM and could not be used in the multiple regres-
sion analysis. The cytotoxicity was measured using the
drug-resistant human small cell lung carcinoma line cell
H69/LX4 which over expresses P-glycoprotein (P-gp).
After addition of the cytotoxics, the cells were incubated
for 5–6 days before adding Alamar blue (H69/LX4) to
measure cell proliferation.9


4.2. Computational strategies


The DRAGON24 computer software, version 2.1, was
employed to calculate all the molecular descriptors
included in this work. We carried out geometry optimi-
zation calculations for each compound using the quan-
tum chemical semi-empirical method AM125 included
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in MOPAC 6.026 before calculating the DRAGON
descriptors.


The mathematical models were obtained by means of
the multiple regression analysis (MRA) as implemented
in the STATISTICA software version 6.0.27 The genetic
algorithm (GA) was used as the variable selection strat-
egy, in order to include in the equation the most signif-
icant parameters from the data set.


The GA is a class of methods based on biological evolu-
tion rules.28–30 The first step is to create a population of
linear regression models. These regression models mate
with each other, mutate, cross-over, reproduce, and then
evolve through successive generations toward an opti-
mal solution. The GA simulation conditions were
10,000 generations, the number of crossovers = 5000,
smoothness factor = 1, mutation probability for adding
new term = 50%, and 300 model populations.


Analysis of residuals and deleted residuals from the
regression equations was used to identify outliers. The
statistical significance of the models was determined by
examining the squared regression coefficient (R2), the
standard deviation (S), the Fisher ratio (F), and the ratio
between cases and adjustable parameters (q). This last
statistical parameter was a very important criterion to
determine when to stop the introduction of variables
in the development of the model. The formula of q is
given below.


q ¼ N
X


ð8Þ


where N is the number of compounds included in the
model and X is the number of adjustable parameters
in the equation of the model. A necessary condition
for the development of a linear model is q > 4 and needs
to be kept in mind when introducing variables.31


4.3. Orthogonalization of descriptors


The orthogonalization process of molecular descriptors
was introduced by Randić several years ago as a way
of improving the statistical interpretation of the model
built by using interrelated indices.32–36 The main philos-
ophy of this approach is to avoid the exclusion of
descriptors on the basis of their collinearity with other
variables previously included in the model. The accept-
able level of collinearity to avoid is a more subjective is-
sue. In our view, the collinearity of the variables should
be as low as possible because the interrelatedness among
the different descriptors can result in a highly unstable
regression coefficient, which makes it impossible to
know the relative importance of an index and underesti-
mates the utility of the regression coefficient model.


The Randić method of orthogonalization has been de-
scribed in detail in several publications,32–36 thus, we
will only give a general overview here. The first step in
orthogonalizing the molecular descriptors in a model is
to select the appropriate order of orthogonalization,
which, in this case, is the order in which the variables
were selected in the genetic algorithm search procedure

of the linear regression analysis. The first variable
Mor07m is taken as the first orthogonal descriptor
X1Mor07m, and the second one is orthogonalized with
respect to it by taking the residual of its correlation with
X1Mor07m. The process is repeated until all the vari-
ables are completely orthogonalized, and the orthogonal
variables are then used to obtain the new model.


4.4. Validation of the models


The models obtained were validated calculating the
cross-validated squared regression coefficient (q2) val-
ues. The q2 values are calculated from ‘leave-one-out’
(LOO) test and from ‘leave-group-out’ (LGO) test, also
known as cross-validation.


For LOO a data point is removed from the set, and the
regression recalculated; the predicted value for that
point is then compared to its actual value. This is repeat-
ed until each datum has been omitted once; the sum of
squares of these deletion residuals can then be used to
calculate q2, an equivalent statistic to R2. In the LGO
method, 25% of the data was eliminating every time in
one hundred different forms. In this way, we guaranteed
not to use the same group of compounds for every val-
idation. The q2 values can be considered a measure of
the predictive power of a regression equation: whereas
R2 can always be increased artificially by adding more
parameters (descriptors), q2 decreases if a model is over-
parameterized20 and is therefore a more meaningful
summary statistic for QSAR models.


4.5. Comparison with other approaches


The use of 3D-MoRSE descriptors for the prediction
of anticancer activity, explained in the previous
section, was compared with other methodologies. The
Topological,37 BCUT,38–40 Galvez topological charge
indexes,41–44 2D autocorrelations,45–47 Randić molecular
profile,48,49 Geometrical,37 RDF,50 and WHIM51–57


descriptors were calculated.


Eight models using these methodologies were developed
with the same data set as the QSAR models. The com-
parison was made of the quality of the statistical para-
meters of the regression and the predictive capability
of the models generated.


These yielded additional criteria to compare the quality
of different models. One of these criteria was formulated
by Akaike in 1973.58,59 Akaike’s information criterion
(AIC) takes into account the statistical goodness of fit
and the number of parameters that have to be estimated
to achieve that degree of fit. This criterion is calculated
using the following equation:


AIC ¼ RSS � ðnþ p0Þ
ðn� p0Þ2


ð9Þ


where as RSS is the sum of the squared differences be-
tween the observed (y) and estimated response (y 0), n
is the number of compounds in the training set, and p 0


is the number of adjustable parameters in the model.
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When comparing models, the model that produces the
minimum AIC value should be considered potentially
the most useful.


Another criterion that we used to compare the quality of
the developed models was the Kubinyi function (FIT)
(Eq. 10). This function, closely related to the F value,
was created and proved to be a useful parameter assess-
ing the quality of the models.60,61


FIT ¼ R2 � ðn� k � 1Þ
ðnþ k2Þ � ð1� R2Þ


ð10Þ


where n is the number of compounds in the training set,
k is the number of variables in the equation that describe
the model, and R2 is the squared correlation coefficient.


The main disadvantage of the F value is its sensitivity to
changes in k, if k is small, and its lower sensitivity if k is
large. The FIT criterion has a low sensitivity toward
changes in k values, as long as they are small numbers,
and a substantially increasing sensitivity for large k val-
ues.60,61 Finally, the best model will present the highest
value of this function.
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Abstract—Inhibitors of transglycosylases may serve as potent antibiotics that are less prone to resistance development in bacterial
pathogens. To facilitate the search of such compounds, a transglycosylase (TGase) domain of the membrane integral multidomain
Streptococcus pneumoniae PBP1b was cloned and expressed. This TGase domain was characterized by a substrate-dependent fluo-
rescence coupled enzyme assay and an inhibitor-tethered surface plasmon resonance binding assay. Both assays show that the cat-
alytic efficiency of the domain is comparable to that of the monofunctional transglycosylases, and it is fully active in the absence of
other domains. The isolation of the active TGase domain makes it possible to screen for potential antibiotics targeting
transglycosylases.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


After six decades of widespread antibiotic use, bacterial
pathogens of human and animal origin are becoming
increasingly resistant to many antimicrobial agents.7


Many common bacterial pathogens such as Staphylococ-
cus aureus, Streptococcus pneumoniae, and Enterococcus
faecalis have become resistant. Methicillin-resistant
S. aureus (MRSA), penicillin-resistant S. pneumoniae,
and vancomycin-resistant E. faecalis are now common-
place pathogens that are proving difficult to treat
effectively.21 To date, even vancomycin, the last resort
of antibiotics active against S. aureus and some other
Gram-positive bacteria, has encountered resistance,31


and this new public health crisis has renewed interest in
antibacterial development.5 Current strategies for
tackling the problem of antibiotic resistance generally
involve chemical modification of existing antibiotics,
discovery of new targets, and development of new types
of antibiotics. Our interest in the field is to develop new
antibiotics that target unique carbohydrates or
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carbohydrate-utilizing enzymes in bacteria and evade
the resistance development.


Bacterial cell-wall (peptidoglycan) biosynthesis is both
essential and unique to bacteria and is a proven target
for identifying compounds as new antibiotics.6 Among
the different steps in the biosynthesis of peptidoglycan,
transglycosylation is the most interesting target for the
development of new antibiotics for two reasons. First,
the transglycosylase is fully exposed to the cell surface
and thus easily accessible to drugs as no transfer across
the plasma membrane is required. Second, the polysac-
charide backbone of peptidoglycan remains intact in
wild-type and resistant strains, whereas the peptide side
chain shows a high frequency of change. Antibiotics tar-
geting the transglycosylation step may therefore be less
prone to resistance development.


In the final step of peptidoglycan biosynthesis, Lipid II,
the substrate for the transglycosylation, is polymerized
and crosslinked into peptidoglycan by transglycosyla-
tion and transpeptidation (Scheme 1).12 Two major
enzymatic activities in the periplasmic space responsible
for the formation of peptidoglycan are the transglyco-
sylase (TGase) and the transpeptidase (TPase). A group
of bifunctional high-molecular-weight (HMW)
penicillin-binding proteins (PBPs) possessing both
TGase and TPase activity have been identified in both
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Gram-positive and Gram-negative bacteria.22 These
HMW PBPs are multidomain molecules, consisting of
a short N-terminal cytoplasmic region, a single trans-
membrane domain, and a large C-terminal periplasmic
region. The N-terminal domain of the periplasmic
region possesses TGase activity, while the C-terminal
domain contains TPase and penicillin-binding activi-
ty.9,26 Monofunctional enzymes with only TGase or
TPase activity have also been identified. Low molecular
mass PBPs function mostly as the D, DD-carboxypepti-
dase and are believed to regulate the amount of cross-
linking within the peptidoglycan mesh.8 Non-PBP-relat-
ed TGase or monofunctional TGase (MTG) has been
reported recently in Escherichia coli, S. aureus, and
Micrococcus luteus.20,10 These proteins have the charac-
teristic fingerprints found in the N-terminal TGase do-
mains of HMW PBPs. In addition, the solubilized
membrane fraction of E. coli cells overexpressing the
mtg gene contains a significantly increased peptidogly-
can activity.10 The roles of PBPs and MTGs in cellular
peptidoglycan synthesis, however, are not known.


Investigation of the mode of function of transglycosylas-
es, in particular the development of synthetic inhibitors,
has been hampered by difficulties in the development of
an efficient assay system. Some difficulties in studying
transglycosylases are related to problems in obtaining
and handling the substrate Lipid II. Isolating Lipid II
from bacteria is extremely difficult due to its low natural
abundance and its inherent structural complexity. The
total amount of Lipid II present in bacteria is very small
and has been determined to be no higher than 2000 mol-
ecules per cell.28 To separate this miniscule amount of
Lipid II from cell membrane and other cellular lipid
components is tedious and requires enrichment of
radiolabeled precursors.19 Lipid II can be alternatively
prepared by using MurG and its natural substrate Lipid
I, but the yield is low due to the detergent-like property
of the substrate.33 Recently, the development of
improved assay systems for monitoring transglycosyla-
tion has been the subject of many research efforts. The
chemical11 and chemo-enzymatic16 syntheses of the Park
nucleotide as well as several synthetic routes to Lipid I
and Lipid II18,33,30,24 afford milligram quantities of the

advanced cell-wall precursors. These discoveries made
it possible to set up efficient enzymatic assays for
transglycosylases.


We previously reported the characterization and assay
development of bacterial cell-wall stage II enzyme
MurG.15 Now we have extended our program into
transglycosylases, the last enzymes involved in the pep-
tidoglycan biosynthesis. Here we describe the cloning
and expression of a TGase domain of S. pneumoniae
PBP1b and the characterization of the domain by fluo-
rescence coupled enzyme assay and surface plasmon res-
onance (SPR) binding assay. Kinetic characterization of
a MTG from S. aureus by fluorescence coupled enzyme
assay was also performed. The initial reaction rates of
several MTGs from different species were compared.
The enzymatic characterization will be useful for future
structure determination and antibiotic development.

2. Results and discussion


To facilitate the mechanistic and structural studies of
transglycosylases, we cloned and overexpressed a TGase
domain of PBP1b from common bacterial pathogen S.
pneumoniae and several MTGs from S. aureus and E.
coli. Full-length Pbp1b from S. pneumoniae which has
both the TGase and the TPase domains contains 821
amino acids (90 kDa). The proposed topology of this
enzyme predicted from a domain software globplot 2
consists of a cytoplasmic tail, a hydrophobic transmem-
brane helix (60–82), and a periplasmic region with a
TGase domain (106–279) and a TPase domain
(422–696). A plasmid to express the full-length protein
was constructed, but initial attempts to solubilize mem-
brane-associated full-length S. pneumoniae PBP1b using
various detergents including Triton and CHAPS failed.
So a truncated mutant which has only the TGase
domain terminating at amino acid 300 was prepared.
The termination site was chosen to locate in the pro-
posed junction between TGase and TPase. Inclusion of
the transmembrane domain in expression would compli-
cate protein purification due to its hydrophobicity. So
our final TGase domain of PBP1b (amino acid
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82–300) does not have the transmembrane domain for
easy purification. After cloning and expression, TGase
domain of the enzyme was obtained with a yield of
1.5 mg/L. Recently the TGase domain of E. coli PBP1b
and PBP2 from S. aureus were cloned and expressed.3,2


To compare the enzymatic activities of this TGase do-
main with other MTGs, we also cloned and expressed
three MTGs including a truncated MTG from S. aure-
us,32 a full-length and a truncated (without the trans-
membrane domain) MTG from E. coli. Their
expression levels are summarized in Table 1.


To characterize the isolated TGase domain and the
MTGs, we need access to the natural substrate Lipid
II. Lipid II, the final monomeric unit in the bacterial
cell-wall biosynthesis pathway, is a disaccharide an-
chored to the membrane by a 55-carbon undecaprenyl
chain with a cis-allylic pyrophosphate linkage to the su-
gar moiety. The long chain of Lipid II together with the
allylic pyrophosphate linkage complicates the synthesis,
purification, and handling. Therefore, we wish to find an
analogue of Lipid II that is active for this enzyme and
can be manipulated conveniently.


A Lipid II nitrophenol analogue which can be used to
set up an efficient optical assay for transglycosylase
activity was synthesized. para-Nitrophenyl phosphate
(p-NPP) is a chromogenic substrate for most phospha-
tases such as alkaline phosphatases, acid phosphatases,
protein tyrosine phosphatases, and serine/threonine
phosphatases. The reaction yields para-nitrophenol,
which becomes an intense yellow soluble product under

Table 1. Transglycosylases expressed and purified from Escherichia


coli


Expressed protein Yield (mg/L)


Full-length PBP1b from S. pneumoniae n.a.


Amino acid 82–300 TGase domain


of Pbp1b from S. pneumoniae


1.5


Amino acid 51–250 MTG from S. aureus 1.4


Amino acid 37–241 MTG from E. coli 0.34


Full-length MTG from E. coli,
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Scheme 2. Optical assay of transglycosylase with nitrophenol Lipid II analo

alkaline conditions and can be conveniently measured at
405 nm on a spectrophotometer. This chromogenic reac-
tion has been utilized for direct characterization of
enzyme activities of, for example, protein phosphatase,17


a-glucosidase,14 and manosidase.4 We adapted it here to
assay transglycosylase activity as shown in Scheme 2. In
this assay, the transglycosylase polymerizes the sugar
part of the Lipid II nitrophenol analogue 1 and releases
the nitrophenol diphosphate. Another enzyme, alkaline
phosphatase, hydrolyzes nitrophenol diphosphate to
give nitrophenol, which absorbs at 405 nm. So the trans-
glycosylase activity can be monitored continuously by
checking absorbance at 405 nm.


Our synthetic target, Lipid II nitrophenol analogue 1,
consists of three parts: the disaccharide central core 4,
the nitrophenol phosphate group 3, and the pentapep-
tide moiety 5 (Scheme 3). In analogy to the Lipid I nitro-
phenol analogue synthesis,15,30 the first disconnection
reveals disaccharide monophosphate 2 and the nitrophe-
nol-linked phosphate 3. Disaccharide monophosphate 2
could be derived from coupling protected pentapeptide 5
with the disaccharide monophosphate 4. Since we were
successful in synthesizing Lipid I nitrophenol analogue,
the challenge of synthesizing this molecule would be
access to multiple gram quantities of orthogonally
protected N-acetyl-(2-deoxy-2-aminoglycopyranosyl)-
b-[1,4]-N-acetylmuramyl acid 11 (NAG-NAM). The
synthesis of the disaccharide subunit 11 started from
conversion of 1-a-O-benzyl-N-acetyl-4,6-benzylindene
muramic acid 6 to the desired benzoyl-acceptor 8 in
three steps. N-Troc-protected donor 9 was prepared
from glucosamine 7 in three steps for 80% yield. Reac-
tion of donor 9 with acceptor 8 in the presence of N-iod-
osuccinimide and trifluoromethanesulfonic acid gave the
desired b-glycoside 10 in 56% yield after optimization.
At this stage, the disaccharide 10 was unable to be
separated from the acceptor 8. After working up the
reaction, the glycosylation mixture was dissolved in ace-
tic acid and zinc dust was then added to reveal the free
amine, which was acetylated with acetic anhydride in
pyridine to provide glycosylation product 11. Pure gly-
cosylation product 11 can be separated by flash column
(Scheme 4). Next reactions are to introduce the penta-
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peptide part and the nitrophenol phosphate which are
similar with the procedures for synthesizing Lipid I
nitrophenol analogues. The final product was purified
by reverse-phase HPLC.


For comparison, the natural substrate of the enzyme
Lipid II was also synthesized. The synthetic strategy is
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iii—benzyl chloride, pyridine, 70% for three steps; (b) i—Troc-Cl, NaHCO3


steps; (c) NIS, triflic acid, molecular sieves AW300, 56%; (d) i—zinc dust, a

similar as that of nitrophenol analogue except for the
diphosphate coupling reaction. We utilized phospho-
roimidazolidate method that was exploited in the Lipid
I and Lipid II total syntheses.15,30,29


Measurements of enzymatic activity were conducted
next with the synthesized Lipid II and TGase domain.
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At the outset, an HPLC-based assay was used to identify
the glycosyltransfer reaction.24 Direct detection of poly-
merized Lipid II was confirmed by following the proce-
dures published by Schwartz and coworkers.24 After
positive results were obtained from both the HPLC as-
say and the direct detection of enzymatic product, dan-
syl-Lipid II derivative was synthesized and a
fluorescence coupled enzyme assay was used to evaluate
the isolated TGase domain (Fig. 1).23 This coupled fluo-
rescence assay involves the use of a substrate labeled
with dansyl moiety, whose fluorescence intensity
decreases when the surroundings of the fluorophore
change from a less polar environment to a more polar
one. In this assay, incubation of dansyl Lipid II with
the transglycosylase releases the lipid phosphate and
produces polymerized Lipid II, the uncrosslinked pepti-
doglycan. Muramidase then hydrolyzes the polymer to
produce the dansyl disaccharide derivative. Enzymatic
removal of the lipid phosphate exposes the dansyl fluo-
rophore to a less polar environment resulting in decrease
of fluorescence intensity, which is monitored to measure
the enzyme kinetics. Under the optimized reaction con-
ditions, the TGase obeys Michaelis–Menten kinetics,
and the Km for dansyl-Lipid II was 62 lM and the kcat


was 0.76 s�1. The MTG from S. aureus32 was also char-
acterized using this approach and a Km of 2 lM and a
kcat of 0.01 s�1 were obtained as shown in Figure 2. A
similar construct of S. aureus MTG was characterized
using a radioactive assay and meso-[14C]A2pm-labeled
C55 Lipid II while this paper was under review.27 The
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results are comparable with ours obtained from the fluo-
rescence coupled enzyme assay.


Using the fluorescence coupled enzyme assay, we char-
acterized and compared the initial reaction rates of
other MTGs we cloned and expressed. Assays were
performed under identical conditions and the results
are shown in Table 2. Although all enzymes are
active, they showed different initial reaction rates
and the TGase domain from S. pneumoniae was the
most active enzyme. The full-length enzyme from
E. coli is less active than the truncated one probably
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Table 2. Reaction rates (RFU/min) and the relative reaction rates of


different transglycosylases


Transglycosylases (60 nM) Reaction


ratesa


(RFU/min)


Relative


rates


(U/min)


S. pneumoniae TGase domain of PBP1 b 17 6.1


Truncated MTG from E. coli 13 4.8


Full-length MTG from E. coli 5.0 1.8


Truncated MTG from S. aureus 2.7 1


a The reaction rates of different enzymes were measured under identical


conditions at a dansyl-Lipid II concentration of 2 lM.
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due to its propensity to aggregate in solution. Unfor-
tunately, the Lipid II nitrophenol analogue we synthe-
sized was not active for all enzymes we expressed
including the TGase domain from S. pneumoniae
PBP1b, MTGs from S. aureus and E. coli.


We compared the amino acid sequences of MTGs from
S. aureus and E. coli, the TGase domains from S. pneu-
moniae and E. coli PBP1b, and S. aureus PBP2. The
alignment result is shown in Figure 3. It has been pro-
posed the glutamate residue of the first conserved motif,
EDXXFXXH, is highly conserved in all known TGas-
es.27 This residue was found to be essential for catalysis
by site-directed mutagenesis, suggesting it acts as the key
catalytic residue in the active site of the TGase. About
the substrate specificity, we notice that although the
nitrophenol analogue of Lipid I works efficiently with
MurG,15 the nitrophenol analogue of Lipid II is not ac-
tive toward all MTGs we tested. Because Lipid I and
Lipid II share the same lipid chain, these results suggest
MurG and transglycosylases recognize the lipid part of
their substrates differently and the TGase can recognize
at least part of the lipid chain. We think the difference is
partly due to that the catalytic reaction of TGase is

TGase domain 1  91 ------------------------
MTG 1            1 --MSVAPVPFSAVMVERQVSAWLH
MTG 2           72 ------------------------
TGase domain 2 181 ATIVNMENNRQFGFFRLDPRLITM
PBP2            90 ------------------------
Conserved motif 1                          


TGase domain 1  123 KGVVPKAVIRATLGKFVGLGSSS
MTG 1            59 WGFDVASIEKALAHNERNENRIR
MTG 2           108 HGFDLKGTTRALFSTI-SDRDVQ
TGase domain 2  241 DGISLYSIGRAVLANLTAGRTVQ
PBP2            122 GALDYKRLFGAIGKNLTGGFGSE
Conserved motif 2                          


TGase domain 1  183 MNKDEILTTYLNVAPFGRNNKGQ
MTG 1           119 WSKKRILTVYLNIAEF-----GD
MTG 2           167 YNKNEILSFYLNNIYF-----GD
TGase domain 2  301 YSKDRILELYMNEVYL-----GQ
PBP2            182 YSKDDIFQVYLNKIYY-----SD
Conserved motif 3     KXXXLXXYXN           


TGase domain 1  239 SPITYSPYENTGELKS-------
MTG 1           170 NPLRFKVSSPSGYVRSRQAWILR
MTG 2           204 -----------------------
TGase domain 2  356 GASIYELQAKLGDKVK-------
PBP2            233 VPNNYNIYDHPKAAEDRKNTVLY


Figure 3. Alignment of amino acid sequences of TGases and MTGs from d


TGase domain 1 is TGase domain of S. pneumoniae PBP1b, MTG 1 is MT


TGase domain 2 is TGase of E. coli PBP1b, and PBP2 is PBP2 from S. aur

taking place at the carbon (1) residue of Lipid II which
is close to the undecaprenol moiety, while the reaction of
MurG is taking place at the carbon (4) residue of Lipid I
which is far from the lipid chain.


We next used a different method to evaluate TGase
domain that does not rely on a substrate. In this assay,
TGase is bound to a known inhibitor, and potential
inhibitors are evaluated based on their ability to
compete for the binding, which is monitored by surface
plasmon resonance (SPR). Moenomycin, a known
transglycosylase inhibitor which binds to the enzyme
effectively at low concentration, can be used in the
assay.13 It was derivatized with an amine moiety and

----SDLLRTSISSEQISENLKKAIIATEDEHFKEH
GNFRYVAHSDWVSMDQISPWMGLAVIAAEDQKFPEH
ELRKIENKSSFVSADNMPEYVKGAFISMEDERFYNH
ISSPNGEQRLFVPRSGFPDLLVDTLLATEDRHFYEH
----NGQRHEHVNLKDVPKSMKDAVLATEDNRFYEH
                            EDXXFXXH  


GGSTLTQQLIKQQVVGDAPTLARKAAEIVDALALERA 
GASTISQQTAKNLFLWDGRSWVRKGLEAGLTLGIETV 
GGSTITQQVVKNYFYDNDRSFTRKVKELFVAHRVEKQ 
GASTLTQQLVKNLFLSSERSYWRKANEAYMALIMDAR 
GASTLTQQVVKDAFLSQHKSIGRKAQEAYLSYRLEQE 
                      RKXXE      


N----IAGARQAAEGIFGVDASQLTVPQAAFLAGLPQ 
G----VFGVEAAAQRYFHKPASKLTRSEAALLAAVLP 
N----QYTLEGAANHYFGTTVNK-------------- 
SGDNEIRGFPLASLYYFGRPVEELSLDQQALLVGMVK 
G----VTGIKAAAKYYFNKDLKDLNLAEEAYLAGLPQ 
                                 


------------------------------------- 
QMYQLGGEPFMQQHQLD-------------------- 
------------------------------------- 
------------------------------------- 
LMHYHKRITDKQWEDAKKIDLKANlVNRTAEERQNID 


ifferent species. The three conservative motifs are highlighted in dark.


G from Staphylococcus aureus, MTG 2 is MTG from Escherichia coli,


eus.
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then immobilized on the sensor chip CM5.1 When a
solution of the isolated TGase domain passes over the
chip, the enzyme binds to the chip through specific inter-
action with moenomycin. Initial binding experiments
indicated the interaction between the enzyme and immo-
bilized moenomycin was concentration dependent, as
shown in Figure 4. The dissociation constant Kd of
12 lM was obtained from these experiments.


This binding assay can be used to analyze potential
inhibitors by flowing them over the chip to observe the
dissociation of the enzyme. If the inhibitor cannot com-
pete with moenomycin for binding with the enzyme, a
large SPR signal will be observed. If the inhibitor com-
petes with moenomycin for binding with the enzyme, a
small signal will be observed. A mock competition
experiment in solution was performed using moenomy-
cin as a competitive inhibitor. The elution of the enzyme
from the chip was observed. As the concentration of
flowing moenomycin increased, more and more enzyme
was eluted from the chip. We found that when the con-
centration of moenomycin reached at 160 lM, 50% dis-
sociation of TGase domain from the chip occurred. This
result is in good agreement with the value determined
previously using PBP1b from E. coli.25 This SPR bind-
ing assay is now being used to identify new inhibitors.

3. Conclusion


We have characterized several MTGs including a TGase
domain from S. pneumoniae PBP1b. The TGase domain
can be expressed and purified from E. coli with good
yield, and it is fully active in the absence of the trans-
membrane helix and the TPase domain. To set up an
efficient enzyme assay for evaluating inhibitors of trans-
glycosylase, we synthesized a nitrophenol and a dansyl
analogue of Lipid II. The dansyl Lipid II analogue
was used in a coupled fluorescence assay to evaluate
the TGases we expressed. An SPR binding assay using
moenomycin as the tether also works well for the TGase
domain. This assay does not require the substrate which
is difficult to synthesize.


The high activity of the isolated TGase domain from the
full-length Pbp1b of S. pneumoniae and its compatibility
with the above two assays should enable us to search for
inhibitors of transglycosylases, which may serve as new
antibiotics that are less prone to resistance development.
In the meantime, we are trying to solve the crystal struc-
ture of the TGase domain to guide our inhibitor search
on a more rational basis.

4. Experimental


4.1. Generation of transglycosylase expression constructs


The locations of potential transmembrane domains in S.
pneumoniae, S. aureus, and E. coli transglycosylases were
predicted using PSORT and TMpred software analysis
programs. The genes of transglycosylase were cloned
from S. pneumoniae, S. aureus, and E. coli genomic

DNA by PCR and inserted into vector pET 26(b) and
pET 16(b) (Novagen). A His6 tag was added to its C-ter-
minus or N-terminus. After expression, enzyme was
purified by Ni2+ affinity chromatography according to
the manufacturer’s protocol (Qiagen).


4.2. Synthesis of benzoylated monosaccharide acceptor 8


Benzyl-N-acetyl muramic acid phenylsulfonyl ester 6
(415 mg, 0.75 mmol) was dissolved in 7 mL CH2Cl2.
To this solution, benzoyl chloride (0.3 mL, 1.5 mmol)
and pyridine (0.27 mL) were added at �40 �C and the
reaction mixture was warmed to 0 �C and stirred for
1 h. The reaction mixture was diluted with CH2Cl2
(50 mL) and washed with ammonia chloride once and
then brine twice. The organic layer was dried and con-
centrated in vacuo. Purification with flash chromatogra-
phy on silica gel eluting with EtOAc/hexanes (4:1)
yielded compound 8 0.369 g (75%) as a white solid:
Rf = 0.2 (EtOAc/hexanes 4:1); 1H NMR (CDCl3,
500 MHz) d 8.09 (d, J = 7.92, 2H), 7.96 (d, J = 7.86,
2H), 7.73 (m, 1H), 7.62–7.54 (m, 3H), 7.48–7.45 (m,
2H), 7.35–7.26 (m, 5H), 5.34 (d, J = 3.30, 1H), 4.91
(dd, J = 2.95, 12.1, 1H), 4.73 (d, J = 11.8, 1H), 4.56–
4.51 (m, 3H), 4.47 (m, 1H), 4.22 (dd, J = 2.20, 12.5,
1H), 3.81–3.76 (m, 2H), 3.64–3.56 (m, 2H), 3.45 (m,
3H), 1.99 (s, 3H), 1.24 (d, J = 6.95, 3H); HR-FTMS
(pos) calcd for C33H37NO11S [M+Na]+ = 678.198,
found 678.1991.


4.3. Synthesis of tert-butyldimethylsilyl monosaccharide
acceptor 13


Benzyl-N-acetyl muramic acid phenylsulfonyl ester 6
(166 mg, 0.30 mmol) was dissolved in 7 mL pyridine.
To this solution, tert-butyl, dimethylsilylchloride
(54.4 mg, 0.36 mmol) was added at 0 �C and the reaction
mixture was warmed to room temperature and stirred
for overnight. The reaction mixture was diluted with
CH2Cl2 (50 mL) and washed with brine twice. The
organic layer was dried and concentrated in vacuo. Puri-
fication with flash chromatography on silica gel eluting
with EtOAc/hexanes (4:1) yielded compound 13
0.369 g (75%) as a white solid: Rf = 0.5 (EtOAc/hexanes
4:1); 1H NMR (CDCl3, 600 MHz) d 7.91 (d, J = 7.44,
2H), 7.66 (d, J = 7.44, 2H), 7.56 (t, J = 7.44, 2H), 7.33
(m, 4H), 7.23 (m, 1H), 5.26 (d, J = 3.06, 1H), 4.65 (d,
J = 11.8, 1H), 4.52 (m, 4H), 3.84 (m, 1H), 3.77 (m,
1H), 3.72–3.45 (m, 10H), 1.98 (s, 3H), 1.25 (d,
J = 7.02, 3H), 0.91 (s, 9H), 0.10 (d, J = 3.48, 6H);
HR-FTMS (pos) calcd for C32H47NO10SSi
[M+Na]+ = 688.2582, found 688.2568.


4.4. Synthesis of benzylated monosaccharide acceptor 12


Benzyl-N-acetyl-4,6-benzylidine-muramic acid phenyl-
sulfonyl ester 6 (500 mg, 0.78 mmol) was dissolved in
3.1 mL THF with 1 M sodium boroncyanide hydride.
To this solution, 4 N HCl in dioxane was added to make
the solution acidic and the reaction mixture was stirred
for 8 h. The reaction mixture was concentrated in vacuo
and then diluted with CH2Cl2 (50 mL) and washed with
brine twice. The organic layer was dried and







7194 H. Liu, C.-H. Wong / Bioorg. Med. Chem. 14 (2006) 7187–7195

concentrated in vacuo. Purification with flash chroma-
tography on silica gel eluting with EtOAc/hexanes
(4:1) yielded compound 12 0.426 g (85%) as a white sol-
id: Rf = 0.3 (EtOAc/hexanes 4:1); 1H NMR (CDCl3,
600 MHz) d 7.90 (d, J = 7.44, 2H), 7.65 (t, J = 7.44,
1H), 7.55 (d, J = 7.86, 2H), 7.33–7.24 (m, 11H), 5.28
(d, J = 3.54, 1H), 4.66 (d, J = 11.8, 1H), 4.60 (d,
J = 11.8, 1H), 4.47–4.43 (m, 5H), 3.82 (m, 1H), 3.72
(m, 3H), 3.63 (m, 3H), 3.62 (m, 2H), 3.47 (m, 2H),
3.33 (m, 1H), 1.98 (s, 3H), 1.24 (d, J = 7.02, 3H);
HR-FTMS (pos) calcd for C33H39NO10S
[M+Na]+ = 664.2187, found 664.2165.


4.5. Glycosylation


Donor 9 (233 mg, 0.40 mmol), acceptor 8 (130 mg,
0.20 mmol) and molecular sieve AW300 (3 g) were dried
under vacuo overnight. The mixture was dissolved in
dried CH2Cl2 (30 mL) and NIS (141 mg, 0.60 mmol)
was added at �40 �C. To this mixture, triflic acid
(597 lL 0.5 M in ether) was added and the reaction mix-
ture was stirred for 1 h. The reaction mixture was fil-
tered and concentrated in vacuo and then diluted with
CH2Cl2 (50 mL) and washed with brine twice. The
organic layer was dried and concentrated in vacuo. Puri-
fication with flash chromatography on silica gel eluting
with EtOAc/hexanes (3:2) to EtOAc/hexanes (1:3) yield-
ed compound 10 0.194 g (65%) as a white solid: Rf = 0.5
(EtOAc/hexanes 3:1); 1H NMR (CDCl3, 600 MHz) d
8.09 (d, J = 7.50, 2H), 7.96 (d, J = 7.44, 1H), 7.73 (t,
J = 7.44, 2H), 7.66–7.62 (m, 4H), 7.52 (t, J = 7.86,
2H), 7.32 (m, 3H), 6.20 (d, J = 9.66, 1H), 5.33 (d,
J = 3.54, 1H), 5.09 (t, J = 9.6, 1H), 4.98 (t, J = 10.08,
1H), 4.64 (d, J = 12.3, 1H), 4.56–4.50 (m, 4H), 4.47 (q,
J = 6.12, 1H), 4.33–4.28 (m, 3H), 4.12 (q, J = 9.66,
1H), 3.92 (m, 1H), 3.85–3.80 (m, 1H), 3.79 (m, 1H),
3.56–3.47 (m, 2H), 3.35 (m, 1H), 2.03 (s, 3H), 2.01 (s,
3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.21 (d,
J = 7.02, 3H); HR-FTMS (pos) calcd for C47H56N2O19S
[M+Na]+ = 1007.309, found 1007.3059.


4.6. Disaccharide acetate 11


Disaccharide 10 (147 mg, 0.15 mmol) was dissolved in
acetic acid (10 mL) and zinc dust (1.48 g) was added
and the reaction mixture was stirred for 2 h. The reac-
tion mixture was filtered and concentrated in vacuo
and then was dissolved in 5 mL pyridine and 5 mL
acetic anhydride was added. The reaction mixture
was stirred for overnight. The reaction mixture was
quenched by adding MeOH and was concentrated in
vacuo. Purification with flash chromatography on sili-
ca gel eluting with (EtOAc/hexanes 3:1) yielded the
titled compound 11 0.150 g (85%) as a white solid:
Rf = 0.5 (EtOAc/hexanes 3:1); 1H NMR (CDCl3,
600 MHz) d 8.02–7.34 (m, 15H), 5.44 (d, J = 3.96,
1H), 5.09 (t, J = 11.5, 1H), 4.96 (m, 2H), 4.75–4.61
(m, 2H), 4.59–4.53 (m, 2H), 4.50–4.49 (m, 2H),
4.44–4.40 (m, 2H), 4.15–4.05 (m, 1H), 3.99–3.82 (m,
3H), 3.63–3.15 (m, 5H), 3.47 (m, 1H), 2.13 (s, 3H),
2.12 (s, 3H), 2.11 (s, 3H), 2.04 (s, 3H), 1.80 (s, 3H),
1.26 (d, J = 7.02, 3H); HR-FTMS (pos) calcd for
C40H50N2O19S [M+Na]+ = 917.2621, found 917.2616.

4.7. Disaccharide phosphate


Disaccharide acetate 11 (233 mg, 0.02 mmol) was
hydrogenolyzed in MeOH overnight. Then the reaction
mixture was filtered and concentrated in vacuo. 1H-Tet-
razole (6.5 mg 0.09 mmol) was added and the mixture
was coevaporated with toluene three times. Then the
mixture was dissolved in dried CH2Cl2 (4 mL) and
cooled to �30 �C. To this solution, dibenzyl diet-
hylphosphoramidate (65 uL, 0.03 mmol) was added.
The reaction mixture was warmed to room temperature
and stirred for 30 min. Then the reaction mixture was
cooled to �40 �C and m-CPBA (52 mg, 0.2 mmol) was
added and the reaction was stirred at 0 �C for 30 min.
The reaction mixture was diluted with CH2Cl2 (50 mL)
and washed with sodium sulfite, sodium bicarbonate,
and brine twice, respectively. The organic layer was
dried and concentrated in vacuo. Purification with flash
chromatography on silica gel eluting with EtOAc/hex-
anes (2:3) yielded the titled compound 0.015 g (65%)
as a white solid: Rf = 0.5 (EtOAc/hexanes 3:2); 1H
NMR (CDCl3, 500 MHz): characteristic peaks: d
8.12–7.30 (m, 15H), 5.86 (m, 1H), 4.42 (d, J = 6.60,
2H), 4.33 (m, 1H), 4.09 (d, J = 9.90, 2H), 3.98 (t,
J = 9.15, 1H), 2.16 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H),
2.03 (s, 3H), 1.57 (d, J = 7.0, 3H), 1.52 (d, J = 6.6,
3H), 1.49 (d, J = 7.0, 3H), 1.46 (d, J = 7.35, 3H);
HR-FTMS (pos) calcd for C70H92F3N8O28S
[M+Na]+ = 1603.5603, found 1603.5689.


4.8. Nitrophenol Lipid II analogue 1


The procedure was similar as the preparation of nitro-
phenol Lipid I analogue. 1H NMR (D2O, 600 MHz) d
8.27 (d, J = 8.76, 2H), 7.32 (d, J = 8.76, 2H), 5.41 (m,
1H), 4.50 (t, J = 7.86, 1H), 4.25–4.11 (m, 6H), 4.14 (t,
J = 7.02, 1H), 3.99 (m, 1H), 3.85 (m, 4H), 3.79 (d,
J = 11.88, 1H), 3.68 (m, 5H), 3.48 (t, J = 8.76, 1H),
3.33 (m, 2H), 2.92 (t, J = 6.96, 2H), 2.27 (m, 2H), 1.92
(s, 3H), 1.86 (s, 3H), 1.71 (m, 2H), 1.61 (m, 2H), 1.34
(m, 14H); ESI (neg) calcd for C45H71N9O28P2


[M�H]� = 1246, found 1246.


4.9. Fluorescence coupled enzyme assay


Reactions were carried out in a Quartz cuvette in 200 lL
volume and the decrease in fluorescence was monitored
at 520 nm using Hitachi F-2000. Each reaction mixture
contained MTG reaction buffer (50 mM PIPES, pH
6.1, 50 mM MgCl2, 10 mM CaCl2, 10% DMSO, and
0.2 mM decyl-PEG), 0.6 lg N-acetylmuramidase, and
an appropriate amount of dansyl-labeled Lipid II ana-
logue and 1 lL enzyme. All of the components except
for the enzyme were premixed in an Eppendorf tube
and incubated at room temperature for 10 min. Then
the enzyme was added and the fluorescence was moni-
tored. The negative control was done by adding 1 lL
buffer instead of 1 lL enzyme to the reaction mixture.


4.10. Surface plasmon resonance assay


The SPR measurements were carried out with Biacore
3000 with research grade sensor chips. (1) Coupling of
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moenomycin–amine derivative to a CM5 sensor chip:
The immobilization procedure was carried out accord-
ing to the BIACORE’s protocol. The immobilization
buffer is HBS-Ep buffer biacertified, and moenomycin–
amine derivative at 0.5 mg/mL was used for immobiliza-
tion. Ethanol amine was used as the negative control for
immobilization. (2) After the immobilization, the chip
was rinsed thoroughly with buffer A (10 mM Tris–male-
ate, pH 6.6, 150 mM NaCl, and 1% Triton X-100). A
solution of TGase domain from S. pneumoniae PBP1b
in buffer A at constant concentrations (25 lM,
12.5 lM, 6.24 lM, 3.12 lM, 1.51 lM, 0.76 lM,
0.38 lM, 0.19 lM, 0.095 lM, and 0.048 lM) was inject-
ed and bound to the chip. The interaction was investi-
gated under constant conditions at 125 lL of protein
solution and 25 lL/min flow rate. In the elution experi-
ments, moenomycin was dissolved in buffer A and
injected at different concentrations (1 mM, 500 lM,
30 lM, 3 lM, 300 nM, 30 nM, and 3 nM) to elute the
bound protein.
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Abstract—A series of new furoterpenyl-1,4-naphtho(anthra)quinones have been prepared via oxidative cyclization of the corre-
sponding 2-hydroxy-3-butenyl-1,4-naphtho(anthra)quinones. Depending on the reaction conditions the 1,2-quinones or the 1,4-qui-
nones were obtained. Several new furo-1,4-anthraquinones were also obtained by condensation of 2,3-dichloroquinones with 1,3-
dicarbonyls. The compounds synthesized have been evaluated for their cytotoxicity against neoplastic cell lines, some of them being
effective below the micromolar level.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Natural biologically active quinones and several


furonaphthoquinones.

1. Introduction


Quinones, and particularly 1,4-naphthoquinones (1,4-
NQs), are widespread among the secondary metabolites
of plants and microorganisms. They can also be pre-
pared synthetically and are widely produced by the
chemical industry as organic dyes. The interest of 1,4-
NQ is not restricted to the chemistry of dyes; a wide
spectrum of biological activities is described for them,1,2


including antitumour, wound healing, anti-inflammatory,
antiparasitic and cytotoxic activities, among others.
These biological activities have justified the large num-
ber of studies found in the literature aimed at the synthe-
sis and evaluation of either natural quinones or their
analogues as potential pharmacological agents.3 In fact,
several clinically important anticancer drugs,4 such as
daunorubicin or mitomycin C (Fig. 1), contain the qui-
none moiety as a relevant part of their structures.


In most cases, the biological activity is related to the
ability of quinones to accept one or two electrons to
form highly reactive radical anion intermediates, which
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are responsible for the oxidative stress observed in the
cells.1 But there are several other mechanisms5 attribut-
ed to quinonoid compounds such as DNA intercalation,
alkylation, induction of DNA strand breaks or inhibi-
tion of special proteins or enzymes such as
topoisomerases.


Among the 1,4-NQs, an important group of heterocyclic
quinones are the furonaphthoquinones. A number of
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biologically interesting natural products and synthetic
derivatives having this skeleton have attracted the
attention of the scientific community because they
have shown significant cytotoxic and antiprotozoan
activities.6 Most of these furonaphthoquinones have
no substituents on the benzene ring of the naphtho-
quinone moiety and, even where such a substituent is
present, it is usually something small such as a
methoxyl or a methyl group, but not longer
carbon chains.7 Several examples of naturally occur-
ring furonaphthoquinones are illustrated in
Figure 1.


A variety of methods for synthesizing this class of mol-
ecules8 have been reported since Hooker, as early as
1896,8c described the synthesis of the first representa-
tive of this group (2-isopropylnaphtho[2,3-b]furane-
4,9-dione) by the annelation of lawsone. The synthetic
strategies range from the construction of the benzenoid
ring to the construction of the quinonoid ring, or to
the synthesis of the furan ring on an existing naphtho-
quinone system. The latter is the most frequently used
procedure although the yields described are usually
low.8b


In the last few years, we have synthesized several
monoterpenyl- and diterpenyl-1,4-naphthoquinones
via Diels–Alder cycloaddition between natural terpe-
noids and p-benzoquinone (BQ).9 Further transforma-
tions were performed on the side chain, leading to
cytotoxic analogues with IC50 cytotoxicity values in
the micromolar range against several neoplastic cell
lines. This fact prompted us to study the effect of the
introduction of other substituents, such as hydroxyl
groups10 or amino substituents,11 onto the naphthoqui-
none system.


Now we report the synthesis and cytotoxicity evalua-
tion of new furoterpenylnaphthoquinones with the
aim of analysing how the presence of an alkyl chain,
or a new carbocyclic ring fused to the benzenoid core,
would affect the bioactivity of the furoquinone
derivatives.
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Scheme 1. Preparation of terpenylnaphthoquinones via Diels–Alder cycload

2. Results and discussion


2.1. Chemistry


One of the standard procedures for the synthesis of
furonaphthoquinones requires the condensation of a
2-hydroxynaphthoquinone with aldehydes. We have
previously described10 the introduction of the hydroxyl
group at C-2 on our terpenylnaphthoquinones applying
one of two procedures following the formation of the
naphthoquinone: epoxidation and further treatment of
the epoxide with acid or via the nucleophilic substitution
of a halogen atom.


The terpenylnaphthoquinone precursors of the new
furonaphthoquinones were prepared by Diels–Alder
addition between commercially available a-myrcene
and p-BQ in the presence of BF3ÆEt2O.9b Further oxida-
tion with MnO2 of the cycloadduct obtained from 1,4-
BQ yielded NQ 1. When the MnO2 oxidation was done
without washing out the boron trifluoride, compound 2
was formed, in which the cyclization of the terpenyl side
chain occurred12 (Scheme 1).


When 2,5-dichloro-p-BQ was used in the Diels–Alder
cycloaddition, the naphthoquinones 3 and 4 were ob-
tained, depending whether the BF3 was present or not
during the oxidation with MnO2. Compounds 3 and 4
were mixtures of the two possible regioisomers a/b in a
9:1 ratio.


Regiospecific cycloadditions have been consistently
achieved when haloquinones react with electron-rich
dienes, usually oxygenated.13 Myrcene, although is not
oxygenated, is an unsymmetrical diene able to induce
a fair regioselectivity when reacts with different di-
chlorobenzoquinones.10 As it has been stated,13a,14 in
the presence of the BF3, such regioselectivity could be
explained in terms of the orientation of the diene with
the side chain located in front of the unsubstituted car-
bon of the 2,5-diCl-BQ that is the site with greatest elec-
tron deficiency. The major isomer was the one with the
chlorine atom at the C-2 position and the alkyl chain at
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C-7 (isomer a) as confirmed by two-dimensional
(HMBC) NMR experiments. The most relevant correla-
tions are shown in Figure 2. Most of the subsequent
reactions were carried out with the mixture of the two
regioisomers, although a small amount of each com-
pound was isolated and purified by chromatographic
techniques, thus allowing us the correct characterisation
of isomers a/b.


In order to avoid further unwanted side reactions in the
formation of the furo-NQ, the side-chain double bond
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Scheme 2. Synthesis of terpenylfuronaphthoquinones.

of 1 and 3 was hydrogenated. During hydrogenation a
partial reduction of the NQ to the corresponding hydro-
quinone was observed and the product was treated with
Ag2O to obtain NQs 5 and 6 in quantitative yield.


The chloro derivatives 6 and 4 were transformed into the
corresponding 2-hydroxy-NQ by treatment with sodium
hydroxide to yield, respectively, 7 and 8 in the same 9:1
ratio as the precursors10 (Scheme 2). The 2-hydroxy
derivatives, without purification, were condensed with
n-butyraldehyde under acidic conditions15 to give the
butenyl derivatives 9 and 10. The mixtures of the regioi-
somers 9a/9b and 10a/10b were difficult to resolve; how-
ever, their acetyl derivatives 11 and 12 were easily
separated by column chromatography on silica gel.
Two-dimensional NMR experiments performed with
11a and 11b confirmed the locations of the substituents
on the NQ system (Fig. 2).


The furonaphthoquinones were prepared via oxidative
cyclization of the 2-hydroxy-3-butenyl derivatives 9
and 10 with mercuric acetate.16 The treatment of the
alkenyl-NQ with mercuric acetate led to an intermediate
type A (Scheme 2), which gave rise to the furo-1,2- or
furo-1,4-NQs, depending on the subsequent reaction
conditions. With dilute acid and short reaction times,
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Scheme 3. Synthesis of 200,300-disubstituted terpenylfuroquinones.


Table 1. Cytotoxicity of the terpenylquinones against the cancer cell


lines A-549, HT-29 and H-116 (GI50 lM)


Compound A-549 HT-29 H-116


1 1.0 1.0 n.d.


2 2.1 0.2 n.d.


3a >3.6 >3.6 n.d.


3b >3.6 >3.6 n.d.


5 0.4 0.4 n.d.


11a 1.4 1.4 n.d.


11b 7.0 7.0 n.d.


12a 7.1 n.d. 7.1


12a + 12b (1:1) >14.1 n.d. 14.1


13a 3.2 3.2 n.d.


13b 3.2 3.2 n.d.


14a + 14b (4:1) 0.3 3.2 n.d.


14a + 14b (1:2) 3.2 3.2 n.d.


15a >16.1 n.d. >16.1


15b >16.1 n.d. >16.1


16a + 16b (1:1) 81.2 n.d. 16.2


18 16.2 n.d. 8.1


19a >14.9 n.d. >14.9


19b >14.9 n.d. >14.9


20a + 20b (1:1) <13.7 n.d. <13.7


Doxorubicin 0.08 0.1 n.d.


n.d., not determined.
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the 1,2-quinone derivatives 13 and 14, which are the
kinetic reaction products, were obtained; whereas with
concentrated acid and longer reaction times, the reac-
tion went towards the thermodynamic products, the
furo-1,4-NQs 15 and 16. If the 1,2-NQs were kept in
concentrated hydrochloric acid, isomerisation to the
more stable 1,4-NQs took place. These reactions were
performed with the mixture of the regioisomers,
although a pure sample of each compound was obtained
by preparative TLC or column chromatography for
proper characterisation. The numbering used for furo-
quinone derivatives (Schemes 2 and 3) is that derived
from the naphthoquinone or the anthraquinone precur-
sors rather than from the systematic names, in order to
simplify comparison of NMR data. Nevertheless, names
of compounds in the experimental section follow the sys-
tematic rules.


In order to confirm the structure of both isomers, a and
b, an alternative procedure based on the facile separa-
tion of the acetoxy derivatives 11 and 12 was used. Thus,
epoxidation of pure 11a gave the epoxide 17 and further
treatment with BF3 led to the p-furonaphthoquinone
15a.


The transformations described above led to furonaph-
thoquinones substituted at position C-200. In order to
analyse the influence of more substituents on the furane
ring on the cytotoxicity, we also decided to prepare
100,200-disubstituted compounds following the one-pot
procedure described by Kuo et al.,17 by condensation
of 2,3-dichloro-NQ and 1,3-dicarbonyl compounds.
Thus, the 2,3-dichloroquinone 18 was obtained by treat-
ment of 2 with SOCl2. Further condensation of 18 with
acetylacetone and ethyl acetoacetate in dimethylform-
amide, in the presence of potassium fluoride, yielded
the furo-1,4-NQs 19 and 20, respectively (Scheme 3).


2.2. Biological activities


Most of the furo-NQs prepared were evaluated in vitro
to establish their cytotoxicity against neoplastic cell

cultures of A-549 human lung carcinoma and HT-29
or H-116 human colon carcinomas.18 The results are
shown in Table 1, expressed as GI50 values in micromo-
lars, in which GI50 for doxorubicin has also been includ-
ed as reference.


From these results, it can be observed that our NQs
showed GI50 values one or two orders of magnitude less
than the reference drug, doxorubicin, although several
derivatives maintained the cytotoxicity in the micromo-
lar range. Among the terpenylquinones prepared, the
substituted-NQs 3 and 11–20 are, in general, less cyto-
toxic than the unsubstituted precursors 1, 2 and 5,
regardless of whether the terpenyl side chain is cyclized
or not.


Among the asymmetrically substituted NQs, there were
no significant differences between the a and b regioi-
somers, only it is worth mentioning derivatives 11
and 12 for which isomer a was somewhat more potent
than b, keeping the GI50 in the same range as the pre-
cursors. However, if the furo-NQs are considered, the
furo-1,2-NQs (13 and 14) showed higher cytotoxicity
than the corresponding furo-1,4-NQs (15 and 16). This
higher potency of 1,2-quinones is in accordance with
the results reported by other authors, not only with re-
spect to their cytotoxicity,19 but also with that of the
trypanocidal activity.6c,20 These results can be related
with their redox potentials. The furo-1,2-NQs are easi-
er to reduce than the furo-1,4-NQs,20,21 and so that,
are able to generate active oxygen species through re-
dox cycling that is one of the mechanisms by which
several NQs exhibit their bioactivity.2 In view that
the 1,2-quinone moiety is more relevant for bioactivity,
further research is in progress in our laboratory in
order to improve the biological profile of this kind of
derivatives.
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On the other hand, the presence of two different substit-
uents on the furan ring, as in derivatives 19 and 20, does
not improve the cytotoxicity of the compounds,
although the exact GI50 value for 20 could not be
determined.

3. Experimental


3.1. Chemistry


IR spectra were obtained on a Nicolet (Impact 410)
spectrophotometer in NaCl film. NMR spectra were
recorded at 200 MHz for 1H and 50 MHz for 13C in
deuterochloroform using TMS as internal reference,
on a Bruker AC 200. Chemical shift values are expressed
in parts per million followed by multiplicity and cou-
pling constants (J) in hertz. Column chromatography
(CC) was performed on silica gel (Merck No. 9385).
HRMS were run in a VG TS-250 spectrometer. TLC
was carried out on silica gel 60 F254 (Merck, 0.25 mm
thick). Solvents and reagents were purified by standard
procedures as necessary.


3.1.1. 6-(4-Methyl-3-pentenyl)-1,4-naphthoquinone (1)
and 5,5-dimethyl-5,6,7,8-tetrahydroanthracene-1,4-dione
(2). Quinones 1 and 2 were obtained as previously
described.12


3.1.2. 2-Chloro-7(6)-(4-methyl-3-pentenyl)-1,4-naphtho-
quinones (3a,b). The Diels–Alder cycloaddition between
2,5-dichlorobenzoquinone (893 mg, 5 mmol) and a-myr-
cene (0.8 mL, 5 mmol) was performed following the de-
scribed procedure.12 The reaction product was purified
by CC on silica gel to yield a 9:1 mixture (952 mg,
69%) of 3a and 3b (eluent: hexane–CH2Cl2, 7:3). The
isomers were separated by preparative TLC (eluent: hex-
ane–CH2Cl2–Et2O, 7:2:1). Compound 3a: IR (m, cm�1):
3060, 1682, 1665, 1600, 1570, 1060, 820. 1H NMR:
Table 2. 13C NMR: Table 3. HRMS (FAB-POSI,
M+1) calcd 275.0839, found 275.0862. Compound 3b:
IR (m, cm�1): 3060, 1682, 1665, 1600, 1570, 1060, 820.
1H NMR: Table 2. 13C NMR: Table 3.


3.1.3. 2-Chloro-5,5(8,8)-dimethyl-5,6,7,8-tetrahydroan-
tracene-1,4-diones (4a,b). The Diels–Alder cycloadditon
between 2,5-dichlorobenzoquinone (893 mg, 5 mmol)
and a-myrcene (0.8 mL, 5 mmol) was performed as
reported.12 The reaction product was purified by CC
on silica gel to yield a 9:1 mixture of 4a and 4b
(483 mg, 35%) (eluent: hexane–CH2Cl2, 7:3). The iso-
mers were separated by preparative TLC (eluent: hex-
ane–CH2Cl2–Et2O, 7:2:1). Compound 4a: IR (m,
cm�1): 3060, 1680, 1670, 1600, 1570, 1060, 820. 1H
NMR: Table 2. 13C NMR: Table 3. HRMS (FAB-POSI,
M+1) calcd 275.0839, found 275.0824. Compound 4b:
IR (m, cm�1): 3060, 1680, 1670, 1600, 1570, 1060, 820.
1H NMR: Table 2. 13C NMR: Table 3.


3.1.4. 6-(4-Methylpentyl)-1,4-naphthoquinone (5). Com-
pound 1 (240 mg, 1 mmol) was dissolved in EtOAc
(20 mL) containing 100 mg of 10% Pd/CaCO3 and kept
under hydrogen atmosphere at rt for 24 h. After filtering

off the catalyst on Celite, the solvent was evaporated and
the reaction product was dissolved in dry Et2O and
Ag2O (229 mg, 1 mmol) was added and kept at rt under
an inert atmosphere overnight. The mixture was filtered
on Celite, the solvent evaporated off and the product
purified by CC to yield quinone 5 (196 mg, 80% overall
yield) (eluent: hexane–CH2Cl2, 1:1). IR (m, cm�1): 3060,
1675, 1665, 1600, 1140, 1045, 830. Anal. C16H18O2 (C,
H). 1H NMR: Table 2. 13C NMR: Table 3. HRMS
(FAB-POSI, M+1) calcd: 243.1385, found: 243.1399.


3.1.5. 2-Chloro-7(6)-(4-methylpentyl)-1,4-naphthoqui-
nones (6a,b). In the same way as described for 5, a 9:1
mixture of 6a and 6b (220 mg, 80% overall yield) was ob-
tained from the mixture of 3a and 3b. The isomers were
separated by preparative TLC (eluent: hexane–CH2Cl2–
Et2O, 7:2:1). Compound 6a: IR (m, cm�1): 1680, 1665,
1600, 1570, 1060, 1022, 825. Anal. C16H17ClO2 (C, H).
1H NMR: Table 2. 13C NMR: Table 3. HRMS (FAB-
POSI, M + 1) calcd 277.0995 found 277.1002. Com-
pound 6b: IR (m, cm�1): 1680, 1665, 1600, 1570, 1060,
1022, 825. 1H NMR: Table 2. 13C NMR: Table 3.


3.1.6. 2-Hydroxy-7(6)-(4-methylpentyl)-1,4-naphthoqui-
nones (7a,b) and 2-hydroxy-5,5(8,8)-dimethyl-5,6,7,8-
tetrahydroantracene-1,4-diones (8a,b). 2-Chloro-1,4-
naphthoquinones 6a/6b and 4a/4b (1 mmol) were dis-
solved in boiling MeOH (10 mL) and an aq solution
of 0.5 N NaOH (10 mL) was added. The mixtures were
heated for 10 min, and then poured into cold water,
acidified with 2 N HCl and extracted with EtOAc.
Organic layers were washed with brine, dried, filtered
and evaporated in vacuo to afford the corresponding
2-hydroxynaphthoquinones 7 and 8. 1H NMR: Table
2. They were used for the next step without further
purification.


3.1.7. 3-(1E-Butenyl)-2-hydroxy-7(6)-(4-methylpentyl)-
1,4-naphthoquinones (9a,b) and 3-(1E-butenyl)-2-hy-
droxy-5,5(8,8)-dimethyl-5,6,7,8-tetrahydroantracene-1,4-
diones (10a,b). To the crude reaction products of 2-
hydroxynaphthoquinones 7a/7b and 8a/8b (1 g) in gla-
cial acetic acid (20 mL), a solution of 12 N HCl
(1.0 mL) in glacial acetic acid (10 mL) was added in
one portion. The solutions were stirred and heated at
80 �C, then butyraldehyde (1.0 mL, 12 mmol) was add-
ed, and the mixtures were stirred for 3 h at 80 �C. The
solutions were poured into cold water, and extracted
with Et2O. The organic layers were washed with aq solu-
tion of 3% NaOH until the aqueous layer became clear.
The combined aq layers were acidified with 12 N HCl
and extracted with EtOAc. The organic layers were
washed with brine, dried, filtered and evaporated in vac-
uo to afford the corresponding 3-alkenyl-2-hydroxy-ter-
penylnaphthoquinones 9a/9b and 10a/10b which were
used without further purification. 1H NMR: Table 2.


3.1.8. 2-Acetoxy-3-(1E-butenyl)-7(6)-(4-methylpentyl)-
1,4-naphthoquinones (11a,b). The reaction product 9a/
9b was acetylated by treating it with 20 mL of a solution
of sulfuric acid in acetic anhydride (previously prepared
with 0.15 mL of 96% H2SO4 and 50 mL of Ac2O). The
reaction mixture was stirred at rt and after 1 h, ice was







Table 2. 1H NMR (CDCl3–TMS, d ppm, (J Hz)) data for compounds 1–20


H 1 3a 3b 5 6a 6b


2 6.93 s 6.93 s


3 6.93 s 7.17 s 7.19 s 6.93 s 7.18 s 7.18 s


5 7.87 d (1.8) 7.97 d (8.0) 7.89 d (1.8) 7.88 d (1.6) 8.04 d (8.0) 7.92 d (1.8)


6 7.56 dd (8.0;1.8) 7.54 dd (8.0;1.8)


7 7.55 dd (8.0;1.8) 7.58 dd (8.0;1.8) 7.54 dd (7.6;1.6) 7.56 dd (8.0;1.8)


8 7.97 d (8.0) 7.96 d (1.8) 8.08 d (8.0) 7.98 d (7.6) 7.85 d (1.8) 7.96 d (8.0)


1 0 2.76 t (7.3) 2.78 t (7.2) 2.78 t (7.3) 2.73 t (7.3) 2.71 t (7.3) 2.71 t (7.3)


2 0 2.33 m 2.34 m 2.35 m 1.67 m 1.69 m 1.69 m


3 0 5.11 m 5.11 m 5.12 m 1.23 m 1.22 m 1.22 m


4 0 1.57 m 1.60 m 1.60 m


5 0/6 0 1.66 s/1.52 s 1.66 s/1.52 s 1.67 s/1.52 s 0.88 d (6.8) 0.86 d (6.6) 0.86 d (6.6)


H 7a/7b 9a/9b 11a 11b


2


3 6.28 s/6.29 s


5 7.96 d (8.0)/7.87 d (1.8) 7.98 d (8.0)/7.89 d (1.8) 8.01 d (8.0) 7.90 d (1.8)


6 7.52 dd (8.0;1.8)/— 7.50 dd (8.0;1.8)/— 7.52 dd (8.0;1.8)


7 —/7.44 dd (8.0;1.8) —/7.43 dd (8.0;1.8) 7.51 dd (8.0;1.8)


8 7.84 d (1.8)/7.94 d (8.0) 7.82 d (1.8)/7.92 d (8.0) 7.87 d (1.8) 7.98 d (8.0)


1 0 2.67 t (6.6) 2.67 m 2.71 t (7.7) 2.73 t (7.3)


2 0 1.62 m 1.64 m 1.66 m 1.66 m


3 0 1.22 m 1.24 m 1.22 m 1.22 m


4 0 1.53 m 1.56 m 1.57 m 1.57 m


5 0/6 0 0.84 d (6.6) 0.87 d (6.6) 0.89 d (6.6) 0.88 (6.6)


100 6.68 d (16.2) 6.40 dt (16.0;1.8) 6.39 dt (16.0;1.5)


200 7.08 dt (16.2;6.6) 7.04 dt (16.0;7.0) 7.03 dt (16.0;6.9)


300 2.30 m 2.32 m 2.32 m


400 1.11 t (7.7) 1.12 t (7.7) 1.12 t (7.3)


Ac 2.42 s 2.42 s


H 13a 13b 15a 15b 17a


2


3


5 7.55 d (7.8) 7.46 d (1.8) 8.06 d (8.0) 7.94 d (1.8) 8.02 d (7.7)


6 7.41 dd (7.8;2.0) 7.51 dd (8.0;1.8) 7.56 dd (7.7;1.8)


7 7.21 dd (8.0;1.8) 7.52 dd (7.8;1.8)


8 7.86 d (2.0) 7.95 d (8.0) 8.00 d (1.8) 8.08 d (7.8) 7.89 d (1.8)


1 0 2.62 t (7.6) 2.67 t (8.0) 2.73 t (7.7) 2.73 t (7.7) 2.72 t (7.7)


2 0 1.63 m 1.61 m 1.67 m 1.67 m 1.73 m


3 0 1.21 m 1.20 m 1.28 m 1.28 m 1.23 m


4 0 1.56 m 1.57 m 1.62 m 1.62 m 1.65 m


5 0/6 0 0.88 d (6.4) 0.89 d (6.6) 0.88 d (6.6) 0.88 d (6.6) 0.88 d (6.6)


100 6.41 s 6.44 s 6.61 s 6.60 s 3.74 d (2.2)


200 3.13 td (5.5;2.2)


300 2.73 cd (7.6;1.2) 2.76 cd (7.7;1.1) 2.84 c (7.3) 2.84 c (7.3) 1.73 m


400 1.30 t (7.6) 1.32 t (7.7) 1.36 t (7.3) 1.36 t (7.3) 1.09 t (7.7)


Ac 2.40 s


H 2 4a 4b 8a/8b 10a/10b 12a 12b


2 6.90 s


3 6.90 s 7.16 s 7.14 s 6.29 s/6.27 s


5 2.90 t (6.2) —/2.88 t (6.3) —/2.85 t (6.0) 2.87 m


6 1.71 m 1.86 m 1.87 m 1.72 m/1.83 m 1.70 m/1.80 m 1.72 m 1.83 m


7 1.85 m 1.72 m 1.72 m 1.83 m/1.72 m 1.80 m/1.70 m 1.83 m 1.72 m


8 2.90 t (6.4) 2.90 t (6.2) — 2.88 t (6.3)/— 2.85 t (6.0)/— 2.87 m


9 7.73 s 7.82 s 8.11 s 7.76 s/8.04 s 7.71 s/8.071s 7.76 s 8.06 s


10 8.03 s 8.03 s 7.73 s 8.06 s/7.75 s 8.07 s/7.77 s 8.02 s 7.73 s


1 0,2 0 1.34 s/1.37 s 1.34 s 1.35 s 1.34 s 1.33 s 1.33 s 1.33 s


100 6.60 dt (16.2;1.1) 6.39 dt (16.1;1.5) 6.39 dt (16.1;1.5)


200 7.07 dt (16.2;6.6) 7.02 dt (16.1;7.3) 7.02 dt (16.1;7.3)


300 2.32 m 2.33 m 2.33 m


400 1.12 t (7.3) 1.11 t (7.7) 1.11 t (7.7)


Ac 2.42 s 2.41 s
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Table 2 (continued )


H 14a 14b 16a/16b 18 19a 19b 20a/20b


2


3


5 2.81 m —/2.87 t (6.2) 2.91 t (6.0) —/2.91 t (6.0)


6 1.69 m 1.82 m 1.72 m/1.83 m 1.72 m 1.72 m 1.85 m 1.72 m/1.85 m


7 1.82 m 1.69 m 1.83 m/1.72 m 1.84 m 1.85 m 1.71 m 1.85 m/1.72 m


8 2.84 t (6.2) 2.87 t (6.2)/— 2.88 t (6.0) 2.81 t (6.0) 2.91 t (6.0)/—


9 7.31 s 7.74 s 7.82 s/8.12 s 7.79 s 7.86 s 8.15 s 7.79 s/8.08 s


10 8.02 s 7.56 s 8.08 s/7.76 s 8.08 s 8.14 s 7.84 s 8.14 s/7.86 s


1 0,20 1.35 s 1.36 s 1.34 s 1.33 s 1.36 s 1.36 s 1.35 s


100 6.42 s 6.43 s 6.58 s/6.56 s 2.79 s 2.78 s 1.88 s


200


300 2.73 c (7.7) 2.72 m 2.72 m


400 1.35 t (7.7) 1.31 m 1.31 m


Others 2.65 s 2.65 s 4.15 c (8.0)


1.15 t (8.0)
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added and the mixture extracted with EtOAc. The
organic layers were washed with aq satd NaHCO3, then
with brine, dried over anhydrous Na2SO4 and evaporat-
ed to dryness. The reaction product was chromato-
graphed on silica gel (eluent: hexane–CH2Cl2, 7:3)
yielding: (a) 90 mg (6.5% from 7a/7b) of 11a: IR (m,
cm�1): 1780, 1670, 1630, 1600, 1540, 1150, 1020. Anal.
C22H26O4 (C, H). 1H NMR: Table 2. 13C NMR: Table
3. HRMS (FAB-POSI, M+1) calcd: 355.1909, found:
355.1898; (b) 280 mg (20%) of a 9:1 mixture of 11a
and 11b; (c) 60 mg (4.5%) of 11b: IR (m, cm�1): 1780,
1670, 1630, 1600, 1460, 1170, 1010. Anal. C22H26O4


(C, H). 1H NMR: Table 2. 13C NMR: Table 3. HRMS
(FAB-POSI, M+1) calcd 355.1909, found 355.1952.


3.1.9. 2-Acetoxy-3-(1E-butenyl)-5,5(8,8)-dimethyl-
5,6,7,8-tetrahydroanthracene-1,4-diones (12a,b). Starting
from 8a/8b and following the procedure described
above, the CC of the reaction product yielded: (a)
70 mg (5%) of 12a: IR (m, cm�1): 1660, 1600, 1460,
1420, 1360, 1170, 750. Anal. C22H24O4 (C, H). 1H
NMR: Table 2. 13C NMR: Table 3; (b) 250 mg (18%)
of a 9:1 mixture of 12a and 12b; (c) 50 mg (4%) of
12b: IR (m, cm�1): 1660, 1600, 1460, 1420, 1360, 1170,
750. Anal. C22H24O4 (C, H). 1H NMR: Table 2. 13C
NMR: Table 3. HRMS (FAB-POSI, M+1) calcd:
353.1753, found: 353.1711.


3.1.10. 2-Ethyl-7(8)-(4-methylpentyl)-naphtho[1,2-b]fu-
ran-4,5-dione (13a,b). The 2-hydroxy-3-alkenyl-terpenyl-
naphthoquinones 9a/9b (1 mmol) were dissolved in
glacial acetic acid (20 mL) and a solution of Hg(OAc)2


(2 mmol) in glacial acetic acid (15 mL) was added. The
mixture was stirred at rt for 30 min, and 15 min more
at 80 �C. After cooling, Et2O was added and the precip-
itate formed was filtered off. The solvent was evaporated
off, the resulting products (intermediate type A) were
dissolved in EtOH (20 mL) and 2 N HCl (20 mL) was
added. The mixture was stirred at 80 �C for 15 min,
and then poured into cold water and extracted with
EtOAc. The organic layers were washed with aq satd
NaHCO3 and brine, dried over anhydrous Na2SO4


and evaporated off. The product was chromatographed
on silica gel (eluent: hexane–CH2Cl2, 7:3) to afford a 9:1
mixture of 1,2-terpenylfuronaphthoquinones 13a and

13b (217 mg, 70%). The isomers were purified by pre-
parative TLC (eluent: hexane–CH2Cl2–Et2O, 7:2:1).
Compound 13a: IR (m, cm�1): 1670, 1600, 1580, 1550,
1500, 1230, 1170. Anal. C20H22O3 (C, H). 1H NMR:
Table 2. 13C NMR: Table 3. HRMS (FAB-POSI,
M+1) calcd 311.1647, found: 311.1632. Compound
13b: IR (m, cm�1): 1670, 1610, 1590, 1560, 1450, 1220,
1190. Anal. C20H22O3 (C, H). 1H NMR: Table 2. 13C
NMR: Table 3. HRMS (FAB-POSI, M+1) calcd:
311.1647, found: 311.1686.


3.1.11. 2-Ethyl-10,10(7,7)-dimethyl-7,8,9,10-tetrahydro-
anthra[1,2-b]furan-4,5-diones (14a,b). Starting from
10a/10b and following the procedure described above,
CC of the reaction product yielded a 9:1 mixture of
1,2-furoanthraquinones 14a and 14b (220 mg, 71%).
The isomers were purified by preparative TLC (eluent:
hexane–CH2Cl2–Et2O, 7:2:1). Compound 14a: IR (m,
cm�1): 1670, 1590, 1490, 1460, 1220, 1170, 820. 1H
NMR: Table 2. 13C NMR: Table 3. HRMS (ESI,
M+Na) calcd: 331.1311, found: 331.1342. Compound
14b: IR (m, cm�1): 1670, 1590, 1490, 1460, 1220, 1170,
820. 1H NMR: Table 2. 13C NMR: Table 3.


3.1.12. 2-Ethyl-7(6)-(4-methylpentyl)-naphtho[2,3-b]fu-
ran-4,9-diones (15a,b). Method A. The intermediate type
A obtained from 9a/9b was dissolved in EtOH (20 mL)
and 12 N HCl (20 mL) was added. The mixtures were
stirred at 80 �C for 3 h and the reaction was worked
up as described above for 13a and 13b. The crude reac-
tion mixture was chromatographed on silica gel (eluent:
hexane–CH2Cl2, 7:3) to afford a 9:1 mixture of 1,4-ter-
penylfuronaphthoquinones 15a and 15b (230 mg,
74%). The isomers were purified by preparative TLC
(eluent: hexane–CH2Cl2–Et2O, 7:2:1). Compound 15a:
IR (m, cm�1): 1670, 1600, 1540, 1460, 1280, 1120. Anal.
C20H22O3 (C, H). 1H NMR: Table 2. 13C NMR: Table
3. HRMS (FAB-POSI, M+1) calcd: 311.1647, found:
311.1640. Compound 15b: IR (m, cm�1): 1670, 1600,
1540, 1460, 1280, 1120. Anal. C20H22O3 (C, H). 1H
NMR: Table 2. 13C NMR: Table 3. HRMS (FAB-POSI,
M+1) calcd: 311.1647, found: 311.1609.


Method B. To a solution of the 1,4-naphthoquinone 11a
(1.0 mmol), in CH2Cl2 (50 mL), mCPBA (1.65 g) and







Table 3. 13C NMR (CDCl3–TMS, d ppm) data for compounds 1–20


C 1 3a 3b 5 6a 6b 7a 7b 9a/9b


1 184.4 178.1 177.9 184.8 177.6 177.7 181.9 181.7 181.8/181.2


2 138.1 146.0 146.5 138.4 146.0 146.4 148.9 151.8 151.2/151.3


3 138.3 135.9 135.8 138.7 135.9 135.8 110.5 110.5 132.8


4 184.9 182.5 183.1 185.3 182.6 183.1 185.2 185.6 184.4/184.7


5 125.9 127.3 126.7 126.1 127.3 126.5 126.6 126.3 127.3/127.0


6 149.0 134.6 150.3 150.0 134.6 150.9 135.0 156.8 135.0/149.0


7 132.7 149.7 134.4 133.9 150.4 134.2 156.6 135.3 149.0/133.1


8 126.2 126.8 127.7 126.6 127.0 127.8 126.1 126.6 125.7/126.3


4a 131.4 129.7 131.8 131.8 129.7 131.8 129.3 130.3 129.4/129.4


8a 129.5 131.1 129.3 129.1 131.3 129.2 130.4 129.4 130.6/130.6


1 0 35.9 36.1 36.3 36.4 36.4 36.4 35.9 36.7 36.2/36.6


2 0 29.0 29.2 29.3 28.7 28.8 28.8 28.6 29.8 28.8


3 0 122.4 122.4 122.4 38.4 38.3 38.3 38.3 38.5 38.5


4 0 133.8 133.2 133.4 27.8 27.9 27.9 27.6 27.9 28.1


5 0/6 0 25.4/17.6 25.6/17.6 25.7/17.7 22.4 22.6 22.6 22.3 22.6 22.6


100 118.0


200 145.2


300 27.9


400 13.4


C 11a 11b 13a 13b 15a 15b 17a C 2 4a 4b


1 178.6 178.1 181.1 180.5 173.6 173.4 178.7 1 184.7 178.1 178.0


2 148.5 148.6 174.6 174.9 131.9 131.9 150.4 2 138.2 146.2 146.4


3 132.1 132.2 121.8 122.0 132.6 132.6 133.6 3 138.2 136.0 135.9


4 184.6 184.1 160.1 159.8 181.0 181.2 184.2 4 184.7 182.9 182.9


5 127.0 126.6 122.0 122.1 127.2 126.7 126.5 4a 128.6 129.7 129.6


6 134.1 150.2 135.2 151.8 133.5 149.7 134.5 5 34.3 34.9 31.2


7 149.1 133.9 145.4 130.8 150.0 133.7 150.5 6 38.2 38.4 19.1


8 126.0 126.6 130.5 129.9 126.8 127.1 126.8 7 18.8 19.1 38.4


4a 130.8 128.7 126.4 126.6 131.0 130.4 130.8 8 30.8 31.1 34.8


8a 130.2 132.1 128.7 128.8 128.9 131.0 129.7 8a 143.0 143.9 153.4


1 0 36.2 36.4 35.9 36.6 36.4 36.3 36.3 9 127.0 128.6 127.7


2 0 28.6 28.7 28.7 28.7 28.9 28.8 28.7 9a 129.5 128.3 129.5


3 0 38.4 38.4 38.9 38.5 38.5 38.5 38.4 10 124.7 125.5 126.4


4 0 27.8 27.8 27.8 27.9 27.9 27.8 27.8 10a 152.6 153.8 144.3


5 0/6 0 22.6 22.4 22.5 22.6 22.6 22.6 22.5 10/2 0 31.1 31.4 31.4


100 117.3 117.2 102.8 103.0 103.6 103.5 60.6 100


200 148.1 147.9 161.0 161.3 165.8 165.6 52.3 200


300 28.0 27.9 21.2 21.4 21.8 21.8 25.3 300


400 12.9 12.9 11.6 11.8 11.7 11.6 9.5 400


Others 20.4


168.0


C 8a 8b 12a 12b 14a 14b 16a/16b 18 19a 19b 20a/20b


1 181.9 181.7 181.4 181.5 180.9 180.6 173.3 176.0 173.8 173.7 178.1


2 152.1 151.9 147.8 147.9 175.1 174.8 151.7 143.5 153.3 153.2 153.8


3 110.5 110.4 132.0 132.1 122.0 122.9 131.7/131.5 143.3 125.5 130.5 128.9


4 185.5 185.4 184.7 184.9 160.3 160.5 181.0 176.0 180.7 180.6 181.8


4a 130.8 130.0 132.0 132.1 125.6 126.3 131.0/130.5 128.8 131.1 131.3 129.7


5 35.0 31.2 34.7 31.0 34.3 29.8 34.6/31.0 34.9 34.8 31.0 34.8/31.1


6 38.5 19.0 38.5 19.1 38.6 19.2 38.6/19.2 38.4 38.5 19.1 38.5/19.1


7 19.1 38.3 19.1 38.5 19.1 38.6 19.2/38.6 19.0 19.1 38.5 19.1/38.5


8 30.9 34.5 31.1 34.7 29.8 34.8 31.0/34.6 31.1 31.0 34.8 31.1/34.8


8a 142.5 156.7 143.7 153.2 145.1 154.6 143.0/152.2 144.5 143.6 153.1 144.3/153.3


9 127.7 127.6 125.1 125.6 129.7 120.5 127.8/125.5 128.8 126.3 126.3 126.1/128.3


9a 130.8 130.0 132.0 132.1 126.9 129.7 129.7/130.2 127.9 128.6 129.5 129.4


10 125.5 125.3 127.8 127.3 122.9 131.9 125.5/127.8 126.7 127.8 127.3 128.3/126.1


10a 154.7 145.1 152.8 143.3 148.4 138.8 152.5/142.8 154.0 153.2 143.6 158.3/143.8


1 0/2 0 31.4 31.3 31.4 31.4 31.3 31.3 31.3 31.4 31.4 31.4 31.5


100 117.4 117.4 102.9 102.9 102.2 14.3 14.3 20.0


200 147.8 147.9 160.9 160.9 169.3 196.0 195.9 175.2


300 28.0 28.0 21.3 21.3 21.3 121.1 131.5 96.5


400 12.9 13.0 11.8 11.8 11.8 163.7 163.7 170.4


Others 167.9 167.8 32.0 32.0 61.1


20.5 20.5 14.1
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NaHCO3 (1.0 g) were added. The mixture was stirred at
rt for 30 min, then poured on cold water and extracted
with EtOAc. The organic layer was washed with aq solu-
tions of 0.05 M Na2S2O8, satd NaHCO3, dried over
anhydrous Na2SO4 and evaporated off. The product
was chromatographed on silica gel (eluent: CH2Cl2) to
afford epoxide 17a (105 mg, 33%). IR (m, cm�1): 1780,
1680, 1600, 1470, 1370, 1290, 1170, 1020. 1H NMR: Ta-
ble 2. 13C NMR: Table 3. HRMS (ESI, M+Na) calcd:
393.1672, found: 393.1682.


Epoxide 17a was dissolved in dry CH2Cl2 (10 mL), kept
at 0 �C and BF3ÆEt2O (5 lL) was added. The mixture
was stirred at 0 �C for 1 h, then poured into cold water
and extracted with EtOAc. The organic layer was dried
over anhydrous Na2SO4 and evaporated to dryness. The
product was dissolved in EtOH (7.5 mL) and 12 N HCl
(7.5 mL) was added. The mixture was stirred at 80 �C
for 3 h, then poured into cold water and extracted with
EtOAc. The organic layer was washed with aq satd
NaHCO3, dried over anhydrous Na2SO4 and evaporat-
ed to dryness. CC of the product (eluent: hexane–
CH2Cl2, 7:3) afforded the 1,4-terpenylfuronaphthoqui-
none 15a (71 mg, 85% overall yield).


3.1.13. 2-Ethyl-6,6(9,9)-dimethyl-7,8,9,10-tetrahydroan-
thra[2,3-b]furan-4,11-diones (16a,b). Following the
Method A described above, CC of the reaction product
obtained from 10a/10b yielded a 9:1 mixture of 1,4-fur-
oanthraquinones 16a and 16b (201 mg, 65%). IR (m,
cm�1): 1670, 1590, 1570, 1490, 1460, 1220, 1170, 820.
1H NMR: Table 2. 13C NMR: Table 3.


3.1.14. 2,3-Dichloro-5,5-dimethyl-5,6,7,8-tetrahydroan-
thracene-1,4-dione (18). To a solution of 2 (160 mg,
0.67 mmol) in dry benzene (100 mL) at 60 �C, pyridine
(6.0 mL, 75 mmol) and recently distilled SOCl2
(4.0 mL, 56 mmol) were added simultaneously. The mix-
ture was stirred at 60 �C for 8 h, and then water was
slowly added and extracted with EtOAc. The organic
layers were washed with aq satd NaHCO3, dried over
anhydrous Na2SO4 and evaporated off. The product
was chromatographed on silica gel (eluent: CH2Cl2–
Et2O, 9:1) to afford 18 (195 mg, 95%). IR (m, cm�1):
1680, 1600, 1560, 1280, 1010, 850. Anal. C16H14Cl2O2


(C, H). 1H NMR: Table 2. 13C NMR: Table 3. HRMS
(FAB-POSI, M+1) calcd: 309.0449, found: 309.0473.


3.1.15. 3-Acetyl-2,6,6(2,9,9)-trimethyl-6,7,8,9-tetrahy-
droanthra[2,3-b]furan-4,11-diones (19a,b). The 2,4-pen-
tanedione (0.6 mmol) and KF (2.08 mmol) in
dimethylformamide (2.0 mL) were stirred at rt for
10 min, then a solution of 18 (123 mg, 0.4 mmol) in
dimethylformamide (5.0 mL) was added in one portion.
The mixture was stirred at 60–65 �C for 16 h, poured
into cold water and extracted with EtOAc. The organic
layers were dried over anhydrous Na2SO4 and evaporat-
ed off. Products obtained were chromatographed on sil-
ica gel (eluent: hexane–CH2Cl2, 7:3) to afford a 1:1
mixture of 19a/19b (72.5 mg, 54%). The isomers were
purified by preparative TLC (eluent: hexane–CH2Cl2–
Et2O, 7:2:1). Compound 19a: IR (m, cm�1): 1670, 1600,
1540, 1290, 1220, 1170. Anal. C21H20O4 (C, H). 1H

NMR: Table 2. 13C NMR: Table 3. HRMS (FAB-POSI,
M+1) calcd: 337.1440, found: 337.1438. Compound 19b:
IR (m, cm�1): 1670, 1600, 1540, 1290, 1220, 1170. Anal.
C21H20O4 (C, H). 1H NMR: Table 2. 13C NMR: Table
3. HRMS (FAB-POSI, M+1) calcd: 337.1440, found:
337.1471.


3.1.16. 2,6,6(2,9,9)-Trimethyl-4,11-dioxo-4,6,7,8,9,11-
hexahydroanthra[2,3-b]furan-3-carboxylic acid ethyl
esters (20a,b). Following the above procedure, a 1:1 mix-
ture of 20a/20b (73 mg, 50%) was obtained when ethyl
acetoacetate was used. IR (m, cm�1): 1690, 1670, 1600,
1460, 1330, 1290, 1060, 870. Anal. C22H22O5 (C, H).
1H NMR: Table 2. 13C NMR: Table 3. HRMS (FAB-
POSI, M+1) calcd: 367.1559, found: 367.1581


3.2. Bioactivity


A colorimetric assay using sulforhodamine B (SRB) has
been adapted for a quantitative measurement of cell
growth and viability, following a previously described
method.18 Cells were seeded in 96-well microtitre plates,
at 5 · 103 cells per well in aliquots of 195 lL of RPMI
medium, and they are allowed to attach to the plate
surface by growing in drug-free medium for 18 h. After-
wards, samples are added in aliquots of 5 lL (dissolved
in DMSO–H2O, 3:7). After 72 h exposure, the antitu-
mour effect is measured by the SRB methodology: cells
are fixed by adding 50 lL of cold 50% (w/v) trichloro-
acetic acid (TCA) and incubating for 60 minutes at
4 �C. Plates are washed with deionised water and dried;
100 lL of SRB solution (0.4% w/v in 1% acetic acid) is
added to each microtitre well and incubated for 10 min
at room temperature. Unbound SRB is removed by
washing with 1% acetic acid. Plates are air-dried and
bound stain is solubilized with Tris buffer. Optical den-
sities are read on an automated spectrophotometer plate
reader at a single wavelength of 490 nm. Data analyses
are generated automatically by LIMS implementation.
Using control OD values (C), test OD values (T) and
time zero OD values (T0), the drug concentration that
causes 50% growth inhibition (GI50 value) was calculat-
ed from the equation: 100 · [(T � T0)/(C � T0)] = GI50.
All calculations represent the average of three
determinations.
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Abstract—4-{[2-[(2-Furylsulfonyl)(isobutyl)amino]-5-(trifluoromethyl)phenoxy]methyl}benzoic acid analogs 2a and b and a series
of the acid analogs, in which the carboxylic acid residue of 2b was replaced with various kinds of carboxylic acid bioisosteres, were
synthesized and evaluated as EP1 receptor antagonists. Compound 2b and its monocyclic acid analogs, in which the carboxylic acid
residue of 2b was replaced with monocyclic acid bioisosteres, were found to show potent EP1 receptor antagonist activity. Optimi-
zation of the linker Y between the phenyl moiety and the carboxylic acid residue of 2b was also carried out (Table 5). Compounds 2b
and 16 and 17 possessing conformationally restricted linker Y were found to show the most optimized potency among the tested
compounds. Cytochrome P450 inhibition of optimized compounds was also investigated. Details of the structure–activity relation-
ship study are presented.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Cyclooxygenases metabolize arachidonic acid to five
primary prostanoids, PGE2, PGF2, PGI2, TXA2 (TX),
and PGD2. These lipid mediators interact with specific
members of a family of distinct G-protein-coupled pro-
stanoid receptors.1 Coleman et al. proposed the exis-
tence of specific receptors for TX, PGI, PGE, PGF,
and PGD, named TP, IP, EP, FP, and DP receptors,
respectively.2 They further classified the EP receptor
into four subtypes (EP1, EP2, EP3, and EP4), all of
which respond to PGE2 in different ways. A number
of specific ligands for these receptors and their therapeu-
tic potential have already been described in the litera-
ture. Discovery of selective EP1 receptor antagonists
would offer an opportunity to elucidate the role of this
receptor in various pathological conditions such as
hyperalgesia3 and pollakisuria.4
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In one of our previous papers,5 we reported on the dis-
covery of 1 as a new lead compound in the EP1 receptor
antagonists. Compound 1 demonstrated remarkably
weak antagonist activity (IC50, 0.13 lM) for its strong
receptor affinity (Ki, 0.0005 lM). In an effort to improve
this weak antagonist activity, we incorporated bioisos-
teres into our further optimization process because this
methodology has been frequently used for such a pur-
pose in conventional medicinal chemistry. Accordingly,
the phenylsulfonyl moiety and the carboxylic acid resi-
due were replaced with a furan-2-sulfonyl moiety and
acid residue, respectively (Fig. 1). We here report on fur-
ther optimization efforts for the newly found EP1 recep-
tor antagonist 1.

2. Chemistry


The synthesis of the test compounds listed in Tables 1–5
is outlined in Schemes 1–3. Compounds 2b, 4, and 15–17
were synthesized as described in Schemes 1a and b.
O-Alkylation of 196 with methyl 4-(bromomethyl)
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Table 1. Effect of transformation of the aryl moiety Ar on Ki values and antagonist activities


N
S


Ar


OO


OCF3


Me


Me


CO2H


II


Compound Ar Binding Ki (lM) Function IC50 (lM)


EP1 EP2 EP3 EP4 EP1


1 * 0.00050 >10 0.41 >10 0.13


2a
O* 0.00040 8.1 1.7 >10 0.17


2b
O* Me 0.00020 >10 0.82 2.1 0.0056
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Figure 1. Transformation of a phenylsulfonyl aminobenzoic acid analog 1 to 5-methylfuran-2-sulfonyl aminobenzoic acid analogs I.
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benzoate in the presence of potassium carbonate yielded
20a, reduction of which, with lithium borohydride, gave
alcohol 21. Oxidation of 21 with DMSO yielded an alde-
hyde 22, C2 homologation of which, using malonic acid
reaction followed by esterification, gave an a,b-unsatu-
rated methyl ester 20b.7 Reduction of the nitro residue
of 20a and b yielded anilines 24a and b, respectively.
Hydrogenation of 24b gave 24c.8 N-Sulfonylation of
24a–c with 5-methylfuran-2-sulfonyl chloride 29, which
was prepared from 27 according to a previously report-
ed method9 (Scheme 1b), gave sulfonamides 25a–c,
respectively. N-Alkylation of 25a–c with isobutyl iodide
in the presence of potassium carbonate yielded 26a–c,
respectively. Alkaline hydrolysis of 26a gave a carboxyl-
ic acid 2b. Compound 2b was converted to the corre-
sponding acid chloride with thionyl chloride. Wittig
reaction of the resulting acid chloride with methyl (tri-
phenylphosphoranylidene) acetate, followed by heating,
yielded 26d.10 Alkaline hydrolysis of 26d gave the cor-
responding carboxylic acid 17. Condensation of 2b with
methanesulfonamide in the presence of EDC yielded 4.
Alkaline hydrolysis of 26b and c gave 16 and 15,
respectively.


Synthesis of 3 and 8–11 is outlined in Scheme 2. Catalyt-
ic hydrogenation of a protected O-nitrophenol 30, which
was prepared by O-alkylation of 19 with methoxymethyl
chloride, yielded 31. N-Sulfonylation of 31 with
5-methylfuran-2-sulfonyl chloride gave 32, N-alkylation
of which with isobutyl iodide in the presence of potassi-

um carbonate yielded 33. Acidic deprotection of 33 gave
34, O-alkylation of which with 4-(bromomethyl)benzo-
nitrile, in the presence of potassium carbonate, pro-
duced the nitrile 3. Reaction of the nitrile 3 with
sodium azide, in the presence of triethylamine, resulted
in the tetrazole 11.11 Reaction of the nitrile 3 with
hydroxylamine, in the presence of triethylamine, pro-
duced the N-hydroxy amidine 35. Reaction of 35 with
thionyl chloride yielded 3H-1,2,3,5-oxathiadiazole 2-ox-
ide 8.12 Reaction of 35 with 2-ethylhexyl chloroformate,
followed by heating in xylene, gave oxadiazol-5-one 9.12


Reaction of 35 with thiocarbonyl diimidazole, followed
by cyclization with boron trifluoride etherate, yielded
thiadiazol-5-one 10.12


Synthesis of 5–7, 12–14, and 18 is described in Scheme 3.
Compounds 5–7 and 18 were prepared as outlined in
Scheme 3a. Reaction of 4-bromomethylbenzoic acid
(36) with thionyl chloride yielded the corresponding acid
chloride, which was converted to the corresponding
amide 40a by the usual ammonolysis with aqueous
ammonia. O-Alkylation of 34 (Scheme 2) with 40a gave
41a. N-Acylation of the amide function of 41a yielded
N-acetylcarboxyamide 5. Ammonolysis of 4-bromom-
ethyl benzenesulfonyl chloride (37) gave the sulfonamide
40b. O-Alkylation of 34 (Scheme 2) with 40b, in the
presence of potassium carbonate, yielded 41b.
N-Methanesulfonylation of the primary sulfonamide res-
idue of 41b resulted in N-methanesulfonylsulfonamide 6.
N-Acetylation of the sulfonamide residue of 41b







Table 2. Effect of transformation of the carboxylic acid moiety X on Ki values and antagonist activities


N
S


OO


OCF
3


Me


O
Me


X


Me III


Compound X Binding Ki (lM) Function IC50 (lM)


EP1 EP2 EP3 EP4 EP1


2b


*
CO


2
H 0.00020 >10 0.82 2.1 0.0056


3
*


CN
0.30 >10 >10 >10 >10


4
* NHMs


O
0.0022 >10 0.61 >10 0.038


5
* NHAc


O
0.0073 >10 >10 >10 0.36


6
*


S
NHMs


OO
0.026 >10 0.61 >10 NTa


7
*


S
NHAc


OO
0.058 >10 >10 >10 0.83


a NT, not tested.


Table 3. Activity profiles of monocyclic acid analogs


N
S


OO


OCF3


Me


O
Me


Me


HHet


IV


Compound


HHet
Binding Ki (lM) Function IC50 (lM)


EP1 EP2 EP3 EP4 EP1


8


* N
H


S
ON


O


0.0029 7.5 0.39 >10 0.0026


9
* N


H


ON
O 0.0031 4.5 0.48 >10 0.0016


10
* N


H


SN
O 0.0069 3.3 0.54 2.4 0.0035


11
* N


H


N
NN


0.0026 2.5 0.026 >10 0.00074
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produced N-acetyl sulfonamide 7. O-Alkylation of the
phenol residue of 38 with methyl chloroacetate yielded
39. Bromination reaction of benzyl alcohol 39 with phos-

phorus tribromide provided 40c. O-Alkylation of 34
(Scheme 2) with 40c yielded 41c, alkaline hydrolysis of
which resulted in the corresponding carboxylic acid 18.







Table 4. Activity profiles of fused bicyclic acid analogs


N
S


OO


OCF3


Me


O
Me


Me


HHet


V


Compound


H


*


Het
Binding Ki (lM) Function IC50 (lM)


EP1 EP2 EP3 EP4 EP1


12


NH


O


O
*


0.0061 >10 >10 >10 0.68


13


* N


N


OH


0.0013 >10 >10 >10 0.19


14


* N


N


OH


OH


0.0013 >10 >10 >10 0.56


Table 5. Effect of transformation of the linker Y on Ki values and antagonist activities


N
S


OO


OCF3


Me


O
Me


Me


Y
CO2H


VI


Compound Y Binding Ki (lM) Function IC50 (lM)


EP1 EP2 EP3 EP4 EP1


15
*


* 0.0034 3.0 1.1 2.9 0.17


16 *
* 0.0004 4.8 1.9 2.0 0.0053


17 * * 0.0011 3.1 0.79 4.5 0.0058


18 *
O * 0.00042 3.5 >10 >10 0.021
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Compound 12 was prepared as shown in Scheme 3b.
Bromination of 42 with N-bromosuccinimide yielded
43. O-Alkylation of 34 (Scheme 2) with the bromide
43 produced 44, alkaline hydrolysis of which yielded
45. Heating of 45 in the presence of acetic anhydride,
followed by ammonolysis and then heating in toluene,
resulted in the phthalimide analog 12.


Synthesis of 13 and 14 is described in Scheme 3c. Partial
alkaline hydrolysis of 46 yielded 47, reduction of which
with diborane-dimethylsulfide complex produced 48.
O-Alkylation of 34 (Scheme 2) with 48, using the
Mitsunobu reaction, gave 49. Reduction of 49 with iron
powder, followed by alkaline hydrolysis, produced 51.

Cyclization of 51 with imidoformamide hydrochloride,
with heating, resulted in 4-hydroxyquinazoline 13.13


Cyclization of 51 with urea, with heating, resulted in
2,4-dihydroxyquinzoline 14.14

3. Results and discussion


The test compounds listed in Tables 1–5 were biological-
ly evaluated for their inhibition of the specific binding of
a radiolabeled ligand, [3H]PGE2, to membrane fractions
prepared from cells stably expressing each mouse
prostanoid receptor. The EP1 antagonist properties of
these compounds were determined by a Ca2+ assay using
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mouse EP1 receptor expressed on CHO cells in the pres-
ence of 0.1% of bovine serum albumin.


Furan-2-sulfonyl analogs 2a15 and b were synthesized and
evaluated (Table 1). Among these, 5-methylfuran-2-sul-
fonyl analog 2b showed much stronger antagonist activity
relative to the chemical lead 1, while demethylated analog
2a showed nearly the same potency as 1 in terms of both
receptor affinity and antagonist activity. Based on these
results, further optimization of 5-methylfuran-2-sulfonyl
analogs, instead of the phenylsulfonyl and furan-2-sulfo-
nyl analogs, was carried out as shown in Tables 2–5.


In proceeding the optimization process, focus was
placed on the nitrile analog 3 (Table 2), in which a car-
boxylic acid residue was replaced by a nitrile residue.
The marked reduction in the activity of this transforma-
tion strongly suggested a structural requirement for an
acid residue at this position, which was supposed to cor-
respond to the carboxylic acid residue of PGE2. For this

reason, synthesis and biological evaluation of the acid
analogs listed in Tables 2–5 are of great interest to
medicinal chemists.


The bioisostere is known as one of the useful transfor-
mations for improving the activity and/or pharmacoki-
netic profiles of chemical leads in medicinal
chemistry.16 In an effort to further optimize the acid
residue of the chemical lead 2b, the carboxylic acid
was replaced by various bioisosteres, as illustrated in
Tables 2–5. As shown in Table 2, replacement of the
carboxylic acid of 2b with an N-acylsulfonamide and
an N-acylacetoamide (imide) yielded 4 and 5, respectively.
Compound 4 exhibited 11-fold less EP1 receptor affinity
and 6.8-fold less antagonist activity relative to 2b, while
5 exhibited less receptor affinity and antagonist activity.
Replacement of the carboxylic acid residue of 2b with a
N-sulfonyl methanesulfonamide and a N-sulfonyl ace-
toamide yielded 6 and 7, respectively, which showed less
receptor affinity relative to 4 and 5, respectively.
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As illustrated in Table 3, monocyclic acid analogs were
synthesized and evaluated.12 2-Oxido-3H-1,2,3,5-oxa-
thiadiazol analog 8 showed 15-fold less potent EP1
receptor affinity relative to 2b, while it showed 2.2-fold
more potent antagonist activity. Oxadiazole-5-one ana-
log 9 exhibited nearly equipotent receptor affinity and
antagonist activity with 8. A thiadiazole-5-one analog
10 showed 2.4-fold less potent EP1 receptor affinity
and 1.3-fold less potent antagonist activity relative to
8, while it also showed weak affinity for the EP4 recep-
tor. A tetrazole analog 11 demonstrated the strongest
antagonist activity among this series of analogs,
although it showed nearly the same receptor affinity as
8–10. Besides, 11 showed an increased affinity for EP3
receptor relative to 8–10.


Activity profiles of fused bicyclic acid analogs are shown
in Table 4. Analogs 12–14 showed weaker antagonist
activity relative to the series of monocyclic acids 8–11,
although they showed equipotency in their EP1 receptor
affinity and better subtype selectivity. Phthalimide ana-
log 12 showed 31-fold less EP1 receptor affinity and
121-fold less potent antagonist activity relative to 2b.
4-Hydroxyquinazoline analog 13 and 2,4-dihydroxyqui-
nazoline analog 14 exhibited equipotency in their EP1
receptor affinity, while 13 showed 2.9-fold more potent
antagonist activity than 14.


Second, the effect of transformation of the linker Y
(Table 5) between the carboxylic acid residue and the
phenyl moiety on receptor affinity and antagonist activ-
ity was investigated. Replacement of the carboxylic acid
residue of 2b with a propionic acid residue yielded 15,
which showed 17-fold less potent EP1 receptor affinity
and 30-fold less potent antagonist activity. Replacement

of the carboxylic acid residue with a propenoic acid res-
idue and a propynoic acid residue gave 16 and 17,
respectively, with 2-fold and 5.5-fold less potent EP1
receptor affinity, while both showed nearly the same
antagonistic activity as 2b. Oxyacetic acid analog 18
showed nearly the same EP1 receptor affinity as 16,
while it showed 4-fold less antagonist activity, which
was weaker than its receptor affinity.


Based on the relatively stronger antagonist activity of
2b, 16, and 17, conformational restriction of the acid
residue was found to be one of the required partial struc-
tures for increased antagonist activity. Optimized com-
pounds 2b, 8–11, and 16 and 17 were also evaluated
for their inhibition of P450 enzymes, to predict their
potential for drug–drug interactions.17 As shown in
Table 6, monocyclic acid analogs 8–11 exhibited rela-
tively stronger inhibition. Tetrazole analog 11 demon-
strated especially strong inhibitory activities against
2C9, 2C19, and 3A4. Propynoic acid analog 17 showed
increased inhibitory activities against 2C9 and 3A4 com-
pared with 2b.


In summary, we synthesized and evaluated 5-methylfu-
ran-2-sulfonyl analog 2b, which exhibited much stronger
antagonist activity than 1 and 2a. Based on the data, the
5-methyl residue of 2b was considered to play an impor-
tant role in transmitting functional activity via the EP1
receptor. To improve antagonist activity, we also syn-
thesized and evaluated acid analogs of 2b by incorporat-
ing the concept of the bioisostere into further
optimization. Among the tested compounds, monocyclic
acid analogs 8–11 listed in Table 3 exhibited stronger
EP1 receptor antagonist activity relative to 2b, although
all of them showed weaker receptor affinity. In
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Scheme 3. Synthesis of 5–7, 12–14, and 18. Reagents and conditions: (a) SOCl2, EtOAc; (b) aqueous NH3; (c) methyl chloroacetate, K2CO3, KI,


acetone; (d) PBr3, Et2O; (e) 34, K2CO3, DMF; (f) Ac2O, heat; (g) MsCl, NaOH, THF; (h) Ac2O, pyridine; (i) NaOH, dioxane; (j) NBS, (BzO)2, CCl4;


(k) toluene, heat; (l) BH3ÆSMe2, THF; (m) 34, DEAD, PPh3, THF; (n) Fe, AcOH, H2O; (o) formamidineÆHCl, heat; (p) urea, heat.


Table 6. Cytochrome P450 inhibitory activities of optimized analogs


Compound P-450 inhibition (%, 3 lM)


1A2 2C9 2C19 2D6 3A4


2b 2.6 13.7 0.4 �5.1 11.7


8 22.2 8.5 32.7 2.0 67.6


9 10.2 32.6 28.9 4.4 32.2


10 5.9 �9.4 33.2 1.1 14.8


11 12.1 98.0 97.9 2.6 93.8


16 2.2 8.9 �3.8 �3.4 10.9


17 11.5 47.2 18.8 5.8 42.2
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particular, tetrazole analog 11 showed the strongest
antagonist activity among the tested compounds.


As a result, the carboxylic acid residue showed the most
optimized receptor affinity as illustrated by the analogs

1, 2a and b (Table 1), while the monocyclic acid equiva-
lents showed the most optimized antagonist activity as
illustrated by the analogs 8–11 (Table 3). Based on the
above-described results, the acidic equivalents of the
analogs 4–7 (Table 2) were considered to show
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decreased antagonist activities because of the more influ-
ence of bovine serum albumin (BSA)18 relative to those
of 8–11. Fused bicyclic acid equivalents of the analogs
12–14 were also considered to show much more de-
creased antagonist activities for their relatively potent
binding affinities because of the more influence of BSA
such as a presumed increased protein binding.


The effect of transformation of the linker Y between the
carboxylic acid residue and the phenyl moiety of 2b was
also investigated, and is illustrated in Table 5. Analogs
2b, 16, and 17, possessing conformationally restricted
carboxylic acid residues, tended to show stronger antag-
onist activity than analogs 15 and 18 which possess the
more flexible carboxylic acid residues. Cytochrome P450
inhibition by the optimized compounds was also investi-
gated. As a result, 2b and 16 were found to possess the
most desired in vitro profiles, based on their antagonist
activity and P450 inhibition.

4. Experimental


4.1. General directions


Analytical samples were homogeneous as confirmed by
TLC and afforded spectroscopic results consistent with
the assigned structures. Proton nuclear magnetic reso-
nance spectra (1H NMR) were taken on a Varian
Mercury 300 spectrometer or Varian GEMINI-200 or
VXR-200s spectrometer using deuterated chloroform
(CDCl3) or deuterated dimethylsulfoxide (DMSO-d6)
as the solvent. Fast atom bombardment mass spectra
(FAB-MS, HRMS) and electron ionization (EI) were
obtained on a JEOL JMS-DX303HF spectrometer.
The matrix-assisted laser desorption ionization-time of
flight high-resolution mass spectra (MALDI-TOF) were
obtained on a PerSeptive voyager Elite spectrometer.
Atmospheric pressure chemical ionization (APCI) was
determined on a HTHACHI MI200H spectrometer.
Infrared spectra (IR) were measured in a Perkin-Elmer
FT-IR 1760X spectrometer. Melting points and results
of elemental analyses uncorrected. Column chromatog-
raphy was carried out on silica gel [Merck silica gel 60
(0.063–0.200 mm), Wako gel C200 or Fuji Silysia
FL60D]. Thin-layer chromatography was performed
on silica gel (Merck TLC or HPTLC plates, silica gel
60 F254). The following abbreviations for solvents
and reagents are used; tetrahydrofuran (THF), diethyl
ether (Et2O), diisopropylether (iPr2O), dimethylsulfox-
ide (DMSO), ethyl acetate (EtOAc), dimethylformam-
ide (DMF), dichloromethane (CH2Cl2), chloroform
(CHCl3), carbon tetrachloride (CCl4), methanol
(MeOH), ethanol (EtOH), isopropanol (iPrOH), acetic
acid (AcOH), hydrochloric acid (HCl), diisopropylethyl-
amine (iPr2NEt), and triethylamine (TEA).


4.2. Methyl 4-{[2-nitro-5-(trifluoromethyl)phenoxy]meth-
yl}benzoate (20a)


To a stirred suspension of 196 (5 g, 24.1 mmol) and
K2CO3 (6.7 g, 48.3 mmol) in acetone (30 mL) was added
methyl 4-(bromomethyl)benzoate (6 g, 26.6 mmol)

under argon atmosphere. The resulting mixture was
stirred at 50 �C for 4 h, then quenched with water and
extracted with EtOAc. The organic layer was washed
with water, and brine, dried over MgSO4, and concen-
trated in vacuo. The resulting residue was recrystallized
from EtOH and hexane to yield 20a (7.6 g, 89%). TLC
Rf = 0.38 (EtOAc/hexane, 1:5); 1H NMR (300 MHz,
CDCl3) d 8.10 (d, J = 6.3 Hz, 2H), 7.95 (d, J = 8.7 Hz,
1H), 7.54 (d, J = 6.3 Hz, 2H), 7.40–7.25 (m, 2H), 5.33
(s, 2H), 3.94 (s, 3H).


4.3. Methyl 4-{[2-amino-5-(trifluoromethyl)phen-
oxy]methyl}benzoate (24a)


To a stirred solution of 20a (7.6 g, 21.4 mmol) in AcOH
(30 mL) and water (2 mL) was added iron (325 mesh,
6 g, 107 mmol) under argon atmosphere. After being
stirred for 30 min at 50 �C, the reaction mixture was fil-
tered through a pad of Celite. The filtrate was concen-
trated in vacuo, diluted with aqueous NaHCO3, and
extracted with EtOAc. The organic layer was washed
with water, brine, dried over MgSO4, and concentrated
in vacuo. The resulting residue was recrystallized from
iPr2O and hexane to yield 24a (5.88 g, 85%). TLC
Rf = 0.50 (EtOAc/hexane, 1:5); 1H NMR (200 MHz,
CDCl3) d 8.08 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz,
2H), 7.10 (d, J = 8.0 Hz, 1H), 7.04 (s, 1H), 6.75 (d,
J = 8.0 Hz, 1H), 5.16 (s, 2H), 4.13 (br s, 2H), 3.94 (s,
3H).


4.4. Methyl 4-{[2-{[(5-methyl-2-furyl)sulfonyl]amino}-5-
(trifluoromethyl)phenoxy]methyl}benzoate (25a)


To a stirred solution of 24a (1.05 g, 3.23 mmol) and pyr-
idine (0.52 mL, 6.46 mmol) in CH2Cl2 (10 mL) was add-
ed 29 (874 mg, 4.84 mmol) at room temperature under
argon atmosphere. The reaction mixture was stirred
for 9 h, quenched with water, and extracted with EtOAc
(2·). The organic layers were washed with water, brine,
dried over MgSO4, and evaporated. The resulting resi-
due was recrystallized from EtOH to yield 25a (1.2 g,
80%). TLC Rf = 0.33 (EtOAc/hexane, 1:2); 1H NMR
(200 MHz, CDCl3) d 8.09 (d, J = 8.2 Hz, 2H), 7.64 (d,
J = 8.4 Hz, 1H), 7.42 (d, J = 8.2 Hz, 2H), 7.35 (s, 1H),
7.22 (m, 1H), 7.07 (m, 1H), 7.00 (d, J = 3.4 Hz, 1H),
6.06 (d, J = 3.4 Hz, 1H), 5.16 (s, 2H), 3.95 (s, 3H),
2.29 (s, 3H).


4.5. Methyl 4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}benzoate
(26a)


To a stirred solution of 25a (550 mg, 1.17 mmol) in
DMF (2 mL) were added K2CO3 (484 mg, 3.51 mmol)
and isobutyl iodide (0.20 mL, 1.76 mmol) under argon
atmosphere. After being stirred at 80 �C overnight, the
reaction mixture was poured into water and extracted
with EtOAc (2·). The combined organic layers were
washed with water, brine, dried over MgSO4, and con-
centrated in vacuo. The resulting residue was purified
by column chromatography on silica gel to yield 26a
(577 mg, 94%). TLC Rf = 0.45 (EtOAc/hexane, 1:2);
1H NMR (200 MHz, CDCl3) d 8.06 (d, J = 8.6 Hz,
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2H), 7.41 (d, J = 8.6 Hz, 2H), 7.50–7.40 (m, 1H), 7.22–
7.30 (m, 1H), 7.16 (m, 1H), 6.74 (d, J = 3.6 Hz, 1H),
5.96 (m, 1H), 5.07 (s, 2H), 3.94 (s, 3H), 3.50 (d,
J = 7.2 Hz, 2H), 2.14 (s, 3H), 1.72–1.62 (m, 1H), 0.89
(d, J = 6.6 Hz, 6H).


4.6. 4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]amino}-5-
(trifluoromethyl)phenoxy]methyl}benzoic acid (2b)


To a stirred solution of 26a (577 mg, 1.10 mmol) in
MeOH (2 mL) and dioxane (2 mL) was added 2 M
NaOH (2 mL) at room temperature. After being stirred
overnight, the reaction mixture was acidified with 1 M
HCl and extracted with EtOAc (2·). The combined
organic layers were washed with water, brine, dried over
MgSO4, and concentrated in vacuo. The resulting residue
was recrystallized from iPrOH and hexane to yield 2b
(495 mg, 88%). TLC Rf = 0.46 (MeOH/CHCl3, 1:9); 1H
NMR (200 MHz, CDCl3) d 8.15 (d, J = 8.6 Hz, 2H),
7.46 (d, J = 8.6 Hz, 2H), 7.41 (m, 1H), 7.29 (m, 1H),
7.18 (m, 1H), 6.76 (d, J = 3.4 Hz, 1H), 6.03–5.93 (m,
1H), 5.10 (s, 2H), 3.51 (d, J = 6.2 Hz, 2H), 2.16 (s, 3H),
1.64 (m, 1H), 0.90 (d, J = 6.8 Hz, 6H); IR (KBr) 2963,
1694, 1588, 1427, 1360, 1331, 1173, 1128, 1020 cm�1;
MS (APCI, Neg.) m/e 510 (M–H)�; HRMS (Pos.) calcd
for C24H25F3NO6S: 512.1355; found: 512.1349.


4.7. N-Isobutyl-5-methyl-N-[2-[(4-{[(methylsulfonyl)ami-
no]carbonyl}benzyl)oxy]- 4-(trifluoromethyl)phenyl]furan-
2-sulfonamide (4)


To a stirred solution of 2b (130 mg, 0.25 mmol) in DMF
(1 mL) were added methanesulfonamide (121 mg,
1.27 mmol), DMAP (37 mg, 0.31 mmol), and EDC
(58 mg, 0.31 mmol) under argon atmosphere. After
being stirred overnight, the reaction mixture was
quenched with 0.5 M HCl and extracted with EtOAc.
The organic layer was washed with water, brine, dried
over Na2SO4, and concentrated in vacuo. The resulting
residue was purified by column chromatography on
silica gel to yield 4 (38 mg, 25%). TLC Rf = 0.23
(EtOAc/hexane, 1:1); 1H NMR (300 MHz, DMSO-d6)
d 12.13 (br s, 1H), 7.95 (d, J = 8.4 Hz, 2H), 7.46 (d,
J = 8.4 Hz, 2H), 7.46–7.43 (m, 2H), 7.38 (d,
J = 8.4 Hz, 1H), 6.90 (d, J = 3.3 Hz, 1H), 6.18 (dd,
J = 3.3, 0.9 Hz, 1H), 5.22 (br s, 2H), 3.39 (d,
J = 6.9 Hz, 2H), 3.35 (s, 3H), 2.15 (s, 3H), 1.51 (m,
1H), 7.82 (d, J = 6.9 Hz, 6H); IR (KBr) 3266, 2962,
2933, 2874, 1696, 1613, 1591, 1509, 1430, 1332, 1257,
1212, 1164, 1132, 1083, 1019, 972 cm�1; MS (APCI,
Pos.) m/e 611 (M + Na)+, 589 (M + H)+ ; HRMS
(Pos.) calcd for C25H28F3N2O7S: 589.1290; found:
589.1281.


4.8. (4-{[2-Nitro-5-(trifluoromethyl)phenoxy]meth-
yl}phenyl)methanol (21)


To a stirred solution of 20a (18.5 g, 52.1 mmol) in Et2O
(200 mL) and MeOH (3.2 mL) was added LiBH4


(1.72 g, 78.2 mmol) under argon atmosphere. The reac-
tion mixture was refluxed, stirred at 0 �C overnight,
quenched with water, and extracted with EtOAc (2·).
The combined organic layers were washed with water

(2·), brine, dried over MgSO4, and evaporated. The
resulting residue was purified by column chromatogra-
phy on silica gel to yield 21 (14.4 g, 85%). TLC
Rf = 0.28 (EtOAc/hexane, 1:2); 1H NMR (300 MHz,
CDCl3) d 7.91 (d, J = 7.5 Hz, 1H), 7.47–7.31 (m, 6H),
5.28 (s, 2H), 4.27 (s, 2H), 1.69 (br s, 1H).


4.9. 4-{[2-Nitro-5-(trifluoromethyl)phenoxy]methyl}benz-
aldehyde (22)


To a stirred solution of 21 (13.9 g, 42.6 mmol), DMSO
(93 mL) and iPr2NEt (44.5 mL, 256 mmol) in EtOAc
(67 mL) was added SO3ÆPy (20.3 g, 128 mmol) at room
temperature. The reaction mixture was stirred for
30 min, quenched with water, and extracted with EtOAc
(2·). The combined organic layers were washed with
water (3·), brine, dried over MgSO4, and evaporated
to yield 22 (11.7 g, 81%). TLC Rf = 0.56 (EtOAc/hexane,
1:2); 1H NMR (300 MHz, CDCl3) d 10.05 (s, 1H),
8.00–7.29 (m, 3H), 7.65 (d, J = 8.1 Hz, 2H), 7.40–7.36
(m, 2H), 5.36 (s, 2H).


4.10. (2E)-3-(4-{[2-Nitro-5-(trifluoromethyl)phen-
oxy]methyl}phenyl)acrylic acid (23)


A solution of 22 (11.3 g, 34.9 mmol), malonic acid
(7.26 g, 69.8 mmol), and piperidine (6.9 mL, 69.8 mmol)
in pyridine (70 mL) was stirred at 100 �C under argon
atmosphere. After being stirred for 30 min, the reaction
mixture was concentrated in vavuo, quenched with
water, and extracted with EtOAc (2·). The combined
organic layers were washed with 1 M HCl, water, brine,
and dried over MgSO4, and evaporated to afford a res-
idue, which was recrystallized from EtOAc and hexane
to yield 23 (11.6 g, 90%). 1H NMR (300 MHz, CDCl3)
d 8.64 (m, 1H), 7.94 (d, J = 8.1 Hz, 1H), 7.77 (d,
J = 15.6 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.51 (d,
J = 8.4 Hz, 2H), 7.40-7.30 (m, 1H), 6.48 (d,
J = 15.6 Hz, 1H), 5.30 (s, 2H).


4.11. Methyl (2E)-3-(4-{[2-nitro-5-(trifluoromethyl)phen-
oxy]methyl}phenyl)acrylate (20b)


To a stirred solution of 23 (11.5 g, 31.4 mmol) and
K2CO3 (6.6 g, 47.2 mmol) in DMF (125 mL) was added
methyl iodide (2.9 mL, 47.2 mmol) under argon atmo-
sphere. After being stirred for 1.5 h at 65 �C, the reac-
tion mixture was quenched with water and extracted
with EtOAc (2·). The combined organic layers were
washed with water (3·), brine, dried over MgSO4, and
evaporated to yield 20b (12.1 g, 100%). TLC Rf = 0.76
(EtOAc/hexane, 1:2); 1H NMR (300 MHz, CDCl3) d
7.93 (d, J = 8.1 Hz, 1H), 7.69 (d, J = 15.9 Hz, 1H),
7.57 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H),
7.39–7.32 (m, 2H), 6.46 (d, J = 15.9 Hz, 1H), 5.29 (s,
2H), 3.82 (s, 3H).


4.12. Methyl (2E)-3-(4-{[2-amino-5-(trifluorometh-
yl)phenoxy]methyl}phenyl)acrylate (24b)


Compound 24b was prepared from 20b according to the
same procedure as described for the preparation of 24a
from 20a. Yield 91%; TLC Rf = 0.34 (EtOAc/hexane,
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1:2); 1H NMR (300 MHz, CDCl3) d 7.71 (d, J = 15.9 Hz,
1H), 7.56 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H),
7.09 (m, 1H), 7.04 (d, J = 1.2 Hz, 1H), 6.73 (dd,
J = 8.1, 0.6 Hz, 1H), 6.47 (d, J = 15.9 Hz, 1H), 5.12 (s,
2H), 4.12 (br s, 2H), 3.88 (s, 3H).


4.13. Methyl (2E)-3-(4-{[2-{[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}phen-
yl)acrylate (25b)


Compound 25b was prepared from 24b according to the
same procedure as described for the preparation of 25a
from 24a. Yield 80%; TLC Rf = 0.59 (EtOAc/benzene,
1:9); 1H NMR (200 MHz, CDCl3) d 7.72 (d,
J = 16.2 Hz, 1H), 7.67–7.53 (m, 3H), 7.44–7.32 (m,
3H), 7.22 (d, J = 7.6 Hz, 1H), 7.10 (m, 1H), 7.00 (d,
J = 3.4 Hz, 1H), 6.48 (d, J = 16.2 Hz, 1H), 6.06 (d,
J = 3.4 Hz, 1H), 5.11 (s, 2H), 3.83 (s, 3H), 2.28 (s, 3H).


4.14. Methyl (2E)-3-(4-{[2-{isobutyl[(5-methyl-2-
furyl)sulfonyl]amino}-5-(trifluoromethyl)phenoxy]meth-
yl}phenyl)acrylate (26b)


Compound 26b was prepared from 25b according to the
same procedure as described for the preparation of 26a
from 25a. Yield 94%; TLC Rf = 0.44 (EtOAc/hexane,
1:3); 1H NMR (200 MHz, CDCl3) d 7.70 (d,
J = 16.0 Hz, 1H), 7.55 (d, J = 8.2 Hz, 2H), 7.45–7.15
(m, 3H), 7.37 (d, J = 8.2 Hz, 2H), 6.73 (d, J = 3.4 Hz,
1H), 6.47 (d, J = 16.0 Hz, 1H), 5.96 (dq, J = 3.4, 1.0 Hz,
1H), 5.03 (s, 2H), 3.82 (s, 3H), 3.51 (d, J = 7.2 Hz, 2H),
2.14 (s, 3H), 1.75–1.50 (m, 1H), 0.89 (d, J = 6.6 Hz, 6H).


4.15. (2E)-3-(4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}phen-
yl)acrylic acid (16)


Compound 16 was prepared from 26b according to the
same procedure as described for the preparation of 2b
from 26a. Yield 91%; TLC Rf = 0.51 (EtOAc/hexane/
AcOH, 1:1:0.02); 1H NMR (200 MHz, CDCl3) d 7.80
(d, J = 16.2 Hz, 1H), 7.59 (d, J = 8.0 Hz, 2H),
7.45–7.36 (m, 3H), 7.26 (dd, J = 8.2, 1.8 Hz, 1H), 7.18
(d, J = 1.8 Hz, 1H), 7.00–5.00 (br, 1H), 6.75 (d,
J = 3.4 Hz, 1H), 6.49 (d, J = 16.2 Hz, 1H), 5.98 (dq,
J = 3.4, 0.8 Hz, 1H), 5.05 (br s, 2H), 3.51 (d,
J = 7.4 Hz, 2H), 2.16 (q, J = 0.8 Hz, 3H), 1.75–1.50
(m, 1H), 0.90 (d, J = 6.8 Hz, 6H); IR (KBr) 2967,
1683, 1630, 1510, 1424, 1380, 1331, 1219, 1127, 1086,
1066, 1041, 1019 cm�1; MS (FAB, Pos.) m/e 538
(M + H)+; Anal. Calcd for C26H26F3NO6 S: C, 58.09;
H, 4.88; N, 2.61; S, 5.96. Found: C, 58.11; H, 4.77; N,
2.56; S, 6.20.


4.16. Methyl 3-(4-{[2-amino-5-(trifluoromethyl)phen-
oxy]methyl}phenyl)propanoate (24c)


To a stirred solution of 24b (500 mg, 1.43 mmol) in
EtOH (2 mL) and THF (2 mL) were added NiCl2Æ6H2O
(34 mg, 0.14 mmol) and NaBH4 (59 mg, 1.57 mmol) un-
der argon atmosphere. The reaction mixture was stirred
for 1 h at room temperature, quenched with water, and
extracted with EtOAc. The organic layer was washed

with brine, dried over MgSO4, and concentrated in vac-
uo. The resulting residue was purified by column chro-
matography on silica gel to yield 24c (370 mg, 74%).
TLC Rf = 0.39 (EtOAc/hexane, 1:2); 1H NMR
(300 MHz, CDCl3) d 7.37 (d, J = 8.1 Hz, 2H), 7.24 (d,
J = 8.1 Hz, 2H), 7.11–7.04 (m, 2H), 6.73 (d,
J = 8.1 Hz, 1H), 5.06 (s, 2H), 4.09 (br, 2H), 3.68 (s,
3H), 2.98 (t, J = 7.8 Hz, 2H), 2.65 (t, J = 7.8 Hz, 2H);
MS (APCI, Pos.) m/e 354 (M + H)+.


4.17. Methyl 3-(4-{[2-{[(5-methyl-2-furyl)sulfonyl]ami-
no}-5-(trifluoromethyl)phenoxy]methyl}phenyl)propano-
ate (25c)


Compound 25c was prepared from 24c according to the
same procedure as described for the preparation of 25a
from 24a. Yield 100%; TLC Rf = 0.33 (EtOAc/hexane,
1:2); 1H NMR (300 MHz, CDCl3) d 7.60 (d,
J = 8.7 Hz, 1H), 7.34 (s, 1H), 7.32–7.16 (m, 5H), 7.09
(d, J = 1.8 Hz, 1H), 6.98 (d, J = 2.7 Hz, 1H), 6.05 (dq,
J = 3.3, 0.9 Hz, 1H), 5.03 (s, 2H), 3.68 (s, 3H), 2.99 (t,
J = 7.2 Hz, 2H), 2.66 (t, J = 7.2 Hz, 2H), 2.28 (d,
J = 0.9 Hz, 3H); MS (APCI, Pos.) m/e 498 (M + H)+.


4.18. Methyl 3-(4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}phen-
yl)propanoate (26c)


Compound 26c was prepared from 25c according to the
same procedure as described for the preparation of 26a
from 25a. Yield 70%; TLC Rf = 0.55 (EtOAc/hexane,
1:1); 1H NMR (300 MHz, CDCl3) d 7.44 (dd, J = 8.1,
0.6 Hz, 1H), 7.30–7.15 (m, 6H), 6.69 (dd, J = 3.3,
0.3 Hz, 1H), 5.94 (dq, J = 3.6, 1.2 Hz, 1H), 4.95 (br s,
2H), 3.68 (s, 3H), 3.52 (d, J = 7.5 Hz, 2H), 2.97 (t,
J = 7.5 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H), 2.10 (d,
J = 0.3 Hz, 3H), 1.62 (sept, J = 6.9 Hz, 1H), 0.90 (d,
J = 6.9 Hz, 6H); MS (APCI, Pos.) m/e 554 (M + H)+.


4.19. 3-(4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]ami-
no}-5-(trifluoromethyl)phenoxy]methyl}phenyl)propanoic
acid (15)


Compound 15 was prepared from 26c according to the
same procedure as described for the preparation of 2
from 26a. Yield 98%; TLC Rf = 0.39 (EtOAc/hexane,
1:1); 1H NMR (300 MHz, CDCl3) d 7.43 (dd, J = 8.1,
1.8 Hz, 1H), 7.27–7.22 (m, 5H), 7.16 (d, J = 1.8 Hz,
1H), 6.69 (d, J = 3.3 Hz, 1H), 5.94 (dd, J = 3.3, 1.2 Hz,
1H), 4.95 (s, 2H), 3.51 (d, J = 6.9 Hz, 2H), 2.99 (t,
J = 7.5 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 2.10 (s, 3H),
1.60 (sept, J = 6.9 Hz, 1H), 0.89 (d, J = 6.9 Hz, 6H);
IR (neat) 2979, 1712, 1611, 1590, 1513, 1427, 1330,
1129, 1038, 903, 698 cm�1; MS (APCI, Neg.) m/e 538
(M–H)�; HRMS (Pos.) calcd for C26H29F3NO6 S:
540.1668; found: 540.1684.


4.20. Methyl 3-(4-{[2-[[(5-methyl-2-furyl)sulfonyl](isobu-
tyl)amino]-5-(trifluoromethyl)phenoxy]methyl}phen-
yl)prop-2-ynoate (26d)


To a stirred solution of 2b (250 mg, 0.49 mmol) in
EtOAc (4 mL) was added SOCl2 (0.071 mL, 0.98 mmol)
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under argon atmosphere. After being stirred for 1.5 h at
80 �C, the reaction mixture was concentrated in vacuo.
To the resulting residue were added toluene (4 mL),
methyl (triphenylphosphoranylidene)acetate (167 mg,
0.50 mmol), and Et3N (0.07 mL, 0.50 mmol) under
argon atmosphere. After being stirred for 3 h at 125 �C,
the reaction mixture was quenched with water and
extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO4, and concentrated in vac-
uo. A solution of the resulting residue in o-dichloroben-
zene (2 mL) was stirred at 200 �C for 3.5 h and then
concentrated in vacuo. The resulting residue was puri-
fied by column chromatography on silica gel to yield
26d (170 mg, 63%). TLC Rf = 0.52 (EtOAc/hexane,
1:2); 1H NMR (300 MHz, CDCl3) d 7.61 (d,
J = 8.4 Hz, 2H), 7.40 (d, J = 8.1 Hz, 1H), 7.31 (d,
J = 8.4 Hz, 2H), 7.27 (m, 1H), 7.15 (d, J = 1.5 Hz,
1H), 6.74 (d, J = 3.3 Hz, 1H), 5.98 (dd, J = 3.3, 0.9 Hz,
1H), 5.09 (br s, 2H), 3.86 (s, 3H), 3.49 (d, J = 6.9 Hz,
2H), 2.16 (s, 3H), 1.60 (sept, J = 6.9 Hz, 1H), 0.88 (d,
J = 6.9 Hz, 6H).


4.21. 3-(4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]ami-
no}-5-(trifluoromethyl)phenoxy]methyl}phenyl)prop-2-
ynoic acid (17)


Compound 17 was prepared from 26c according to the
same procedure as described for the preparation of 2b
from 26a. Yield 91%; TLC Rf = 0.24 (MeOH/CHCl3,
1:4); 1H NMR (300 MHz, CDCl3) d 7.64 (d,
J = 8.1 Hz, 2H), 7.43–7.37 (m, 3H), 7.27 (m, 1H), 7.16
(d, J = 1.5 Hz, 1H), 6.76 (d, J = 3.3 Hz, 1H), 5.99 (dd,
J = 3.3, 0.9 Hz, 1H), 5.06 (br s, 2H), 3.48 (d,
J = 6.9 Hz, 2H), 2.18 (s, 3H), 1.63 (sep, J = 6.9 Hz,
1H), 0.88 (d, J = 6.9 Hz, 6H); IR (KBr) 3437, 3085,
2967, 2582, 2227, 2202, 1679, 1513, 1427, 1358, 1331,
1212, 1127, 909 cm�1; MS (FAB, Pos.) m/e 558
(M + Na)+, 536 (M + H)+; Anal. Calcd for
C26H24F3NO6 S: C, 58.31; H, 4.52; N, 2.62; S, 5.99.
Found: C, 58.51; H, 4.53; N, 2.60; S, 5.96.


4.22. Pyridinium 5-methylfuran-2-sulfonate (28)


To a stirred solution of 27 (46 g, 560 mmol) in CH3CN
(60 mL) was added SO3ÆPy (116 g, 728 mmol). After
being stirred at 40 �C for 23 h under argon atmosphere,
the reaction mixture was diluted with EtOAc (120 mL)
and stirred for 2 h at 5 �C. The resulting precipitates
were collected by filtration to yield 28 (126 g, 93%). 1H
NMR (300 MHz, DMSO-d6) d 8.95 (dd, J = 6.3,
1.5 Hz, 2H), 8.61 (tt, J = 8.1, 1.5 Hz, 1H), 8.08 (dd,
J = 8.1, 6.3 Hz, 2H), 6.27 (d, J = 3.0 Hz, 1H),
5.98–5.94 (m, 1H), 2.24 (d, J = 0.6 Hz, 3H).


4.23. 5-Methylfuran-2-sulfonyl chloride (29)


To a stirred suspension of 28 (102 g, 420 mmol) in DME
(300 mL) were added oxalyl chloride (55 mL, 631 mmol)
and then DMF (33 mL) at 0 �C under argon atmo-
sphere. After being stirred for 3 h at room temperature,
the reaction mixture was quenched with ice-water and
extracted with toluene. The organic layer was washed
with aqueous NaHCO3, water, and brine, dried over

MgSO4, and evaporated to yield 29 (31 g, 41%), which
was used for the next step without further purification.
TLC Rf = 0.32 (EtOAc/hexane, 1:2); 1H NMR
(200 MHz, CDCl3) d 7.23-7.21 (m, 1H), 6.27–6.25 (m,
1H), 2.47 (s, 3H).


4.24. 2-(Methoxymethoxy)-4-(trifluoromethyl)aniline (31)


A suspension of 30 (2.32 g, 9.24 mmol) and 10% Pd–C
(232 mg) in MeOH (10 mL) was stirred for 1 h under
hydrogen atmosphere. The reaction mixture was filtered
through a pad of Celite and the filtrate was concentrated
in vacuo. The resulting residue was purified by column
chromatography on silica gel to yield 31 (1.88 g, 88%).
TLC Rf = 0.49 (EtOAc/hexane, 1:2); 1H NMR
(200 MHz, CDCl3) d 7.24 (m, 1H), 7.10 (m, 1H), 6.73
(m, 1H), 5.22 (s, 2H), 3.51 (s, 3H).


4.25. N-[2-(Methoxymethoxy)-4-(trifluoromethyl)phenyl]-
5-methylfuran-2-sulfonamide (32)


To a stirred solution of 31 (1.88 g, 8.50 mmol) and pyr-
idine (1.7 mL, 20.4 mmol) in CH2Cl2 (10 mL) was added
29 (1.84 g, 10.2 mmol) at 0 �C under argon atmosphere.
After being stirred for 6 h at room temperature, the
reaction mixture was quenched with water and extracted
with EtOAc (2·). The combined organic layers were
washed with 0.5 M HCl, water, and brine, dried over
MgSO4, and concentrated in vacuo to yield 32 (2.86 g,
92%). TLC Rf = 0.51 (EtOAc/hexane, 1:1); 1H NMR
(200 MHz, CDCl3) d 7.61 (d, J = 8.4 Hz, 1H), 7.43 (br
s, 1H), 7.32 (d, J = 1.8 Hz, 1H), 7.24 (dd, J = 8.4,
1.8 Hz, 1H), 7.02 (d, J = 3.4 Hz, 1H), 6.07 (d,
J = 3.4 Hz, 1H), 5.21 (s, 2H), 3.47 (s, 3H), 2.31 (s, 3H).


4.26. N-Isobutyl-N-[2-(methoxymethoxy)-4-(trifluoro-
methyl)phenyl]-5-methylfuran-2- sulfonamide (33)


Compound 33 was prepared from 32 according to the
same procedure as described for the preparation of
26a from 25a. Yield 63%; TLC Rf = 0.63 (EtOAc/hex-
ane, 1:3); 1H NMR (300 MHz, CDCl3) d 7.41 (d,
J = 1.8 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.28–7.22
(m, 1H), 6.76 (d, J = 3.6 Hz, 1H), 6.08 (d, J = 3.6 Hz,
1H), 5.03 (br s, 2H), 3.48 (q, J = 7.5 Hz, 2H), 3.44 (s,
3H), 2.39 (s, 3H), 1.70–1.50 (m, 1H), 0.91 (d,
J = 6.9 Hz, 6H).


4.27. N-[2-Hydroxy-4-(trifluoromethyl)phenyl]-N-isobu-
tyl-5-methylfuran-2-sulfonamide (34)


To a stirred solution of 33 (2.08 g, 4.94 mmol) in MeOH
(10 mL) was added 4 M HCl in dioxane (4 mL) at room
temperature. After being stirred for 6 h, the reaction
mixture was quenched with aqueous NaHCO3 and
extracted with EtOAc. The organic layer was washed
with water (2·), brine, dried over MgSO4 and concen-
trated in vacuo to yield 34 (1.75 g, 94%). TLC
Rf = 0.27 (EtOAc/Hex, 1:3); 1H NMR (200 MHz,
DMSO-d6) d 7.31 (d, J = 8.7 Hz, 1H), 7.14 (d,
J = 6.6 Hz, 2H), 6.89 (d, J = 3.3 Hz, 1H), 6.29 (d,
J = 3.3 Hz, 1H), 3.39 (d, J = 7.5 Hz, 2H), 2.35 (s, 3H),
1.50 (qn, J = 6.9 Hz, 1H), 0.85 (d, J = 6.9 Hz, 6H).
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4.28. N-[2-[(4-Cyanobenzyl)oxy]-4-(trifluoromethyl)phen-
yl]-N-isobutyl-5-methylfuran-2-sulfonamide (3)


A solution of 34 (800 mg, 2.12 mmol), 4-(bromometh-
yl)benzonitrile (424 mg, 2.12 mmol), and K2CO3


(293 mg, 2.12 mmol) in DMF (8 mL) was stirred at
65 �C under argon atmosphere. After being stirred for
40 min, the reaction mixture was quenched with water
and extracted with EtOAc. The organic layer was
washed with water, brine, dried over Na2SO4, and con-
centrated in vacuo. The resulting residue was purified
by column chromatography on silica gel to yield 3
(777 mg, 74%). TLC Rf = 0.84 (EtOAc/hexane, 1:1);
1H NMR (300 MHz, CDCl3) d 7.70 (d, J = 8.4 Hz,
2H), 7.53 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 7.8 Hz,
1H), 7.27 (dd, J = 7.8, 1.5 Hz, 1H), 7.17 (d,
J = 1.5 Hz, 1H), 6.79 (d, J = 3.3 Hz, 1H), 6.02 (dd,
J = 3.3, 0.9 Hz, 1H), 5.13 (s, 2H), 3.46 (d, J = 6.9 Hz,
2H), 2.23 (s, 3H), 1.61 (m, 1H), 0.87 (d, J = 6.9 Hz,
6H); IR (KBr) 3450, 2962, 1700, 1593, 1569, 1429,
1332, 1182, 1128, 1019 cm�1; MS (FAB, Pos.) m/e
670 (M + H)+; Anal. Calcd for C24H23F3N2 O4S: C,
58.53; H, 4.71; N, 5.69; S, 6.51. Found: C, 58.36; H,
4.76; N, 5.59; S, 6.79.


4.29. N-Isobutyl-5-methyl-N-[2-{[4-(1H-tetraazol-5-
yl)benzyl]oxy} -4-(trifluoromethyl)phenyl]furan-2-sulfon-
amide (11)


A solution of 3 (230 mg, 0.47 mmol), sodium azide
(40 mg, 0.61 mmol), and Et3NÆHCl (84 mg,
0.61 mmol) in toluene (2 mL) was stirred at 120 �C
under reflux condition. After being stirred overnight,
the reaction mixture was quenched with 0.5 N HCl,
extracted with EtOAc. The organic layer was washed
with water, brine, dried over Na2SO4, and concen-
trated in vacuo. The resulting residue was purified
by column chromatography on silica gel to yield 11
(49 mg, 20%). TLC Rf = 0.38 (MeOH/CHCl3, 1:4);
1H NMR (300 MHz, CDCl3) d 8.08 (d, J = 8.4 Hz,
2H), 7.53 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.4 Hz,
1H), 7.26 (m, 1H), 7.20 (s, 1H), 6.78 (d, J = 3.3
Hz, 1H), 6.02 (d, J = 3.3 Hz, 1H), 5.11 (br, 2H),
3.49 (d, J = 6.3 Hz, 2H), 2.21 (s, 3H), 1.63 (m, 1H),
0.88 (d, J = 6.3 Hz, 6H); IR (KBr) 2962, 1592,
1510, 1428, 1332, 1256, 1212, 1173, 1128, 1084,
1064, 1022, 912 cm�1; MS (FAB, Pos.) m/e 536
(M + H)+; HRMS (Pos.) calcd for C24H25F3N5 O4S:
536.1579; found: 536.1582.


4.30. N 0-Hydroxy-4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}benzene-
carboximidamide (35)


A solution of 3 (547 mg, 1.11 mmol), NH2OHÆHCl
(155 mg, 2.22 mmol), and Et3N (0.31 mL, 2.22 mmol)
in EtOH (6 mL) was stirred at 78 �C under argon atmo-
sphere. After being stirred for 2.5 h, the reaction mix-
ture was quenched with water and extracted with
EtOAc. The organic layer was washed with water,
brine, dried over Na2SO4, and concentrated in vacuo
to yield 35 (584 mg, quant). TLC Rf = 0.53 (EtOAc/
hexane, 1:1).

4.31. N-Isobutyl-5-methyl-N-[2-{[4-(2-oxido-3H-1,2,3,5-
oxathiadiazol-4-yl)benzyl]oxy}-4-(trifluoromethyl)phen-
yl]furan-2-sulfonamide (8)


To a stirred solution of 35 (150 mg, 0.29 mmol) and pyr-
idine (0.047 mL, 0.58 mmol) in THF (6 mL) was added
SOCl2 (0.022 mL, 0.29 mmol) at 0 �C under argon
atmosphere. After being stirred for 30 min, the reaction
mixture was quenched with water and extracted with
EtOAc. The organic layer was washed with water, brine,
dried over Na2SO4, and concentrated in vacuo. The
resulting residue was purified by column chromatogra-
phy on silica gel to yield 8 (83 mg, 51%). TLC
Rf = 0.56 (EtOAc/hexane, 1:1); 1H NMR (300 MHz,
DMSO-d6) d 12.18 (br s, 1H), 7.86 (d, J = 8.4 Hz, 2H),
7.53 (d, J = 8.4 Hz, 2H), 7.50 (s, 1H), 7.44 (d,
J = 8.4 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 6.91 (d,
J = 3.3 Hz, 1H), 6.18 (dd, J = 3.3, 1.2 Hz, 1H), 5.24
(br, 2H), 3.39 (d, J = 6.6 Hz, 2H), 2.15 (s, 3H), 1.52
(sep, J = 6.6 Hz, 1H), 0.82 (d, J = 6.6 Hz, 6H); IR
(KBr) 3252, 2961, 2930, 2873, 1613, 1592, 1508, 1332,
1211, 1173, 1130, 1020 cm�1; MS (FAB, Pos.) m/e 572
(M + H)+; HRMS (Pos.) calcd for C24H25F3N3 O6S2:
572.1137; found: 572.1116.


4.32. N-Isobutyl-5-methyl-N-[2-{[4-(5-oxo-4,5-dihydro-
1,2,4-oxadiazol-3-yl)benzyl]oxy}-4-(trifluoromethyl)phen-
yl]furan-2-sulfonamide (9)


To a stirred solution of 35 (200 mg, 0.38 mmol) and pyr-
idine (0.034 mL, 0.42 mmol) in DMF (1 mL) was added
2-ethylhexyl chloroformate (0.075 mL, 0.38 mmol) at
0 �C under argon atmosphere. After being stirred for
30 min, the reaction mixture was quenched with water
and extracted with EtOAc. The organic layer was
washed with brine, dried over Na2SO4, and concentrat-
ed in vacuo. To a stirred solution of the resulting residue
in xylene (3 mL) was stirred at 140 �C for 2 h, the reac-
tion mixture was concentrated and purified by column
chromatography on silica gel to yield 9 (77 mg, 36%).
TLC Rf = 0.50 (EtOAc/hexane, 1:1); 1H NMR
(300 MHz, DMSO-d6) d 12.95 (br s, 1H), 7.82 (d,
J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.50 (s, 1H),
7.44 (d, J = 8.4 Hz, 1H) 7.38 (d, J = 8.4 Hz, 1H), 6.90
(d, J = 3.3 Hz, 1H), 6.18 (dd, J = 3.3, 1.2 Hz, 1H), 5.23
(br, 2H), 3.39 (d, J = 6.6 Hz, 2H), 2.15 (s, 3H), 1.51
(sept, J = 6.6 Hz, 1H), 0.81 (d, J = 6.6 Hz, 6H); IR
(KBr) 3490, 3138, 2957, 2930, 2871, 1766, 1508, 1428,
1369, 1328, 1255, 1214, 1173, 1136, 1020, 910 cm�1;
MS (FAB, Pos.) m/e 552 (M + H)+ ; HRMS (Pos.) calcd
for C25H25F3N3 O6S: 552.1416; found: 552.1403.


4.33. N-Isobutyl-5-methyl-N-[2-{[4-(5-oxo-4,5-dihydro-
1,2,4-thiadiazol-3-yl)benzyl]oxy}-4-(trifluoromethyl)phen-
yl]furan-2-sulfonamide (10)


To a stirred solution of 35 (400 mg, 0.78 mmol) and
DBU (432 mg, 3.13 mmol) in CH3CN (7 mL) was added
TCDI (233 mg, 1.17 mmol) under argon atmosphere.
After being stirred for 1 h, the reaction mixture was
quenched with 1 M HCl and extracted with EtOAc.
The organic layer was washed with water and brine,
dried over Na2SO4, and concentrated in vacuo. To the
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stirred solution of the resulting residue in THF (5 mL)
was added BF3ÆOEt2 (0.51 mL, 3.91 mmol) under argon
atmosphere. After being stirred for 1 h, the reaction
mixture was quenched with water and extracted with
EtOAc. The organic layer was washed with 1 M HCl,
water, and brine, dried over Na2SO4, and concentrated
in vacuo. The resulting residue was purified by column
chromatography on silica gel to yield 10 (49 mg, 20%).
TLC Rf = 0.74 (EtOAc/hexane, 1:1); 1H NMR
(300 MHz, DMSO-d6) d 13.38 (br s, 1H), 7.95 (d,
J = 8.1 Hz, 2H), 7.50 (s, 1H), 7.48 (d, J = 8.1 Hz, 2H),
7.44 (d, J = 8.1 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 6.90
(d, J = 3.3 Hz, 1H), 6.18 (d, J = 3.3 Hz, 1H), 5.21 (br,
2H), 3.39 (d, J = 6.9 Hz, 2H), 2.15 (s, 3H), 1.51 (sept,
J = 6.9 Hz, 1H), 0.81 (d, J = 6.9 Hz, 6H); IR (KBr)
3423, 3271, 2973, 2930, 2875, 1712, 1687, 1413, 1360,
1258, 1165, 1117, 1016, 911 cm�1; MS (FAB, Pos.) m/e
568 (M + H)+; HRMS (Pos.) calcd for C25H25F3N3


O5S2: 568.1188; found: 568.1168.


4.34. 4-(Bromomethyl)benzamide (40a)


To a stirred solution of 36 (2.15 g, 10.0 mmol) in EtOAc
(40 mL) was added SOCl2 (1.1 mL, 15.0 mmol). After
being stirred overnight at 75 �C, the reaction mixture
was concentrated in vacuo and the resulting residue was
dissolved with CH2Cl2 (40 mL). To this stirred solution
was added 28% NH3 (1.2 mL, 20.0 mmol) at 0 �C under
argon. After being stirred for 10 min, the reaction mixture
was quenched with water and filtered through a pad of
Celite. The filtrate was extracted with EtOAc and the
organic layer was washed with 1 M HCl, water, and brine,
dried over Na2SO4, and concentrated in vacuo to yield 40a
(1.39 g, 65%). TLC Rf = 0.44 (EtOAc/hexane, 1:1); 1H
NMR (300 MHz, DMSO-d6) d 7.97 (br s, 1H), 7.83 (d,
J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.38 (br s, 1H),
4.73 (s, 2H); MS (APCI, Neg.) m/e 214 and 212 (M–H)�.


4.35. 4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]amino}-5-
(trifluoromethyl)phenoxy]methyl}benzamide (41a)


A stirred solution of 34 (150 mg, 0.40 mmol), 40a
(88 mg, 0.40 mmol) and K2CO3 (57 mg, 0.40 mmol), in
DMF (2 mL) was stirred at 70 �C under argon atmo-
sphere. After being stirred for 1.5 h, the reaction mixture
was quenched with water and extracted with EtOAc.
The organic layer was washed with water, brine, dried
over Na2SO4, and concentrated in vacuo. The resulting
residue was purified by column chromatography on sil-
ica gel to yield 41a (179 mg, 88%). 1H NMR (300 MHz,
CDCl3) d 7.85 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 8.1 Hz,
2H), 7.39 (d, J = 8.1 Hz, 1H), 7.26 (dd, J = 8.1, 1.8 Hz,
1H), 7.17 (d, J = 1.8 Hz, 1H), 6.76 (d, J = 3.3 Hz, 1H),
6.17 (br, 1H), 5.99 (dd, J = 3.3, 0.6 Hz, 1H), 5.75 (br,
1H), 5.09 (br s, 2H), 3.49 (d, J = 6.9 Hz, 2H), 2.18 (s,
3H), 1.63 (m, 1H), 0.88 (d, J = 6.9 Hz, 6H).


4.36. N-Acetyl-4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5- (trifluoromethyl)phenoxy]methyl}benzam-
ide (5)


A solution of 41a (179 mg, 0.35 mmol) in acetic anhy-
dride (2 mL) was stirred at 140 �C under argon

atmosphere. After being stirred for 3 h, the reaction
mixture was concentrated in vacuo, quenched with
aqueous NaHCO3, and extracted with EtOAc. The
organic layer was washed with water, brine, dried over
Na2SO4, and concentrated in vacuo. The resulting resi-
due was purified by column chromatography on silica
gel to yield 5 (50 mg, 26%). TLC Rf = 0.61 (EtOAc/hex-
ane, 1:1); 1H NMR (300 MHz, CDCl3) d 8.55 (br s, 1H),
7.87 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.36
(d, J = 7.8 Hz, 1H), 7.26 (m, 1H), 7.16 (d, J = 1.5 Hz,
1H), 6.78 (d, J = 3.3 Hz, 1H), 6.01 (dd, J = 3.3, 1.2 Hz,
1H), 5.13 (br, 2H), 3.48 (d, J = 6.9 Hz, 2H), 2.63 (s,
3H), 2.22 (s, 3H), 1.59 (sept, J = 6.9 Hz, 1H), 0.88 (d,
J = 6.9 Hz, 6H); IR (KBr) 3423, 3271, 2973, 2930,
2875, 1712, 1687, 1413, 1360, 1258, 1165, 1117, 1016,
911 cm�1; MS (FAB, Pos.) m/e 553 (M + H)+; HRMS
(Pos.) calcd for C26H28F3N2 O6S: 553.1620; found:
553.1611.


4.37. 4-(Bromomethyl)benzenesulfonamide (40b)


To a stirred solution of 37 (3.0 g, 11.1 mmol) in THF
(40 mL) was added 28% NH3 (2.8 mL) at 0 �C. After
being stirred for 1 h, the reaction mixture was quenched
with water and extracted with EtOAc. The organic layer
was washed with water, brine, dried over Na2SO4, and
concentrated to yield 40b (2.39 g, 86%). 1H NMR
(300 MHz, CDCl3) d 7.79 (d, J = 8.4 Hz, 2H), 7.62 (d,
J = 8.4 Hz, 2H), 7.37 (br s, 2H), 4.75 (s, 2H).


4.38. 4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]amino}-5-
(trifluoromethyl)phenoxy]methyl}benzenesulfonamide (41b)


Compound 41b was prepared from 34 and 40b according
to the same procedure as described for the preparation of
41a from 34 and 40a. Yield 69%; TLC Rf = 0.27 (EtOAc/
hexane, 2:3); 1H NMR (300 MHz, CDCl3) d 7.97 (d,
J = 8.7 Hz, 2H), 7.57 (d, J = 8.7 Hz, 2H), 7.37 (m, 1H),
7.26 (m, 1H), 7.18 (m, 1H), 6.78 (m, 1H), 6.03 (m, 1H),
5.14 (s, 2H), 4.90 (m, 2H), 3.47 (d, J = 7.2 Hz, 2H), 2.23
(s, 3H), 1.62 (m, 1H), 0.87 (d, J = 6.6 Hz, 6H).


4.39. N-Isobutyl-5-methyl-N-[2-[(4-{[(methylsulfo-
nyl)amino]sulfonyl}benzyl)oxy]-4- (trifluoromethyl)phen-
yl]furan-2-sulfonamide (6)


To a stirred solution of 41b (365 mg, 0.67 mmol) in
THF (5 mL) were added 1 M NaOH (2.68 mL,
2.68 mmol) and methanesulfonyl chloride (0.124 mL,
1.6 mmol) at room temperature under argon atmo-
sphere. After being stirred for 1 h, the reaction mixture
was quenched with 2 M HCl and extracted with EtOAc.
The organic layer was washed with water, brine, dried
over MgSO4, and concentrated in vacuo. The resulting
residue was purified by column chromatography on sil-
ica gel to yield 6 (374 mg, 90%). TLC Rf = 0.33 (MeOH/
CHCl3, 1:4); 1H NMR (300 MHz, CDCl3) d 8.02 (d,
J = 8.7 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 7.27 (m,
1H), 7.20 (m, 1H), 7.11 (m, 1H), 6.69 (d, J = 3.3 Hz,
1H), 5.94 (m, 1H), 5.10–4.88 (br, 2H), 3.37 (d,
J = 7.5 Hz, 2H), 2.67 (s, 3H), 2.19 (s, 3H), 1.51
(m, 1H), 0.76 (d, J = 6.9 Hz, 6H); IR (KBr) 3545,
1509, 1431, 1353, 1333, 1281, 1257, 1125, 1088,
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1061 cm�1; MS (FAB, Pos.) m/e 647 (M + Na)+, 625
(M + H)+; HRMS (Pos.) calcd for C24H27F3N2


O8S3Na: 647.0779; found: 647.0764.


4.40. N-[2-({4-[(Acetylamino)sulfonyl]benzyl}oxy)-4-(tri-
fluoromethyl)phenyl]-N-isobutyl-5-methylfuran-2-sulfon-
amide (7)


To a stirred solution of 41b (190 mg, 0.35 mmol) in pyr-
idine (1.5 mL) was added acetic anhydride (0.040 mL,
0.42 mmol) at room temperature under argon atmo-
sphere. After being stirred for 1 h at 70 �C, the reaction
mixture was quenched with water and extracted with
EtOAc. The organic layer was washed with water, brine,
dried over Na2SO4, and concentrated in vacuo. The
resulting residue was purified by column chromatogra-
phy on silica gel to yield 7 (124 mg, 65%). TLC
Rf = 0.63 (MeOH/CHCl3, 1:4); 1H NMR (300 MHz,
DMSO-d6) d 12.11 (s, 1H), 7.92 (d, J = 8.1 Hz, 2H),
7.56 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 1.5 Hz, 1H), 7.47
(d, J = 8.1 Hz, 1H), 7.39 (dd, J = 8.1, 1.5 Hz, 1H), 6.88
(d, J = 3.3 Hz, 1H), 6.10 (dd, J = 3.3, 0.9 Hz, 1H), 5.24
(br s, 2H), 3.42 (d, J = 7.2 Hz, 2H), 2.03 (s, 3H), 1.93
(s, 3H), 1.54 (m, 1H), 0.82 (d, J = 7.2 Hz, 6H); IR
(KBr) 3447, 3255, 2963, 2874, 1726, 1592, 1508, 1430,
1332, 1213, 1165, 1129, 1020 cm�1; MS (APCI, Neg.)
m/e 587 (M–H)�; HRMS (Pos.) calcd for C25H28F3N2


O7S2: 589.1290; found: 589.1281.


4.41. Methyl [4-(hydroxymethyl)phenoxy]acetate (39)


To a stirred solution of 38 (2.48 g, 20 mmol) and methyl
chloroacetate (2.60 g, 24 mmol) in acetone (40 mL) were
added K2CO3 (5.53 g, 40 mmol) and KI (332 mg, 2.0
eq). After being stirred for 4.5 h at 65 �C, the reaction
mixture was quenched with water and extracted with
EtOAc. The organic layer was washed with water, brine,
dried over Na2SO4, and concentrated in vacuo. The
resulting residue was purified by column chromatogra-
phy on silica gel to yield 39 (2.0 g, 51%). TLC
Rf = 0.46 (MeOH/CHCl3, 1:4); 1H NMR (300 MHz,
CDCl3) d 7.30 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz,
2H), 4.64 (s, 2H), 4.63 (s, 2H), 3.81 (s, 3H).


4.42. Methyl [4-(bromomethyl)phenoxy]acetate (40c)


To a stirred solution of 39 (435 mg, 2.22 mmol) in
CH2Cl2 (2 mL) was added a solution of PBr3


(0.24 mL, 2.66 mmol) in Et2O (2 mL). After being stir-
red for 30 min, the reaction mixture was quenched with
water and extracted with EtOAc. The organic layer was
washed with water, brine, dried over Na2SO4, and con-
centrated in vacuo to yield 40c (523 mg, 91%). TLC
Rf = 0.66 (EtOAc/hexane, 1:2); 1H NMR (300 MHz,
CDCl3) d 7.33 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz,
2H), 4.64 (s, 2H), 4.49 (s, 2H), 3.81 (s, 3H).


4.43. Methyl (4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}phen-
oxy)acetate (41c)


Compound 41c was prepared from 34 and 40c according
to the same procedure as described for the preparation

of 41a from 34 and 40a. Yield 90%; TLC Rf = 0.40
(EtOAc/hexane, 1:2); 1H NMR (300 MHz, CDCl3) d
7.42 (d, J = 7.8 Hz, 1H), 7.30–7.15 (m, 4H), 6.91 (d,
J = 9.0 Hz, 2H), 6.70 (d, J = 3.3 Hz, 1H), 6.00–5.95
(m, 1H), 4.93 (s, 2H), 4.66 (s, 2H), 3.82 (s, 3H), 3.49
(d, J = 6.9 Hz, 2H), 2.15 (s, 3H), 1.70–1.50 (m, 1H),
0.88 (d, J = 6.6 Hz, 6H).


4.44. (4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]amino}-
5-(trifluoromethyl)phenoxy]methyl}phenoxy)acetic acid
(18)


Compound 18 was prepared from 41c according to
the same procedure as described for the preparation
of 2b from 26a. Yield 93%; TLC Rf = 0.28 (MeOH/
CHCl3, 1:9); 1H NMR (300 MHz, CDCl3) d 7.41 (d,
J = 8.1 Hz, 1H), 7.35–7.15 (m, 4H), 6.94 (d,
J = 8.7 Hz, 2H), 6.71 (d, J = 3.3 Hz, 1H), 6.00–5.95
(m, 1H), 4.94 (br, 2H), 4.71 (s, 2H), 3.48 (d,
J = 6.9 Hz, 2H), 2.16 (s, 3H), 1.70–1.50 (m, 1H),
0.88 (d, J = 6.6 Hz, 6H); IR (KBr) 3448, 2961, 2930,
2874, 1740, 1613, 1591, 1515, 1429, 1358, 1332,
1212, 1177, 1127, 1082, 1012, 909 cm�1; MS (MALDI,
Pos.) m/e 580 (M + K)+, 564 (M + Na)+; HRMS
(Pos.) calcd for C25H27F3NO7S: 542.1460; found:
542.1455.


4.45. Dimethyl 4-(bromomethyl)phthalate (43)


To a stirred solution of 42 (10.4 g, 50 mmol) in CCl4
(40 mL) were added N-bromo succinimide (8.90 g,
50 mmol) and dibenzoyl peroxide (847 mg, 3.5 mmol).
After being stirred for 1 h at 76 �C under argon atmo-
sphere, the reaction mixture was concentrated in vacuo,
diluted with EtOAc, and filtered through a pad of Celite.
The filtrate was purified by column chromatography on
silica gel to yield 43 (9.0 g, 63%). TLC Rf = 0.30
(EtOAc/hexane, 1:4); 1H NMR (300 MHz, CDCl3) d
7.74 (d, J = 1.8 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.52
(dd, J = 7.8, 1.8 Hz, 1H), 4.48 (s, 2H), 3.92 (s, 3H),
3.91 (s, 3H).


4.46. Dimethyl 4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}phthalate
(44)


Compound 44 was prepared from 34 and 43 according
to the same procedure as described for the preparation
of 41a from 34 and 40a. Yield 80%; TLC Rf = 0.31
(EtOAc/hexane, 1:2); 1H NMR (300 MHz, CDCl3) d
7.77 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 1.2 Hz, 1H), 7.56
(m, 1H), 7.42 (dd, J = 7.8, 0.6 Hz, 1H), 7.28 (m, 1H),
6.73 (d, J = 3.3 Hz, 1H), 5.96 (dd, J = 3.3, 0.9 Hz, 1H),
5.06 (br s, 2H), 3.94 (s, 3H), 3.93 (s, 3H), 3.58 (d,
J = 6.6 Hz, 2H), 2.14 (s, 3H), 1.63 (m, 1H), 0.89 (d,
J = 6.6 Hz, 6H); MS (APCI, Pos.) m/e 552 (M + H)+.


4.47. 4-{[2-{Isobutyl[(5-methyl-2-furyl)sulfonyl]amino}-5-
(trifluoromethyl)phenoxy]methyl}phthalic acid (45)


Compound 45 was prepared from 44 according to the
same procedure as described for the preparation of 2b
from 26a. Yield 99%; TLC Rf = 0.25 (MeOH/CHCl3/
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AcOH, 2:20:1); 1H NMR (300 MHz, CDCl3) d 7.94 (d,
J = 7.8 Hz, 1H), 7.87 (s, 1H), 7.66 (d, J = 7.8 Hz, 1H),
7.42 (d, J = 8.1 Hz, 1H), 7.32–7.13 (m, 1H), 7.19 (s,
1H), 6.77 (d, J = 3.3 Hz, 1H), 5.97 (dd, J = 3.3, 1.2 Hz,
1H), 5.12 (br, 2H), 3.48 (d, J = 6.9 Hz, 2H), 2.16 (s,
3H), 1.67 (m, 1H), 0.90 (d, J = 6.6 Hz, 6H); MS (APCI,
Pos.) m/e 556 (M + H)+.


4.48. N-[2-[(1,3-dioxo-2,3-dihydro-1H-isoindol-5-
yl)methoxy]-4-(trifluoromethyl)phenyl]-N-isobutyl-5-
methylfuran-2-sulfonamide (12)


A solution of 45 (480 mg, 0.86 mmol) in Ac2O (10 mL)
was stirred at 140 �C under argon atmosphere. After
being stirred for 30 min, the reaction mixture was con-
centrated and diluted with THF (10 mL). To this stir-
red solution was added 28% NH3 (1 mL) at 0 �C
under argon atmosphere. After being stirred for 1 h,
the reaction mixture was quenched with 1 N HCl
and extracted with Et2O. The organic layer was
washed with brine, dried over MgSO4, and concentrat-
ed in vacuo. A solution of the resulting residue in tol-
uene (10 mL) was stirred at 125 �C for 3 h, the
reaction mixture was concentrated and purified by col-
umn chromatography on silica gel to yield 12 (65 mg,
13%). TLC Rf = 0.39 (EtOAc/hexane, 1:2); 1H NMR
(300 MHz, CDCl3) d 7.92 (d, J = 8.4 Hz, 1H), 7.88–
7.83 (m, 2H), 7.65 (br s, 1H), 7.36 (d, J = 8.1 Hz,
1H), 7.32–7.25 (m, 1H), 7.19 (d, J = 1.8 Hz, 1H),
6.82 (d, J = 3.3 Hz, 1H), 6.04 (dd, J = 3.3, 0.9 Hz,
1H), 5.20 (s, 2H), 3.46 (d, J = 7.5 Hz, 2H), 2.24 (s,
3H), 1.63 (m, 1H), 0.88 (d, J = 6.6 Hz, 6H); IR
(KBr) 3297, 1776, 1724, 1510, 1427, 1360, 1332,
1213, 1175, 1136, 1043, 860 cm�1; MS (APCI, Pos.)
m/e 537 (M + H)+; HRMS (Pos.) calcd for
C25H24F3N2 O6S: 537.1307; found: 537.1301.


4.49. 4-(Methoxycarbonyl)-3-nitrobenzoic acid (47)


To a stirred solution of 46 (10.1 g, 42.1 mmol) in MeOH
(350 mL) was added 2 M NaOH (21 mL, 42.0 mmol).
After being stirred for 1 day at room temperature, the
reaction mixture was quenched with 2 M HCl and
extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO4, and concentrated in vac-
uo. The resulting residue was washed with hexane to
yield 47 (6.22 g, 66%). TLC Rf = 0.42 (MeOH/CHCl3,
1:4); 1H NMR (300 MHz, DMSO-d6) d 13.92 (br s,
1H), 8.45 (d, J = 1.5 Hz, 1H), 8.32 (dd, J = 8.0, 1.5 Hz,
1H), 7.97 (d, J = 8.0 Hz, 1H), 3.87 (s, 3H).


4.50. Methyl 4-(hydroxymethyl)-2-nitrobenzoate (48)


To a stirred solution of 47 (2.0 g, 8.88 mmol) in THF
(20 mL) was added 2 M solution of BH3ÆSMe2 in
THF (4.5 mL, 9.0 mmol) under argon atmosphere.
After being stirred for 3 days at room temperature,
the reaction mixture was quenched with water and
extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO4, and concentrated in
vacuo. The resulting residue was purified by column
chromatography on silica gel to yield 48 (1.94 g,
100%). TLC Rf = 0.43 (MeOH/CHCl3, 1:9); 1H NMR

(300 MHz, DMSO-d6) d 7.94 (d, J = 1.0 Hz, 1H), 7.84
(d, J = 8.0 Hz, 1H), 7.75 (dd, J = 8.0, 1.0 Hz, 1H),
5.61 (t, J = 6.0 Hz, 1H), 4.64 (d, J = 6.0 Hz, 2H), 3.83
(s, 3H).


4.51. Methyl 4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5- (trifluoromethyl)phenoxy]methyl}-2-nitro-
benzoate (49)


To a stirred solution of 34 (520 mg, 1.38 mmol), 48
(580 mg, 2.75 mmol), and PPh3 (725 mg, 2.76 mmol) in
THF (10 mL) was added 40% solution of DEAD in
toluene (1.25 mL, 2.76 mmol) at room temperature un-
der argon atmosphere. After being stirred for 3 h, the
reaction mixture was concentrated in vacuo. The result-
ing residue was purified by column chromatography on
silica gel to yield 49 (625 mg, 80%). TLC Rf = 0.42
(EtOAc/hexane, 1:2); 1H NMR (300 MHz, DMSO-d6)
d 8.02 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.79 (d,
J = 8.0 Hz, 1H), 7.51 (s, 1H), 7.47 (d, J = 8.5 Hz, 1H),
7.41 (d, J = 8.5 Hz, 1H), 6.89 (d, J = 3.0 Hz, 1H), 6.10
(d, J = 3.0 Hz, 1H), 5.32 (br s, 2H), 3.86 (s, 3H), 3.39
(d, J = 7.0 Hz, 2H), 2.11 (s, 3H), 1.67–1.47 (m, 1H),
0.83 (d, J = 7.0 Hz, 6H).


4.52. Methyl 2-amino-4-{[2-{isobutyl[(5-methyl-2-
furyl)sulfonyl]amino}-5-(trifluoromethyl)phenoxy]meth-
yl}benzoate (50)


To a stirred solution of 49 (509 mg, 0.89 mmol) in
AcOH (5 mL) and water (0.5 mL) was added iron (325
mesh, 250 mg, 4.46 mmol) under argon atmosphere.
After being stirred for 3 h at 50 �C, the reaction mixture
was filtered through a pad of Celite. The filtrate was
concentrated in vacuo, diluted with aqueous NaHCO3,
and extracted with EtOAc. The organic layer was
washed with water, brine, dried over MgSO4, and con-
centrated in vacuo. The resulting residue was purified
by column chromatography on silica gel to yield 50
(376 mg, 78%). TLC Rf = 0.64 (EtOAc/hexane, 1:2);
1H NMR (300 MHz, DMSO-d6) d 7.68 (d, J = 8.0 Hz,
1H), 7.45 (d, J = 8.0 Hz, 1H), 7.44 (s, 1H), 7.36 (d,
J = 8.0 Hz, 1H), 6.88 (d, J = 3.0 Hz, 1H), 6.71 (s, 2H),
6.67 (s, 1H), 6.48 (d, J = 8.0 Hz, 1H), 6.16 (d,
J = 3.0 Hz, 1H), 5.00 (br s, 2H), 3.78 (s, 3H), 3.42 (d,
J = 7.0 Hz, 2H), 2.14 (s, 3H), 1.60–1.40 (m, 1H), 0.83
(d, J = 7.0 Hz, 6H).


4.53. 2-Amino-4-{[2-{isobutyl[(5-methyl-2-furyl)sulfo-
nyl]amino}-5-(trifluoromethyl)phenoxy]methyl}benzoic
acid (51)


Compound 51 was prepared from 49 according to the
same procedure as described for the preparation of 2b
from 26a. Yield 80%; TLC Rf = 0.55 (MeOH/CHCl3,
1:9); 1H NMR (300 MHz, DMSO-d6) d 9.50–8.00 (br
s, 2H), 7.67 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz,
1H), 7.44 (s, 1H), 7.36 (d, J = 8.0 Hz, 1H), 6.88 (d,
J = 3.0 Hz, 1H), 6.63 (s, 1H), 6.45 (d, J = 8.0 Hz, 1H),
6.17 (d, J = 3.0 Hz, 1H), 4.98 (br s, 2H), 3.42 (d,
J = 7.0 Hz, 2H), 2.15 (s, 3H), 1.51 (sept, J = 7.0 Hz,
1H), 0.83 (d, J = 7.0 Hz, 6H); MS (APCI, Neg.) m/e
525 (M–H)�.
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4.54. N-[2-[(4-Hydroxyquinazolin-7-yl)methoxy]-4-(tri-
fluoromethyl)phenyl]- N-isobutyl-5-methylfuran-2-sulfon-
amide (13)


A mixture of 51 (100 mg, 0.18 mmol) in formamidine
hydrochloride (290 mg, 3.62 mmol) was stirred at
210 �C. After being stirred for 1 h, the reaction mixture
was cooled to room temperature, quenched with water,
and extracted with EtOAc. The organic layer was
washed with brine, dried over MgSO4, and concentrated
in vacuo. The resulting residue was purified by column
chromatography on silica gel to yield 13 (82 mg, 80%).
TLC Rf = 0.57 (MeOH/CHCl3, 1:9); 1H NMR
(300 MHz, DMSO-d6) d 12.27 (br s, 1H), 8.12 (d,
J = 8.0 Hz, 1H), 8.11 (s, 1H), 7.66 (s, 1H), 7.52 (s,
1H), 7.46 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H),
7.39 (d, J = 8.0 Hz, 1H), 6.88 (d, J = 3.0 Hz, 1H), 6.12
(d, J = 3.0 Hz, 1H), 5.31 (br s, 2H), 3.43 (d,
J = 7.0 Hz, 2H), 2.08 (s, 3H), 1.63–1.43 (m, 1H), 0.83
(d, J = 7.0 Hz, 6H); IR (KBr) 3443, 1690, 1621, 1426,
1333, 1175, 1135 cm�1; MS (APCI, Pos.) m/e 536
(M + H)+; Anal. Calcd for C25H24F3N3 O5S: C, 56.07;
H, 4.52; N, 7.85; S, 5.99. Found: C, 55.89; H, 4.77; N,
7.92; S, 6.16.


4.55. N-[2-[(2,4-Dihydroxyquinazolin-7-yl)methoxy]-4-
(trifluoromethyl)phenyl]- N-isobutyl-5-methylfuran-2-sul-
fonamide (14)


A mixture of 51 (88 mg, 0.16 mmol) and urea (100 mg,
1.67 mmol) was stirred at 200 �C. After being stirred
for 1 h, the reaction mixture was cooled to room temper-
ature, quenched with water, and extracted with EtOAc.
The organic layer was washed with brine, dried over
MgSO4, and concentrated in vacuo. The resulting resi-
due was purified by column chromatography on silica
gel to yield 14 (80 mg, 87%). TLC Rf = 0.55 (MeOH/
CHCl3, 1:9); 1H NMR (300 MHz, DMSO-d6) d 11.32
(br s, 2H), 7.88 (d, J = 8.0 Hz, 1H), 7.51 (s, 1H), 7.48
(d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.11 (d,
J = 8.0 Hz, 1H), 7.06 (s, 1H), 6.88 (d, J = 3.0 Hz, 1H),
6.08 (d, J = 3.0 Hz, 1H), 5.19 (br s, 2H), 3.45 (br s,
2H), 2.04 (s, 3H), 1.66–1.46 (m, 1H), 0.85 (d,
J = 7.0 Hz, 6H); IR (KBr) 3461, 3061, 2962, 1718,
1633, 1428, 1360, 1332, 1174, 1135 cm�1; MS (APCI,
Pos.) m/e 552 (M + H)+; Anal. Calcd for C25H24F3N3


O6S: C, 54.44; H, 4.39; N, 7.62; S, 5.81. Found: C,
54.41; H, 4.68; N, 7.68; S, 5.93.

5. Biological assay method


5.1. Prostanoid mEP1-4 receptor binding assay


Competitive binding studies were conducted using radi-
olabeled ligands and membrane fractions prepared from
Chinese hamster ovary (CHO) cells stably expressing the
prostanoid receptors mEP1-4.


Membranes from CHO cells expressing prostanoid
receptors were incubated with radioligand (2.5 nM
[3H]PGE2) and test compounds at various concentra-
tions in assay buffer (10 mM KH2PO4-KOH buffer con-

taining 1 mM EDTA and 0.1 mM NaCl, pH 6.0).
Incubation was carried out at 25 �C for 60 min except
for mEP1 that was incubated for 20 min. Incubation
was terminated by filtration through a Whatman
GF/B filter. The filter was subsequently washed with
ice-cold buffer (10 mM KH2PO4-KOH buffer containing
0.1 mM NaCl, pH 6.0), and the radioactivity on the fil-
ter was measured in 6 mL of liquid scintillation (ACSII)
mixture with a liquid scintillation counter. Nonspecific
binding was achieved by adding excess amounts of unla-
beled PGE2 in assay buffer. The concentration of the test
compounds required for the inhibition of specific bind-
ing in the vehicle group by 50% (IC50 value) was estimat-
ed from the regression curve. The Ki value (M) was
calculated according to the following equation.


K i ¼ IC50=ðlþ ½L�=KdÞ
[L]: Concentration of radiolabeled ligand; Kd; Dissocia-
tion constant of radiolabeled ligand for the prostanoid
receptors.


5.2. Measurement of the mEP1 receptor antagonist
activity


To confirm that test compounds antagonized the mEP1
receptor and estimate potencies of antagonism for the
mEP1receptor, a functional assay was performed by
measuring PGE2-stimulated changes in intracellular
Ca2+ as an indicator of receptor function. The cells
expressing mEP1 receptor were seeded at 1 · 104 cells/
well in 96-well plates and cultured for 2 days with 10%
FBS (fetal bovine serum)/minimum essential medium
Eagle alpha modification (aMEM) in an incubator
(37 �C, 5% CO2). The cells in each well were rinsed with
phosphate buffer (PBS(�)), and load buffer was added.
After incubation for 1 h, the load buffer (10% FBS/
aMEM containing 5 lM of Fura 2/AM, 20 lM of indo-
methacin, and 2.5 mM of probenecid) was discarded.
After the addition of assay buffer (Hanks’ balanced salt
solution (HBSS) containing 0.1% (w/v) BSA, 2 lM of
indomethacin, 2.5 mM of probenecid, and 10 mM of
Hepes-NaOH) to each well, the cells were incubated in
the dark at room temperature for 1 h. After the addition
of a solution containing test compound (10 ll) and
PGE2 (10 ll), which was prepared with an assay buffer,
intracellular calcium concentration was measured with a
Fluorescence drug screening system (FDSS-4000,
Hamamatsu Photonics). The fluorescence intensities
emitted at 500 nm by an excitation wavelength of 340
and 380 nm were measured. The percent inhibition on
the increase of the intracellular Ca2+ concentration
induced by PGE2 (100 nM) was calculated relative to
the maximum Ca2+ concentration that occurred in the
absence of the test compound (100%) to estimate the
IC50 value.
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Abstract—DNG nucleotides represent a positively charged DNA analog in which the negatively charged phosphodiester linkages of
DNA are replaced by positively charged guanidinium linkages. We report herein the synthesis of 3 0-end, middle, and 5 0-end mono-
mers required for the synthesis of a DNG sequence in which the natural guanine base is replaced by 7-deazaguanine (c7G). 7-Deaza-
guanine nucleobase was chosen because of their unique glycoside bond stability and their ability to prevent G-quartet formation. A
facile and high yield two-step synthesis of xylo-7-deazaguanine 7, a key intermediate for introducing 3 0-amino functionality, is car-
ried out under Mitsunobu conditions. Subsequently, the 3 0-Fmoc-protected thiourea monomers 13 and 19 were prepared from 7 via
their corresponding 3 0-amino-7-deazaguanines 11 and 18, respectively. The smooth coupling of these thiourea monomers with
monomethoxytrityl (MMTr)-protected 3 0-end monomer 25, prepared from 5, occurred on solid phase in 3 0 ! 5 0 direction. The
resultant trimeric HO-c7Ggc7Ggc7G-OH (1) has been designed to be included into DNA using standard DNA synthesis technology.
The combination of C-c7G base pairing and electrostatic association of phosphodiester and guanidinium backbone allows the small
synthesized DNG trimer 1 to form 1:1 complex with DNA-C pentamer.
� 2006 Published by Elsevier Ltd.

1. Introduction


The artificial control of gene expression by synthetic oli-
gonucleotides, either at translational (antisense) or at a
transcriptional (antigene) level, is a long-standing dream
in human therapy and biotechnology. There has been
steady progress in antisense technology, which is evident
from the fact that one antisense drug, Fomivirsen, is
currently on the market to treat cytomegalovirus
(CMV) retinitis, while several others are at different
stages of clinical trial for treatment of cancer/and or
viral diseases.1,2 In contrast, there is no antigene
oligodeoxynucleotide (ODN) in clinical trials, although
targeting the gene dsDNA is a more logical approach
as there are only two copies of genes in the eukaryotes
that are to be targeted forming a triple helix, instead
of thousands of copies of m-RNA in the antisense
approach. It has been demonstrated that the best triplex
forming oligonucleotides (TFOs) are those that contain
polypurine stretches, especially G-rich oligonucleotides.3


However, the major concern with G-rich TFOs is that
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they form G-quartets, especially in the presence of
monovalent cations via inter- or intrastrand H-bondings
(Fig. 1a). This potentially restricts the effectiveness of
purine-rich TFOs as antigene agents.4,5 G-rich oligonu-
cleotides have also been shown to have a strong anti-
proliferative activity against a number of cancer cell
lines.6 In view of these findings, it is important to design
potential therapeutic TFOs that do not form G-quar-
tets. Among other modifications, the replacement of
guanosine N-7 with carbon creates 7-deazaguanosine
(c7G). c7G nucleosides have gained extensive attention
because some of them, such as queuosine7 and cadeguo-
mycin,8–10 exhibits a broad spectrum of biological and
chemotherapeutic activities. It has been demonstrated
that the removal of this H-bond acceptor (N-7) elimi-
nates the ability of ODNs to form G-quartets by remov-
ing Hoogsteen H-bonds between the 2-amino and N-7
nitrogen,11,12 while retaining the H-bond donor and
acceptor pattern required for the formation of c7G-C
duplexes13,14 and c7G:G-C triplets15 (Fig. 1b). However,
the binding study of these duplexes13,14 and triplexes15


of the ODN substituting c7G in place of dG showed a
substantial decrease in binding affinity compared to
dG, due to altered p-electron system of pyrrolo[2,3-d]py-
rimidine nucleobase which affects base stacking and
hydrogen bonding.
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To overcome the challenges in designing an ideal anti-
sense/antigene ODN having not only high binding affin-
ity but also maintaining base pair fidelity, resistance to
degradation by nucleases, and improved cell permeabili-
ty, several approaches have been reported. These include
backbone modification, for example, phosphorothio-
late,16 phosphonates,17 carbamates,18 methylene meth-
ylimino,19 and locked nucleic acids;20 or replacing the
entire sugar phosphodiester backbone such as in the case
of peptide nucleic acid (PNA),21 phosphonic ester nucleic
acid (PHONA),22 or nucleic acid analog peptide
(NAAP).23 Recently it has been shown that the introduc-
tion of positively charged groups at multiple sites in the
backbone,24–27 sugar28,29 or base30,31 greatly enhances
the duplex and triplex stability.32 Our investigation in
this area has resulted in the discovery of positively
charged guanidinium linkages replacing the negatively
charged phosphodiester linkages.33 As expected, these
deoxynucleic guanidines (DNGs) bind strongly to the
complementary DNA/RNA sequences with high affinity
and fidelity because the repulsive electrostatic effects of
natural duplex DNA are replaced by electrostatic attrac-
tion. DNG linkages have been shown to be resistant to
nucleases.34 It is also possible that the positive charge
of the DNG backbone may improve the cell permeability
through electrostatic attraction of the negatively charged
phosphate groups on the cell surface. Our earlier studies
have demonstrated that thimidinyl DNG oligomers have
a high affinity for and bind only with complementary
poly(dA) in a 2:1 stoichiometry without forming any
complexes with poly(dG), poly(dC) or poly(dT).33c Sim-
ilarly, adenyl DNG33b and cytidinyl DNG35 bind with
poly(dT) and poly(dG) in 1:2 and 1:1 stoichiometry,
respectively, with high affinity. Indeed, poly(dC)
DNG–poly(dG) DNA duplex is 1000 time more stable
than poly(dC–dG) duplex.35 We have also reported a
DNG chimera having mixed thymidinyl and guanyl
bases.36 However, we were unable to prepare DNG with
only guanyl bases. Therefore, we chose to incorporate
c7G bases in place of guanine because of their unique gly-
cosidic bond stability,37,38 stability toward enzymatic
hydrolysis,39 and most importantly, their ability to pre-
vent G-quartet formation.


A logical choice was to combine one of our best back-
bone modifications (i.e. DNG) with an appropriate
modified guanine base (i.e. c7G) to create a ODN which
can exhibit higher affinity toward single or double

stranded DNA, as well as general improved antisense/
antigene properties. Herein, we describe the preparation
of monomer building blocks and solid-phase synthesis
of DNG oligomer 1 incorporating c7G bases (Fig. 2).
A convenient and new method for the synthesis of
xylo-7-deazaguanine is also presented.

2. Results and discussion


2.1. Synthesis of monomers


The xylo-7-deazaguanine 7, required to prepare building
blocks 13 and 19 for the solid-phase synthesis of posi-
tively charged DNG oligonucleotide with guanidinium
linkages, was prepared as shown in Scheme 1. The pro-
tected 7-deazaguanine was prepared from 3 0,5 0-bis-O-(4-
chlorobenzoyl-2 0-deoxy-a-DD-ribofuranosyl chloride (2)
instead of Hoffer’s a-chloro sugar synthon reported ear-
lier,40 as 2 is more stable and readily crystallizes from
the solvent.41 Treatment of the sodium salt of 2-ami-
no-4-chloropyrrolo[2,3-d]pyrimidine42 with 2 in acetoni-
trile underwent regio- and stereospecific glycosylation to
afford exclusively the desired b-anomer of the protected
3 05 0-bis-O-benzoyl-4-chloro-7-deazanucleoside 3 in high
yield (78%). Hydrolysis of the benzoyl groups with
simultaneous nucleophilic substitution of the 4-chloro
group of 3 was initially carried out using sodium meth-
oxide in refluxing methanol, affording 4 in 70% yield.
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However, a clean and quantitative conversion occurred
when 3 was refluxed with Dowex 550A (OH) anion-ex-
change resin in methanol for 2 h. To our knowledge, this
is the first example of using this resin for one-pot simul-
taneous debenzoylation and substitution of 4-chloro
group to introduce methoxy functionality. The amino
function of 4 was masked as the corresponding isobutyr-
ic amide 5 in one step using a transient protection strat-
egy43 instead of using a two-step procedure reported
earlier.44 Attention was then focused on the stereospecif-
ic inversion of the 3 0-hydroxy group to prepare xylo-
isomer 7, a key intermediate to introduce amino
functionality at the 3 0-position. In pyrimidine nucleo-
sides, inversion of the stereochemistry at 3 0-position
can be easily achieved via anhydride formation resulting
from the intramolecular attack of the pyrimidine C2
oxygen onto the 3 0-carbon functionalized with a suitable
leaving group.45 Since there is no anhydride formation
with purines, the strategy involved the reaction of 5 with
4-nitrobenzoic acid under Mitsunobu conditions.46,47


The electron withdrawing p-nitro functionality of the
benzoic acid not only leads to complete stereo selective
inversion to afford exclusively the xylo-diester 6 in excel-
lent yield (77%), but also its subsequent removal with
ammonia was very clean. The overall yield of this two-
step conversion for preparing xylo-isomer 7 from 5
was 68%. This provides a facile and high yielding two
step route to prepare the xylo-intermediate from its
corresponding threo-isomer, for introducing 3 0-azido
or amino functionality, in comparison to lengthy or
low yielding routes available to prepare 2 0,3 0-dideoxy-
3 0-amino guanine.48–51


The elongating monomer, 3 0,5 0-protected diamino 13,
was prepared from 7 as shown in Scheme 2. Mesylation
of 7 with MsCl in pyridine afforded 3 0,5 0-dimesylate 8
which underwent nucleophilic substitution with lithium

azide in DMF at 90 �C, affording diazido derivative 9.
Our initial approach for removal of methoxy group of
9 using aqueous NaOH or TMSCl/NaI resulted in poor
yields (65–70%) of 10. However, a clean and quantita-
tive conversion occurred by heating 9 with sodium thio-
cresolate in DMF at 90 �C for 1 h, instead of using
carcinogenic phosphorus triamide solvent as previously
reported.52 Catalytic hydrogenation of diazide 10 with
activated Pd/C yielded corresponding diamine 11 in
quantitative yields. For regioselective tritylation of 5 0-
NH2 function of diamine 11, the best results were ob-
tained by dropwise addition of a cooled solution of
monomethoxytrityl chloride (MMTrCl) in CH2Cl2 dur-
ing 1 h to a cooled solution of 11 and diethyl amine at
�40 �C in CH2Cl2, to afford the desired 5 0-N-tritylamino
derivative 12 in 68% yield. A small amount of bis-trity-
lated derivative (<5%) formed, which was easily separat-
ed by silica gel column chromatography. Finally, the
3 0-amino group was protected using fluorenylmethyl-
oxycarbonyl isothiocyanate (Fmoc-NCS)53 to afford
the desired thiourea building block 13 in high yields.


The capping building block 19, also synthesized from 2 0-
deoxy-3 0xylo-7-deazaguanosine 7, is shown in Scheme 3.
Tritylation of 5 0-OH with MMTrCl in pyridine followed
by mesylation afforded the 5 0-monomethoxytritylated-
3 0mesyl derivative 15. Nucleophilic substitution of 15
with lithium azide occurred smoothly to afford the cor-
responding azide 16. Deprotection of the methoxy group
using sodium thiocresolate, followed by catalytic hydro-
genation using Pd/C, and protection of the amino func-
tionality with Fmoc-NCS (as discussed for preparing 13
from 10) afforded the desired capping thiourea mono-
mer 19.


The loading monomer 25 was prepared from 5 as
shown in Scheme 4. The regioselective 5 0 mesylation
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of 5 was carried out using MsCl in pyridine at 0 �C.
Subsequent conversion to azide 21 using lithium azide,
followed by catalytic hydrogenation over Pd/C, gave
corresponding 5 0-amino derivative 22. Tritylation of
the amino function by dropwise addition of MMTrCl
in pyridine at 0 �C followed by subsequent removal
of the methoxy group with sodium thiocresolate oc-
curred smoothly in high yield to give 24. Esterification
of the 3 0-OH with succinic anhydride afforded the
loading monomer 25.


The triethylammonium salt of 25 underwent excellent
coupling with the amino function of long-chain alkyl
amino controlled pore glass (LCAA-CPG) in presence
of 4-(4,6-dimethoxy-1,3,5-traiazin-2-yl)-4-methylmorph-
olinium chloride (DMTMM)54 to afford monomer load-
ed CPG 26. In comparison to the frequently used
approach of activating the acid group by 4-nitrophenol
using DCC and subsequent loading on CPG reported
earlier for DNG synthesis33 which is tedious, time-con-
suming, and often gives lower loading yields (25–
30 lmol/g loading after first coupling), the present meth-
od is facile, clean, and gave excellent loading (51 lmol/g)
on CPG within 1 h (Scheme 4). The loading yield was
determined spectrophotometrically from the amount of
MMT cation released upon treatment with 4% dichloro-
acetic acid (DCA) solution in CH2Cl2. After loading, the
unprotected sites were capped with Ac2O/TEA.

2.2. Solid-phase synthesis of DNG (1)


Solid-phase synthesis of DNG trimer was performed on
CPG support from 3 0 ! 5 0 direction, as in the standard
DNA synthesis. A typical solid-phase synthesis is out-
lined in Scheme 5. Upon deblocking of the acid labile
MMTr group, the 5 0-amino functionality becomes avail-
able to couple with incoming precursor for the forma-
tion of a guanidinium linkage. The coupling reaction
was accomplished in the presence of HgCl2/TEA, where-
by the 3 0-Fmoc-protected thiourea of the incoming pre-
cursor 13 is converted into an activated carbodiimide
intermediate via abstraction of the sulfur atom on thio-
urea by Hg (II). The carbodiimide intermediate then re-
acts with 5 0-NH2 of the unmasked CPG loaded
monomer to provide a guanidinium linkage.33d The
HgS precipitate formed during the reaction was re-
moved by demercuration using 20% thiophenol in
DMF. After coupling, the unreacted 5 0-amino sites were
blocked by capping, rendering them inert toward further
chain elongation. The terminal 5 0-MMTr was then
deprotected and the coupling yield was determined to
be 80% by UV analysis. The coupling cycle was then
repeated using capping monomer 19. After final cou-
pling, the capping and deprotection steps were omitted
to simplify the crude product purification. The resulting
trimer 5 0-c7Ggc7Ggc7G*-3 0 was removed from CPG
using methanolic ammonia at 60 �C. The Fmoc-protect-
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ing groups on guanidinium linkages and isobutyryl
groups on exocyclic deazaguanine bases were also re-
moved simultaneously to afford MMTr-protected
DNG 29 (Scheme 5).


The crude DNG 29 was purified on reverse-phase HPLC
(altech C8 column) using 100 mM triethylammonium
acetate (TEAA) buffer (pH 7.0) as solvent A with a
gradient of 5%! 95% CH3CN as solvent B in 40 min.
The trityl group on the 5 0-terminus of the oligomer
29 was then deprotected with 4% DCA in CH2Cl2
solution and precipitated with excess ether. The precip-
itated product was centrifuged, dried, and purified by
reverse-phase HPLC to afford desired detritylated
trimer 1.


2.3. Binding studies of DNG 1


The binding stoichiometry of the trimeric DNG 1 with
complimentary pentameric cytidine DNA (DNA-C5)
was determined by the method of continuous variation55


to generate mixing curves of the absorbance versus mole
fraction of DNG and DNA (Fig. 3). This method is
based on the assumption that a decrease in absorbance
is proportional to the number of base pairs hydrogen
bonded between the interacting species. Increasing mole
fraction of DNA-C5 to DNG 1 lowered the UV absor-
bance at 260 nm. The inflection point at 50% DNA-C5

indicates that DNG 1 binds to complimentary penta-
meric DNA-C5 in 1:1 ratio, consistent with the forma-
tion of a Watson–Crick base paired duplex.

3. Conclusions


The first stepwise solid-phase synthesis of a dual
modified ODN with both a positively charged guanidini-
um backbone and incorporating 7-deazaguanine bases
has been accomplished. The trimeric DNG oligomer
3 0-OH-c7Ggc7Ggc7G-OH-5 0 (1) was synthesized in
3 0 ! 5 0 direction on CPG solid support, comparable
with standard DNA solid-phase synthesis. The synthesis
of orthogonally protected precursor deazaguanyl mono-
mers and a novel facile method for the inversion of 3 0-
OH functionality to prepare xylo-7-deazaguanine using
4-nitrobenzoic acid under Mitsunobu conditions are de-
scribed. The synthesized DNG trimer ODN binds to
cytidinyl-pentamer in 1:1 ratio. The synthesis of mono-
mers 13 and 19, as well as DNG 1 having a free hydroxyl
groups at both 3 0 and 5 0 ends described here can allow
us to prepare chimera DNA-O-c7Gg-(c7Gg)n-O-DNA
or DNA-O-c7Gg-Ag-Tg-Cg-G-O-DNA of desired
length. The synthesis of these chimeras is currently
underway to fully explore the Watson–Crick base pair-
ing for duplex and triplex formation, and their antisense
and antigene properties.
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4. Experimental


4.1. Materials


All anhydrous solvents and reagents were purchased
from Aldrich and used without further purification.
HPLC grade triethylammonium acetate buffer was
purchased from Fluka and LCAA-CPG (500 ,
80–120 mesh size) was purchased from Sigma. All
1H and 13C spectra were recorded on 400 and
500 MHz Varian instruments as indicated, using
CDCl3 or DMSO-d6 as solvents, and chemical shifts
are reported in d ppm. TLC was carried out on silica
gel (Kieselgel 60 F254 glass-backed commercial plates)
and visualized by UV light. All reactions were per-
formed under nitrogen unless otherwise indicated.
Hydrogenation was carried out with a par hydro-
genator equipped with a 500 mL hydrogenation vessel.
Reverse-phase HPLC was performed on a Hewlett
Packard 1050 system equipped with a quaternary sol-
vent delivery system, UV detector set at 260 nm, and
an Altech macrosphere C8 RP semiprep column
(10 · 250 mm).

4.2. Synthesis: 2-amino-4-chloro-7-[2 0-deoxy-3 0,5 0-di-O-
(4-chlorobenzoyl)-b-DD-erythro-pentofuranosyl]-7H-pyr-
rolo[2,3-d]pyrimidine (3)


To a suspension of sodium hydride (60% emulsion in
oil, 1.70 g, 42.5 mmol) in dry acetonitrile (100 mL)
was added 2-amino-4-chloropyrrolo[2,3-d]pyrimidine
(6.50 g, 38.6 mmol) at rt. After 1 h, 1-chloro-2 0deoxy-
3 05 0-di-O-(4-chlorobenzoyl)-a-DD-erythro-pentofuranose
(2) (18.0 g, 46.4 mmol) was added to the reaction mix-
ture and stirred further for 3 h. The reaction mixture
was filtered and solvent was removed under vacuum.
The residue was partitioned in CH2Cl2 (250 mL) and
water (50 mL), and organic phase was dried (anhy-
drous Na2SO4). The residue obtained after removal
of the solvent was chromatographed on silica gel
(EtOAc/Hexanes 1:4) to afford 3 (15.5 g, 78% yield)
as a white foam. 1H NMR (400 MHz, CDCl3): d
2.63–2.69 (m, 1H, H-2 0), 2.93–2.99 (m, 1H, H-2 0),
4.55–4.63 (m, 2H, H-4 0 and H-5 0), 4.75–4.80 (m, 1H,
H-5 0), 5.09 (s, 2H, NH2), 5.76 (m, 1H, H-3 0), 6.41
(d, J = 3.6 Hz, 1H, H-5), 6.53–6.56 (dd, J = 6.0,
8.4 Hz, 1H, H-1 0), 6.98 (d, J = 3.6 Hz, 1H, H-6),
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Figure 3. Job plot illustrating 1:1 binding of DNG 1 to DNA C-5.


Total oligomer concentration was 4 lmol and buffer contained


100 mM [NaCl], 10 mM [NaHPO4], adjusted to pH 7.1.
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7.36–7.47 (m, 4H, ArH), 7.92–8.02 (m, 4H, ArH);
13C NMR (500 MHz, CDCl3): d 36.8, 64.3, 95.4,
81.6, 84.2, 101.4, 111.3, 122.5, 127.6, 127.8, 128.7,
128.8, 128.9, 129.0, 130.9, 131.0, 131.1, 139.8, 140.1,
152.9, 153.5, 158.6, 165.0, 165.34; HRMS (ESI) m/z

calcd for C25H19N4O5Cl3(M+H)+ 561.0493. Found
564.0520.


4.3. 2-Amino-7-(2 0-deoxy-b-DD-erythro-pentofuranosyl)-4-
methoxy-7H-pyrrolo-[2,3-d]pyrimidine (4)40


Dowex 550A anion exchange resin (41.0 g) was added to a
solution of 3 (10.2 g, 18.2 mmol) in anhydrous MeOH
(100 mL) and the reaction mixture was heated to reflux
for 2 h until all the starting material was consumed, as
observed from TLC. The suspension was filtered, washed
with hot MeOH and combined filtrates were concentrat-
ed under vacuum. The residue was triturated with
ether to afford 4 (4.71 g, 93%) as white solid. 1H NMR
(400 MHz, DMSO-d6): d 2.04–2.12 (m, 1H, H-2 0), 2.37–
2.42 (m, 1H, H-2 0), 3.48–3.52 (m, 2H, H-5 0). 3.72–3.77
(m, 1H, H-4 0), 3.91 (s, 3H, OCH3), 4.28–4.31 (m, 1H,
H-3 0), 4.95 (t, J = 5.4 Hz, 1H, OH), 5.23 (d, J = 3.6 Hz,
1H, OH), 6.23 (br s, 2H, NH2), 6.26 (d, J = 4.0 Hz, 1H,
H-5), 6.41 (dd, J = 6.0, 8.4 Hz, 1H, H-1 0), 7.10 (d,
J = 4.0 Hz, 1H, H-6); HRMS (ESI) m/z calcd for
C12H16N4O4 (M+H)+ 281.1244. Found 281.1249.
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4.4. 7-(2 0-deoxy-b-DD-erythro-pentofuranosyl)-2-isobuty-
rylamino-4-methoxy-7H-pyrrolo[2,3-d]pyrimidine (5)44


TMSCl (7.53 g, 69.3 mmol) was added dropwise to a
solution of 4 (2.48 g, 8.86 mmol) in anhydrous pyridine
(50 mL). After stirring for 0.5 h, isobutyric anhydride
(7.34 g, 46.4 mmol) was added to the reaction mixture
and let stirred for 6 h at rt. The reaction was quenched
by addition of water (40 mL) and NH4OH (10 mL)
and held for 0.5 h. The oil obtained after removal of
the volatiles under vacuum was diluted with CH2Cl2
(150 mL) and washed with water (50 mL). The organ-
ic-phase dried (Na2SO4), concentrated under vacuum,
and the residue was chromatographed over silica gel
(MeOH/EtOAc 1:9) to afford 5 (2.17 g, 70% yield). 1H
NMR (400 MHz, DMSO-d6): d 1.09 (d, J = 6.8 Hz,
6H, (CH3)2), 2.13–2.19 (m, 1H, H-2 0), 2.45–2.52 (m,
1H, H-2 0 partially merged with solvent peak), 2.85–
2.92 (m, 1H, CH), 3.47–3.57 (m, 2H, H-5 0), 3.76–3.82
(m, 1H, H-4 0), 4.02 (s, 3H, OCH3), 4.32–4.37 (m, 1H,
H-3 0), 4.91 (t, J = 5.2 Hz, 1H, OH), 5.28 (d,
J = 3.6 Hz, 1H, OH), 6.48 (d, J = 3.6 Hz, 1H, H-5),
6.53 (dd, J = 6.0, 8.4 Hz, 1H, H-1 0), 7.48 (d,
J = 3.6 Hz, 1H, H-6), 10.24 (s, 1H, NH); 13C NMR
(500 MHz, DMSO-d6): d 19.4, 19.4, 34.2, 39.0–40.0
(one signal merged with solvent peaks), 53.5, 61.9,
71.0, 82.4, 87.2, 99.2, 101.2, 123.0, 151.6, 152.5, 162.4,
175.0; HRMS (ESI) m/z calcd for C16H22N4O5


(M+Na)+ 373.1482. Found 373.1501.


4.5. 7-[2 0-Deoxy-3 0,5 0-di-O-(4-nitrobenzoyloxy)-b-DD-
threo-pentofuranosyl]-2-isobutyrylamino-4-methoxy-7H-
pyrrolo[2,3-d]pyrimidine (6)


To a solution of 5 (3.40 g, 9.71 mmol) in anhydrous THF
(50 mL) were added PPh3 (7.67 g, 29.2 mmol) and DIAD
(5.9 g, 29.4 mmol) at rt. 4-Nitrobenzoic acid (4.90 g,
29.3 mmol) was added to the reaction mixture after
20 min and the reaction mixture was stirred further for
4 h. The solvent was removed under vacuum and the res-
idue was chromatographed over silica gel (EtOAc/Hex-
anes 1:5) to afford 6 (4.76 g, 77%) as a yellow foam. 1H
NMR (CDCl3): d 1.27 (d, J = 6.8 Hz, 3H, CH3), 1.29
(d, J = 6.8 Hz, 3H, CH3), 2.92–3.03 (m, 1H, H-2 0),
3.03–3.11 (m, 2H, CH and H-2 0), 4.04 (s, 3H, OCH3),
4.62–4.66 (m, 1H, H-4 0), 4.74 (d, J = 5.6 Hz, 2H, H-5 0),
5.92 (t, J = 4.0 Hz, 1H, H-3 0), 6.52 (d, J = 3.6 Hz, 1H,
H-5), 6.63 (dd, J = 3.2, 7.6 Hz, 1H, H-1 0), 7.23 (d,
J = 3.6 Hz, 1H, H-6), 7.75 (s, 1H NH), 8.08 (d,
J = 8.4 Hz, 2H, ArH), 8.16 (d, J = 8.4 Hz, 2H, ArH),
8.26 (dd, J = 3.6, 8.4 Hz, 4H, ArH); 13C NMR
(500 MHz, CDCl3): d 19.5, 19.5, 36.2, 39.0, 54.0, 63.5,
74.3, 79.4, 83.5, 100.4, 102.5, 121.6, 123.7, 123.9, 128.3,
130.9, 131.0, 132.4, 134.5, 134.8, 150.8, 151.0, 151.6,
152.6, 163.5, 163.8, 164.4, 174.8; HRMS (ESI) m/z calcd
for C30H28N6O11 (M+H)+ 649.1888. Found 649.1917.


4.6. 7-[2 0-Deoxy-b-DD-threo-pentofuranosyl]-2-isobuty-
rylamino-4-methoxy-7H-pyrrolo[2,3-d]pyrimidine (7)


A suspension of 6 (4.4 g, 6.79 mmol) in methanolic
ammonia (40 mL) was stirred for 1 h at rt. The homoge-
neous solution was concentrated under vacuum and the

residue was chromatographed on silica gel (EtOAc/
MeOH 1:5) to give desired product (2.0 g, 85%) as white
foam. 1H NMR (400 MHz, CDCl3): d 1.08 (d,
J = 6.8 Hz, 6H, (CH3)2), 2.07–2.12 (m, 1H, H-2 0),
2.71–2.78 (m, 1H, H-2 0), 2.85–2.90 (m, 1H, CH), 3.56–
3.62 (m, 1H, H-5 0), 3.68–3.74 (m, 1H, H-5 0), 3.82–3.86
(m, 1H, H-4 0), 4.02 (s, 3H, OCH3), 4.30–4.34 (m, 1H,
H-3 0), 4.63 (t, J = 6.0 Hz, 1H, OH), 5.33 (d,
J = 4.0 Hz, 1H, OH), 6.42 (dd, J = 2.8, 8.4 Hz, 1H, H-
1 0), 6.46 (d, J = 3.6 Hz, 1H, H-5), 7.64 (d, J = 3.6 Hz,
1H, H-6), 10.20 (s, 1H, NH); 13C NMR (500 MHz,
CDCl3): d 19.9, 19.9, 34.8, 41.4, 54.1, 60.5, 69.6, 82.1,
85.0, 99.4, 101.6, 124.9, 152.0, 152.8, 163.0, 175.8;
HRMS (ESI) m/z calcd for C16H22N4O5 (M+Na)+


373.1482. Found 373.1467.


4.7. 7-[2 0-Deoxy-3 0,5 0-di-O-mesyl-b-DD-threo-pentofurano-
syl]-2-isobutyrylamino-4-methoxy-7H-pyrrolo[2,3-d]py-
rimidine (8)


To a solution of 7 (2.15 g, 6.5 mmol) in anhydrous pyr-
idine (30 mL) were added MsCl (2.40 mL, 3.52 g,
30.8 mmol) and DMAP (0.21 g, 1.71 mmol) at rt. The
reaction mixture was quenched with MeOH after stir-
ring for 15 h and concentrated. The residue was dis-
solved in CH2Cl2 (150 mL) and washed with water (2·
50 mL). The organic layer was dried (Na2SO4), concen-
trated under vacuum, and the residue was purified by sil-
ica gel chromatography (EtOAc/hexanes 1:5) to afford 8
as a white foam (2.72 g, 88%). 1H NMR (400 MHz,
CDCl3): d 1.28 (d, J = 6.8 Hz, 6H, (CH3)2), 2.84–2.90
(m, 1 H, H-2 0) 2.95–3.00 (m, 1H, H-2 0), 3.05–3.08 (m,
4H, SO2CH3, and CH), 3.13 (s, 3H, SO2CH3), 4.07 (s,
3H, OCH3), 4.37–4.42 (m, 1H, H-4 0), 4.47–4.56 (m,
2H, H-5 0) 5.39–5.42 (m, 1H, H-3 0), 6.54 (d, J = 3.6 Hz,
1H, H-5), 6.64 (dd, J = 4.0, 8.0 Hz, 1H, H-1 0), 7.21 (d,
J = 3.6 Hz, 1H, H-6), 7.80 (br s, 1H, NH); 13C NMR
(500 MHz, CDCl3): 19.5, 19.5, 35.8, 37.8, 38.8, 39.0,
54.1, 66.2, 78.2, 78.5, 82.5, 101.1, 102.3, 122.1, 151.8,
153.0, 163.6, 176.6; HRMS (ESI) m/z calcd for
C18H26N4O9 S2 (M+H)+ 507.1213. Found 507.1229.


4.8. 7-[3 0,5 0-Diazido-2 03 0-dideoxy-b-DD-erythro-pentofur-
anosyl]-2-isobutyrylamino-4-methoxy-7H-pyrrolo[2,3-
d]pyrimidine (9)


Lithium azide (2.60 g, 54.1 mmol) was added to a solu-
tion of 8 (2.70 g, 5.34 mmol) in anhydrous DMF
(20 mL). The reaction mixture was heated at 90 �C until
all the starting material was consumed (2 h). The solvent
was evaporated under vacuum and the residue was chro-
matographed over silica gel (EtOAc/hexanes 2:3) to af-
ford 9 as a white foam (1.70 g, 80%). 1H NMR
(400 MHz, CDCl3): d 1.28 (d, J = 6.8 Hz, 3H, CH3),
1.30 (d, J = 6.8 Hz, 3H, CH3), 2.44–2.51 (m, 1H, H-
2 0), 3.02–3.10 (m, 2H, H-2 0, and CH), 3.60 (dd,
J = 4.0, 13.2 Hz, 1H, H-5 0), 3.69 (dd, J = 4.0, 13.2 Hz,
1H, H-5 0), 3.98–4.02 (m, 1H, H-4 0), 4.05 (s, 3H,
OCH3), 4.88 (br s, 1H, H-3 0), 6.30 (dd, J = 5.6, 7.2 Hz,
1H, H-1 0), 6.47 (d, J = 3.6 Hz, 1H, H-5), 7.03 (d,
J = 3.6 Hz, 1H, H-6), 7.80 (br s, 1H, NH); 13C NMR
(500 MHz, CDCl3): 19.5, 19.6, 36.2, 37.1, 52.3, 54.0,
61.5, 82.7, 85.1, 100.1, 103.1, 123.6, 151.3, 152.3,
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163.6, 175.8; HRMS (ESI) m/z calcd for C16H20N10O3


(M+H)+ 401.1792. Found 401.1807.


4.9. 7-[3 0,5 0-Diazido-2 03 0-dideoxy-b-DD-erythro-pentofur-
anosyl]-2-isobutyrylamino-3,7-dihydro-4H-pyrrolo[2,3-
d]pyrimidin-4-one (10)


Sodium thiocresolate (1.84 g, 12.6 mmol) was added to a
solution of 9 (0.75 g, 1.87 mmol) in anhydrous DMF
(15.0 mL) and the reaction mixture was heated at
90 �C for 1 h. The solvent was removed under vacuum
and the residue was chromatographed over silica gel
(EtOAc/hexanes 3:2) to give 10 as a yellow foam
(0.70 g, 96%). 1H NMR (400 MHz, CDCl3): d 1.25 (d,
J = 6.8 Hz, 3H, CH3), 1.27 (d, J = 6.8 Hz, 3H, CH3),
2.41–2.47 (m, 1H, H-2 0), 2.58–2.71 (m, 2H, H-2 0 and
CH), 3.48 (dd, J = 4.0, 13.2 Hz, 1H, H-5 0), 3.64 (dd,
J = 4.0, 13.2 Hz, 1H, H-5 0), 3.97–4.01 (m, 1H, H-4 0),
4.31–4.36 (m, 1H, H-3 0), 6.34 (t, J = 6.4 Hz, 1H, H-1 0),
6.71 (d, J = 3.6 Hz, 1H, H-5), 6.95 (d, J = 3.6 Hz, 1H,
H-6), 8.16 (br s, 1H, NH), 11.76 (br s, 1H, NH); 13C
NMR (500 MHz, CDCl3): 19.2, 19.2, 36.7, 37.5, 52.3,
61.2, 82.2, 83.1, 104.9, 105.8, 118.8, 146.4, 147.6,
157.9, 178.4; HRMS (ESI) m/z calcd for C15H18N10O3


(M+H)+ 387.1636. Found 387.1619.


4.10. 7-[3 0,5 0-Diamino-2 0,3 0-dideoxy-b-DD-erythro-pento-
furanosyl]-2-isobutyrylamino-3,7-dihydro-4H-pyr-
rolo[2,3-d]pyrimidin-4-one (11)


To a solution of 10 (0.44 g, 1.14 mmol) in absolute
EtOH (50 mL), 10% Pd/C (0.10 g) was added and the
suspension was shaken under hydrogen gas (45 psi) for
5 h. The reaction mixture was filtered through a pad
of Celite and washed with ethanol (2· 5 mL). Combined
filtrate was concentrated under vacuum and the residue
was evaporated twice with CH2Cl2 to afford 11 (0.39 g,
98%) as pale yellow solid. 1H NMR (400 MHz,
DMSO-d6): d 1.11 (d, J = 6.8 Hz. 6H, (CH3)2), 2.11
(m, 1H, H-2 0) 2.36 (m, 1H, H-2 0), 2.76 (m, 3H, H-5 0,
and CH), 3.51 (m, 2H, H-4 0, and H-3 0), 6.34 (t,
J = 6.8 Hz, 1H, H-1 0), 6.48 (d, J = 3.6 Hz, 1H, H-5),
7.20 (d, J = 3.6 Hz, 1H, H-6), 8.26 (s, 1H, NH); 13C
NMR (500 MHz, DMSO-d6): d 18.9, 18.9, 34.7, 40.5,
43.8, 52.6, 81.9, 87.7, 102.9, 104.0, 119.6, 146.8, 147.3,
156.7, 180.0; HRMS (ESI) m/z calcd for C15H22N6O3


(M+H)+ 335.1826. Found 335.1834.


4.11. 7-[3 0-Amino-5 0-N-(4-monomethoxytritylamino)-
2 0,3 0-dideoxy-b-DD-erythro-pentofuranosyl]-2-isobutyryl-
amino-3,7-dihydro-4H-pyrrolo[2,3-d]pyrimidin-4-one (12)


A solution of MMTrCl (0.47 g, 1.52 mmol) in CH2Cl2
(10.0 mL) was added dropwise over 1 h to a cooled
(�40 �C) suspension of 11 (0.50 g, 1.43 mmol) and
diethylamine (0.3 mL, 2.88 mmol) in CH2Cl2 (35 mL).
The reaction mixture was warmed to room temperature
after 1 h and quenched with MeOH (5 mL). The solvent
was removed under vacuum and the residue was chro-
matographed (MeOH/EtOAc 1:20) to afford 12
(0.59 g, 68%). 1H NMR (CDCl3): d 1.18 (d,
J = 6.8 Hz, 3H, CH3), 1.20 (d, J = 6.8 Hz, 3H, CH3),
2.10–2.17 (m, 1H, H-2 0), 2.29–2.42 (m, 2H, H-2 0 and

CH), 2.49–2.59 (m, 2H, H-5 0), 3.70–3.81 (m, 5H, H-3 0,
H-4 0 and OCH3), 6.27 (dd, J = 4.8, 6.8 Hz, 1H, H-1 0),
6.60 (d, J = 3.2 Hz, 1H, H-5), 6.62 (d, J = 3.2 Hz, 1H,
H-6), 6.77 (d, J = 8.8 Hz, 2H, ArH), 7.17–7.31 (m,
10H, ArH), 7.41 (d, J = 8.8 Hz, 2H, ArH), 8.89 (br s,
2H, NH2), 10.29, (br s, 1H, NH); 13C NMR
(500 MHz, CDCl3,): d 19.1, 19.2, 36.6, 41.2, 45.9, 53.6,
55.4, 70.3, 82.6, 86.9, 104.3, 105.4, 113.3, 113.4, 119.0,
126.6, 128.1, 128.7, 130.0, 137.8, 146.0, 146.4, 147.5,
158.1, 158.1, 178.8. HRMS (ESI) m/z calcd for
C35H38N6O4 (M+H)+ 607.3027. Found 607.3054.


4.12. 7-[3 0-N-(9-fluorenylmethoxycarbonylamino)-5 0-N-
(4-monomethoxytritylamino)-2 0,3 0-dideoxy-b-DD-pentofur-
anosyl]-2-isobutyrylamino-3,7-dihydro-4H-pyrrolo[2,3-
d]pyrimidin-4-one (13)


A solution of Fmoc-NCS (0.29 g, 1.04 mmol) in CH2Cl2
(5 mL) was added to a solution of 12 (0.43 g 0.70 mmol)
in anhydrous CH2Cl2 (50 mL) and stirred for 2 h at rt.
The reaction mixture was concentrated and the crude
product was purified by ether precipitation to give 13
(0.48 g, 76% yield) as an off-white solid. 1H NMR
(400 MHz, CDCl3): d 1.10 (d, J = 7.2 Hz, 3H, CH3),
1.18 (d, J = 7.2 Hz, 3H, CH3), 2.32–2.49 (m, 5H, H-2 0,
CH, and H-5 0), 3.20–3.26 (m, 1H, H-3 0), 3.74 (s, 3H,
OCH3), 4.02–4.06 (m, 1H, H-4 0), 4.25 (t, J = 6.4 Hz,
1H, OCH2CH), 4.54 (d, J = 6.8 Hz, 2H, OCH2), 6.05
(dd, J = 2.8, 8.4 Hz, 1H, H-1 0), 6.18–6.24 (m, 1H,
NH), 6.34 (d, J = 3.6 Hz, 1H, H-5), 6.74 (d,
J = 8.8 Hz, 2H, ArH), 6.77 (d, J = 3.6 Hz, 1H, H-6),
7.10–7.57 (m, 18H, ArH), 7.79 (d, J = 8.0 Hz, 2H,
ArH), 8.27 (br s, 1H, NH), 8.59 (s, 1H, NH), 9.85 (br
s, 1H, NH), 11.70 (br s, 1H, NH); 13C NMR
(500 MHz, CDCl3): d 19.0, 19.1, 36.8, 37.2, 44.2, 46.6,
55.4, 56.4, 68.7, 70.0, 83.3, 85.1, 103.9, 106.6, 113.2,
120.5, 121.9, 124.9, 126.5, 127.5, 128.0, 128.2, 128.4,
128.6, 129.9, 137.9, 141.6, 142.8, 142.9, 145.8, 146.0,
146.1, 146.7, 152.8, 157.9, 158.0, 178.3, 179.7; HRMS
(ESI) m/z calcd for C51H49N7O6S (M+Na)+ 910.3357.
Found 910.3314.


4.13. 7-[2 0-Deoxy-5 0-O-(4-monomethoxytrityl)-b-DD-threo-
pentofuranosyl]-2-isobutyrylamino-4-methoxy-7H-pyr-
rolo[2,3-d]pyrimidine (14)


MMTrCl (1.27 g, 4.10 mmol) was added dropwise to a
solution of 13 (1.25;g, 3.57 mmol) in anhydrous pyridine
(50 mL). After 18 h, the reaction mixture was quenched
with MeOH (5 mL) and concentrated under vacuum.
The residue was purified by silica gel chromatography
(EtOAc/hexanes 4:1) to afford 14 (1.82 g, 82%). 1H
NMR (400 MHz, CDCl3): d 1.24 (d, J = 6.8 Hz, 3H,
CH3), 1.26 (d, J = 6.8 Hz, 3H, CH3), 2.54–2.59 (m,
1H, H-2 0) 2.72–2.80 (m, 1H, H-2 0), 3.05 (br s, 1H,
CH), 3.51–3.55 (m, 1H, H-5 0), 3.58–3.62 (m, 1H,
H-5 0), 3.78 (s, 3H, MMTr-OCH3), 4.0–4.06 (m, 1H,
H-4 0), 4.07 (s, 3H, OCH3), 4.42–4.50 (m, 1H, H-3 0),
4.92 (d, J = 3.2 Hz, 1H, OH), 6.19 (dd, J = 3.2, 9.2 Hz,
1H, H-1 0), 6.43 (d, J = 3.6 Hz, 1H, H-5), 6.79 (d,
J = 8.8 Hz, 2H, ArH), 7.16–7.45 (m, 11H, H-6, and
ArH), 7.45 (d, J = 7.2 Hz, 2H, ArH) 7.64 (s, 1H, NH).
13C NMR (500 MHz, CDCl3): d 19.5, 19.6, 35.9, 40.6,







7342 M. L. Jain, T. C. Bruice / Bioorg. Med. Chem. 14 (2006) 7333–7346

54.14, 55.40, 62.6, 71.5, 82.8, 85.3, 87.0, 99.2, 103.4,
113.4, 125.5, 126.4, 127.4, 128.0, 128.1, 128.6, 129.4,
130.6, 135.6, 144.5, 147.3, 151.1, 151.6, 158.7, 163.5,
176.2; HRMS (ESI) m/z calcd for C36H38N4O6


(M+Na)+ 645.2683. Found 645.2665.


4.14. 7-[2 0-Deoxy-3 0-O-mesyl-5 0-O-(4-monomethoxytri-
tyl)-b-DD-threo-pentofuranosyl]-2-isobutyryl-4-methoxy-
7H-pyrrolo[2,3-d]pyrimidine (15)


MsCl (0.81 g, 7.05 mmol) was added to a mixture of 14
(1.75 g, 2.81 mmol) and DMAP (1.80 g, 14.1 mmol) in
anhydrous pyridine at 0 �C. After 10 min, reaction mix-
ture was allowed to warm to rt and stirred for 16 h. The
reaction mixture was partitioned between water and
CH2Cl2. Organic phase was washed with water, dried
(Na2SO4), and concentrated. The residue was purified
on silica gel (EtOAc/hexanes 3:2) to afford 15 (1.52 g,
75%). 1H NMR (400 MHz, CDCl3): d 1.27 (d,
J = 6.8 Hz, 6H, (CH3)2), 2.70–2.75 (m, 2H, H-2 0), 2.78
(s, 3H, SO2CH3), 3.22 (br s, 1H, CH), 3.29–3.33 (m,
1H, H-5 0), 3.63–3.67 (m, 1H, H-5 0), 3.80 (s, 3H,
MMTr-OCH3), 4.05 (s, 3H, OCH3), 4.22–4.27 (m, 1H,
H-4 0), 5.41–5.44 (m, 1H, H-3 0), 6.46 (d, J = 3.6 Hz,
1H, H-5), 6.52 (dd, J = 3.2, 8.8 Hz, 1H, H-1 0), 6.84 (m,
2H, ArH), 7.17 (d, J = 3.6 Hz, 1H, H-6), 7.22–7.32 (m,
10H, ArH), 7.41 (d, J = 7.2 Hz, 2H, ArH), 7.82 (s, 1H,
NH); 13C NMR (500 MHz, CDCl3): d 19.5, 19.6, 35.8,
38.7, 39.9, 54.1, 55.5, 60.9, 79.6, 80.7, 81.9, 87.3, 100.7,
102.2, 113.4, 122.4, 127.4, 128.0, 128.1, 128.2, 128.4,
128.5, 130.4, 135.1, 143.9, 144.0, 151.7, 153.0, 158.9,
163.5, 175.8; HRMS (ESI) m/z calcd C37H40N4O8S
(M+H)+ 701.2639. Found 701.2625.


4.15. 7-[3 0-Azido-5 0-O-(4-monomethoxytrityl)-2 0,3 0-dide-
oxy–b-DD-erythro-pentofuranosyl]-2-isobutyrylamino-4-
methoxy-7H-pyrrolo[2,3-d]pyrimidine (16)


To a solution of 15 (1.40 g, 2.0 mmol) in anhydrous
DMF (20 mL) was added lithium azide (0.5 g,
10.4 mmol) and the reaction mixture was heated at
90 �C until all starting material was consumed (2 h).
The solvent was removed under vacuum and the residue
was taken in CH2Cl2 and filtered. The filtrate was con-
centrated and the residue was chromatographed over sil-
ica gel (EtOAc/hexanes 2:5) to afford the desired
product 16 (0.93 g, 73%) as a white foam. 1H NMR
(400 MHz, CDCl3): d 1.25 (d, J = 6.8 Hz, 6H, (CH3)2),
2.44–2.50 (m, 1H, H-2 0), 2.72–2.80 (m, 1H, H-2 0), 3.20
(m, 1H, CH), 3.32 (dd, J = 4.0, 10.4 Hz, 1H, H-5 0),
3.39 (dd, J = 4.0, 10.4 Hz, 1H, H-5 0), 3.79 (s, 3H,
MMTr-OCH3), 4.0–4.04 (m, 1H, H-4 0), 4.07 (s, 3H,
OCH3), 4.51–4.56 (m, 1H, H-3 0), 6.44 (d, J = 3.6 Hz,
1H, H-5), 6.48 (t, J = 6.4 Hz, 1H, H-1 0), 6.80 (d,
J = 8.8 Hz, 2H, ArH), 7.09 (d, J = 3.6 Hz, 1H, H-6),
7.20–7.31 (m, 10H, ArH), 7.41 (d, J = 7.2 Hz, 2H,
ArH), 7.73 (br s, 1H, NH). 13C NMR (500 MHz,
CDCl3): 19.5, 19.5, 35.5, 37.8, 54.1, 55.4, 61.2, 63.5,
83.2, 83.7, 87.0, 100.2, 102.5, 113.4, 122.4, 127.2,
127.4, 128.0, 128.1, 128.5, 128.6, 129.4, 130.6, 135.3,
144.2, 144.3, 151.63, 152.6, 158.8, 163.5, 176.2; HRMS
(ESI) m/z calcd for C36H37N7O5 (M+H)+ 648.2928.
Found 648.2936.

4.16. 7-[3 0-Azido-2 0,3 0-dideoxy-5 0-O-(4-monomethoxytri-
tyl)-b-DD-erythro-pentofuranosyl]-2-isobutyrylamino-3,7-
dihydro-4H-pyrrolo[2,3-d]pyrimidin-4-one (17)


Sodium thiocresolate (0.72 g, 4.98 mmol) was added to a
solution of 16 (1.01 g, 1.54 mmol) in anhydrous DMF
(5 mL) and the reaction mixture was heated at 90 �C un-
til all starting material was consumed, as shown by TLC
(1 h). The solvent was removed under vacuum and the
residue was chromatographed over silica gel (EtOAc/
hexanes 3:2) to give 17 as a white foam (0.90 g, 88%).
1H NMR (400 MHz, CDCl3): d 1.14 (d, J = 6.8 Hz,
3H, CH3), 1.21 (d, J = 6.8 Hz, 3H, CH3), 2.29–2.42
(m, 2H, H-2 0 and CH), 2.67–2.74 (m, 1H, H-2 0), 3.26
(dd, J = 3.6, 10.4 Hz, 1H, H-5 0), 3.38 (dd, J = 3.6,
10.4 Hz, 1H, H-5 0), 3.79 (s, 3H, MMTr-OCH3), 4.05
(q, J = 4.0, 8.0 Hz, 1H, H-4 0), 4.37–4.41 (m, 1H, H-3 0),
6.30 (t, J = 7.2 Hz, 1H, H-1 0), 6.62 (d, J = 3.2 Hz, 1H,
H-5), 6.82 (d, J = 8.4 Hz, 2H, ArH), 6.88 (d,
J = 3.6 Hz, 1H, H-6), 7.17–7.33 (m, 10H, ArH), 7.42
(d, J = 7.2 Hz, 2H, ArH), 7.87 (br s, 1H, NH), 11.68
(br s, 1H, NH). 13C NMR (500 MHz, CDCl3): 19.1,
19.1, 36.7, 37.6, 55.5, 61.5, 63.6, 83.2, 83.5, 87.1, 104.4,
105.9, 113.4, 119.4, 127.4, 128.0, 128.1, 128.2, 128.5,
129.4, 130.6, 135.2, 144.1, 144.2, 146.2, 147.6, 158.0,
159.0, 178.4; HRMS (ESI) m/z calcd for C35H35N7O5


(M+Na)+ 656.2591. Found 656.2586.


4.17. N2-Isobutyryl-7-[3 0-amino-2 03 0-dideoxy-5 0-O-(4-
monomethoxytrityl)-b-DD-erythro-pentofuranosyl]-3,7-
dihydro-4H-pyrrolo[2,3-d]pyrmidin-4-one


To a solution of 17 (0.78 g, 1.2 mmol) in EtOH (125 mL)
was added Pd/C (0.14 g, 10% wet), and the suspension
was shaken over hydrogen gas (45 psi) for 6 h. The sus-
pension was filtered through a pad of Celite and filtrate
was concentrated to an oil. The residue was evaporated
with CH2Cl2 to afford 18 as a pale yellow foam (0.70 g,
94%). 1H NMR (400 MHz, CDCl3): d 1.22 (dd, J = 4.8,
6.8 Hz, 6H, CH3)2), 2.17–2.22 (m, 1H, H-2 0), 2.46–2.55
(m, 2H, H-2 0 and CH), 3.30–3.38 (m, 2H, H-5 0), 3.74–
3.82 (m, 5H, H-3 0, H-4 0 and MMTr-OCH3), 6.35 (dd,
J = 4.4, 6.8 Hz, 1H, H-1 0), 6.60 (d, J = 3.6 Hz, 1H, H-
5), 6.80 (d, J = 8.8 Hz, 2H, ArH), 6.86 (d, J = 3.6 Hz,
1H, H-6), 7.20–7.31 (m, 10H, ArH), 7.41 (d, J = 7.2 Hz,
2H, ArH), 8.18 (br s, 1H, NH), 11.84 (s, 1H, NH); 13C
NMR (500 MHz, CDCl3): d 19.2, 19.2, 36.7, 41.1, 53.0,
55.4, 64.2, 82.9, 86.1, 86.5, 104.1, 105.6, 113.3, 119.3,
127.3, 128.1, 128.6, 130.6, 135.4, 144.3, 146.1, 147.4,
158.0, 158.8, 178.4; HRMS (ESI) m/z calcd for
C35H37N5O5 (M+H)+ 608.2867. Found 608.2866.


4.18. 7-[2 0Deoxy-3 0-N-(9-fluorenylmethoxycarbonylami-
no)-5 0-O-(4-monomethoxytrityl)-b-DD-erythro-pentofur-
anosyl]-2-isobutyrylamino-3,7-dihydro-4H-pyrrolo[2,3-
d]pyrimidin-4-one (19)


A solution of Fmoc-NCS (0.24 g, 0.85 mmol) in CH2Cl2
(10 mL) was added to a solution of 18 (0.41 g, 0.68 mmol)
in CH2Cl2 (50 mL), and stirred for 1.5 h. The reaction
mixture was concentrated and the residue upon precipita-
tion with ether afforded the desired product (0.47 g, 78%).
1H NMR (400 MHz, CDCl3): d 1.17 (d, J = 6.8 Hz, 3H,
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CH3), 1.20 (d, J = 6.8 Hz, 3H, CH3), 2.31–2.44 (m, 3H, H-
2 0 and CH), 3.14–3.24 (m, 1H, H-3 0), 3.32–3.42 (m, 2H, H-
5 0), 3.74 (s, 3H, OCH3), 4.04–4.08 (m, 1H, H-4 0), 4.23 (t,
J = 6.8 Hz, 1H, OCH2CH), 4.45–4.55 (m, 2H, OCH2),
5.70–5.76 (m, 1H, NH), 6.12 (dd, J = 4.0, 7.6 Hz, 1H,
H-1 0), 6.60, (d, J = 3.2 Hz, 1H, H-5), 6.76 (d,
J = 8.8 Hz, 2H, ArH), 6.84 (d, J = 3.2 Hz, 1H, H-6),
7.15–7.56 (m, 18H, ArH), 7.80 (d, J = 7.6 Hz, 2H,
ArH), 8.12 (s, 1H, NH), 8.36 (s, 1H, NH), 9.88 (br s,
1H, NH), 11.64 (s, 1H, NH); 13C NMR (500 MHz,
CDCl3): 19.1, 19.2, 36.8, 37.4, 46.6, 55.4, 57.2, 64.2,
68.69, 82.8, 84.8, 87.0, 104.0, 106.3, 113.2, 120.5, 121.3,
125.0, 127.2, 127.5, 128.0, 128.1, 128.4, 128.6, 130.6,
135.3, 141.5, 142.9, 144.2, 145.8, 146.9, 152.8, 158.0,
158.8, 178.2, 179.5; HRMS (ESI) m/z calcd for
C51H48N6O7S (M+Na)+ 911.3197, found 911.3241.


4.19. 7-[2 0-Deoxy-5 0-O-mesyl-b-DD-erythro-pentofurano-
syl)-2-isobutyrylamino-4-methoxy-7H-pyrrolo[2,3-d]py-
rimidine (20)


MsCl (0.90 g, 7.82 mmol) was added dropwise to a
cooled solution (0 �C) of 5 (2.50 g, 7.14 mmol) in anhy-
drous pyridine (50 mL). The reaction mixture was
warmed to rt and let stirred for 14 h. The residue ob-
tained after removing the solvent under vacuum was
diluted with CH2Cl2 (150 mL), washed with water
(40 mL), and dried (Na2SO4). The solvent was removed
under vacuum and the residue was chromatographed
over silica gel (EtOAc/hexanes 4:1—MeOH/EtOAc
1:20) to afford 20 as a white foam (2.22 g, 73% yield).
1H NMR (400 MHz, CDCl3): d 1.28 (d, J = 7.2 Hz,
6H, (CH3)2), 2.46–2.52 (m, 2H, H-2 0), 2.82–2.89 (m,
1H, CH), 2,95 (s, 3H, OSO2CH3), 3.54 (br s, 1H, OH),
4.05 (s, 3H, OCH3), 4.28–4.31 (m, 1H, H-3 0), 4.50–
4.54 (m, 2H, H-5 0), 4.80–4.86 (m, 1H, H-4 0), 6.49 (d,
J = 3.6 Hz, 1H, H-5), 6.72 (t, J = 6.8 Hz, 1H, H-1 0),
7.10 (d, J = 3.6 Hz, 1H, H-6), 7.89 (s, 1H, NH); 13C
NMR (CDCl3,): d 19.7,19.7, 36.6, 37.5, 39.7, 54.1,
70.2, 72.1, 84.3, 84.8, 100.3, 103.2, 123.2, 151.3, 152.7,
163.5, 176.0; HRMS (ESI) m/z calcd for C17H24N4O7S
(M+Na)+ 451.1257. Found 451.1242.


4.20. 7-[5 0-azido-2 0-deoxy-b-DD-erythro-pentofuranosyl]-2-
isobutyrylamino-4-methoxy-7H-pyrrolo[2,3-d]pyrimidine
(21)


Lithium azide (1.20 g, 20.8 mmol) was added to a solution
of 20 (2.10 g, 4.90 mmol) in anhydrous DMF (20 mL) and
the reaction mixture was heated at 90 �C for 2 h. The sol-
vent was removed under vacuum and the residue was tak-
en in CH2Cl2 (75 mL) and filtered. The filtrate was
concentrated and the residue was purified by silica gel
chromatography (MeOH/EA 1:9) to afford 21 as a white
foam (1.54 g, 81%). 1H NMR (400 MHz, CDCl3): d 1.28
(d, J = 6.8 Hz, 6H, (CH3)2), 2.47–2.52 (m, 1H, H-2 0),
2.60–2.67 (m, 1H, H-2 0), 2.95 (br s, 1H, CH), 3.58–3.68
(m, 2H, H-5 0), 4.03 (s, 3H, OCH3), 4.20–4.24 (m, 1H, H-
4 0), 4.50 (br s, 1H, OH) 4.63–4.66 (m, 1H, H-3 0), 6.50 (d,
J = 3.6 Hz, 1H, H-5), 6.83 (t, J = 6.8 Hz, 1H, H-1 0), 7.19
(d, J = 3.6 Hz, 1H, H-6), 8.01 (s, 1H, NH); 13C NMR
(500 MHz, CDCl3,): d 19.6, 19.6, 37.5, 40.3, 52.9, 54.0,
72.6, 83.9, 85.3, 100.2, 102.9, 122.6, 151.1, 152.7, 163.4,

176.1; HRMS (ESI) m/z calcd for C16H21N7O4 (M+H)+


376.1727. Found 376.1727.


4.21. 7-[5 0-Amino-2 0-deoxy-b-DD-erythro-pentofuranosyl]-
2-isobutyrylamino-4-methoxy-7H-pyrrolo[2,3-d]pyrimi-
dine (22)


Pd/C (10% wet, 0.30 g) was added to a solution of 21
(1.25 g, 3.20 mmol) in anhydrous EtOH (20 mL) and
hydrogenated at 45 psi for 5 h. The reaction mixture
was filtered through a pad of Celite and washed with
ethanol (25 mL). The solvent was removed from the
combined filtrates and the residue was evaporated twice
with CH2Cl2 to afford 22 as a yellow solid (1.08 g, 93%).
1H NMR (400 MHz, DMSO-d6): d 1.10 (d, J = 6.8 Hz,
6H, (CH3)2), 2.15–2.20 (m, 1H, H-2 0), 2.49–2.56 (m,
1H, H-2 0, partially merged with solvent peak), 2.64–
2.74, (m, 2H, H-5 0), 2.84–2.92 (m, 1H, CH), 3.68–3.74
(m, 1H, H-4 0), 4.02 (s, 3H, OCH3), 4.31–4.35 (m, 1H,
H-3 0), 5.30 (br s, 1H, OH), 6.48 (d, J = 3.6 Hz, 1H, H-
5), 6.50 (t, J = 8.4 Hz, 1H, H-1 0, partially merged with
H-5 peak), 7.46 (d, J = 3.6 Hz, 1H, H-6), 10.24 (s, 1H,
NH). 13C NMR (500 MHz, DMSO-d6): d 19.4, 19.4,
34.3, 39.0–40.0 (one signal merged with solvent peaks),
44.1, 53.5, 71.2, 82.3, 87.8, 99.2, 101.2, 123.1, 151.6,
152.5, 162.5, 175.1; HRMS (ESI) m/z calcd for
C16H23N5O4 (M+H)+ 350.1822. Found 350.1826.


4.22. 7-[2 0-Deoxy-5 0-N-(4-monomethoxytritylamino)-b-DD-
erythro-pentofuranosyl]-2-isobutyrylamino-4-methoxy-
7H-pyrrolo[2,3-d]pyrimidine (23)


MMTrCl (0.93 g, 3.01 mmol) was added dropwise to a
cooled solution (0 �C) of 22 (1.01 g, 2.75 mmol) in anhy-
drous pyridine over 15 min. and reaction mixture was al-
lowed to warm to rt and stirred for 18 h. The solvent
was removed under vacuum and the residue was taken
in CH2Cl2 (150 mL), washed with water (40 mL), dried
(Na2SO4), and concentrated to an oil. The crude prod-
uct was purified by silica gel chromatography (EtOAc/
hexanes 4:1) to afford 23 as a yellow foam (1.27 g,
73%). 1H NMR (400 MHz, CDCl3): d 1.25 (d,
J = 6.8 Hz, 6H, (CH3)2), 2.30–2.37 (m, 1H, H-2 0),
2.40–2.50 (m, 2H, H-5 0), 2.54–2.60 (m, 1H, H-2 0),
2.85–2.90 (m, 1H, CH), 3.77 (s, 3H, MMTr-OCH3),
4.05 (s, 3H, OCH3), 4.08–4.14 (m, 1H, H-4 0), 4.58–
4.62 (m, 1H, H-3 0), 6.43 (d, J = 3.6 Hz, 1H, H-5), 6.64
(t, J = 6.8 Hz, 1H, H-1 0), 6.73 (d, J = 3.6 Hz, 1H, H-
6), 6.79 (d, J = 8.8 Hz, 2H, ArH), 7.31 (m, 11H, ArH
a nd NH), 7.43 (d, J = 8.0 Hz, 2H, ArH), 7.80 (s, 1H,
NH); 13C NMR (CDCl3): d 19.5, 19.6, 35.8, 40.5, 46.3,
54.0, 55.4, 70.3, 73.5, 83.2, 86.1, 100.3, 102.5, 113.3,
122.0, 126.5, 128.1, 128.7, 130.0, 140.0, 146,1, 151.5,
152.8, 158.1, 163.5; HRMS (ESI) m/z calcd for
C36H39N5O5 (M+H)+ 622.3023, found 622.3028.


4.23. 7-[2 0-Deoxy-5 0-N-(4-monomethoxytritylamino)-b-DD-
erythro-pentofuranosyl]-2-isobutyrylamino-3,7-dihydro-
4H-pyrrolo[2,3- d]pyrimidin-4-one (24)


To a solution of 23 (0.70 g, 1.1 mmol) in anhydrous
DMF (10.0 mL) was added sodium thiocresolate
(0.80 g, 5.48 mmol), and reaction mixture was heated
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at 90 �C for 1 h. The solvent was removed under vacu-
um and the residue was chromatographed over silica
gel (MeOH/EtOAc 1:20) to afford the desired product
(0.68 g, 85%). 1H NMR (CDCl3): d 1.18 (d,
J = 6.8 Hz, 6H, (CH3)2), 2.25–2.35 (m, 2H, H-5 0),
2.40–2.46 (m, 1H, H-2 0), 2.51–2.56 (m, 1H, H-2 0), 2.68
(br s, 1H, CH), 3.77 (s, 3H, MMTr–OCH3), 4.10–4.14
(m, 1H, H-3 0), 4.40–4.46 (m, 1H, H-4 0), 5.58 (br s, 1H,
OH), 6.39 (t, J = 6.8 Hz, 1H, H-1 0), 6.49 (d,
J = 3.6 Hz, 1H, H-5), 6.60 (d, J = 3.6 Hz, 1H, H-6),
6.80 (d, J = 8.8 Hz, 2H, ArH), 7.25–7.34 (m, 11H,
ArH, and NH), 7.40 (d, J = 8.4 Hz, 2H, ArH) 8.44 (s,
1H, NH), 11.80 (br s, 1H, NH); 13C NMR (500 MHz,
CDCl3): 19.1, 19.2, 36.6, 40.3, 46.6, 55.4, 70.3, 73.6,
83.0, 86.5, 104.6, 105.5, 113.4, 118.7, 126.7, 128.1,
128.6, 130.0, 137.7, 145.8, 145.9, 146.4, 147.9, 158.1,
158.2, 178.9; HRMS (ESI) m/z calcd for C35H37N5O5


(M+H)+ 608.2867, found 608.2884.


4.24. 7-[2 0-Deoxy-5 0-N-(4-monomethoxytritylamino)-
3 0O-succinyl-b-D-erythro-pentofuranosyl]-2-isobutyryl-
amino-3,7-dihydro-4H-pyrrolo[2,3- d]pyrimidin-4-one (25)


Succinic anhydride (0.062 g, 0.62 mmol) was added to a
mixture of 24 (0.25 g, 0.42 mmol) and triethylamine
(0.18 mL, 1.29 mmol) in anhydrous CH2Cl2 (10 mL)
and stirred for 3 h. The reaction mixture was concentrat-
ed under vacuum and the residue was diluted with
CH2Cl2 (100 mL) and washed with water. The organic
phase was dried (Na2SO4), and concentrated to a white
foam. It was re-dissolved in CH2Cl2 and the product
was precipitated out with excess hexanes to afford 25
as a white solid (0.26 g, 90%). 1H NMR (400 MHz,
CDCl3): d 1.19 (d, J = 6.8 Hz, 6H, (CH3)2), 2.24-2.81
(m, 9H, H-2 0, H-5 0, CH, CO (CH2)2), 3.76 (s, 3H,
OCH3), 4.23–4.27 (m, 1H, H-4 0), 5.24–5.30 (m, 1H, H-
3 0), 6.20 (dd, J = 4.4, 8.4 Hz, 1H, H-1 0), 6.51 (d,
J = 3.6 Hz, 1H, H-5), 6.58(d, J = 3.6 Hz, 1H, H-6),
6.78 (d, J = 8.8 Hz, 2H, ArH), 7.41 (m, 11H, ArH,
and NH), 7.43 (d, J = 7.6 Hz, 2H, ArH), 9.60 (s, 1H,
NH), 11.92 (br s, 1H, NH). 13C NMR (500 MHz,
CDCl3,): d 19.1, 19.2, 30.0, 30.1, 36.4, 37.6, 46.2, 55.4,
70.3, 76.4, 83.5, 83.6, 104.5, 105.4, 113.4, 113.5, 118.7,
126.7, 127.4, 128.0, 128.1, 128.6, 129.4, 129.9, 137.6,
145.8, 147.0, 147.3, 158.0, 158.2, 172.2, 176.5, 179.4;
HRMS (ESI) m/z calcd for C39H41N5O8 (M-H)�


706.2882. Found 706.2878.

5. Solid-phase synthesis of 5 0-MMTr-protected DNG (29)


5.1. Loading


Triethylammonium salt of 5 0-monomethoxytritylamino-
3 0-succinate 25 (0.075 g, 0.107 mmol) was loaded onto
commercially available LCAA-CPG (0.50 g) by shaking
with DMTMM (0.030 g, 0.108 mmol) min MeOH for
1 h. The suspension was then filtered; the beads were
washed with copious amounts of MeOH, CH2Cl2, and
dried. The efficiency of loading was determined to be
51.36 lmol/g by treating an aliquot of 7-deazaguanine
loaded CPG 26 with a solution of 4% DCA in CH2Cl2
and assaying the trityl cation released by UV spectrosco-

py. The unreacted amino groups on the CPG were
capped with acetic anhydride and triethyl amine to pre-
vent side reactions. The dzaG loaded CPG was stored at
4 �C.


5.2. Deblocking


An aliquot of 100 mg (5 lmol scale) of 26 was placed
in a screw-capped vial with a coarse frit and stopcock,
and treated with a deblock solution (4% DCA solu-
tion in CH2Cl2) while collecting the solution into a
25 mL volumetric flask as it drips through the frit
by gravity. The beads were treated with the deblock
solution until no more yellow coloration was appar-
ent. The beads were then washed thoroughly with
CH2Cl2 and neutralized with 1% TEA in DMF. The
filtrate was collected in the volumetric flask and as-
sayed for the released monomethoxytrityl cation to
determine the loading yield.


5.3. Coupling


A solution of fully protected 13 (5 equiv in 1 mL DMF)
was added to the deblocked resin followed by simulta-
neous addition of HgCl2 (10 equiv in 0.5 mL DMF)
and TEA (10 equiv in 0.5 mL DMF) to the reaction ves-
sel, upon which a cloudy yellow-white precipitate was
formed. The reaction mixture was agitated for 3 h, the
supernatant was filtered. The beads were washed with
20% thiophenol in DMF until the beads were clear,
and washed with copious amounts of DMF to afford
27. The coupling was repeated two more times to opti-
mize the coupling yields.


5.4. Capping


The unreacted sites on CPG were capped by the addi-
tion of a solution of acetic anhydride (1 mL, 100 mM
in DMF) and TEA (1 mL, 200 mM in DMF). The reac-
tion mixture was agitated for 10 min, filtered, washed
thoroughly with DMF, CH2Cl2, and then dried under
high vacuum.


5.5. Elongation


The coupling yield of the reaction was calculated to
be 80% from the trityl release assay. The coupling
was repeated with monomer 19 to give the desired
protected DNG trimer 28 on the LCAA-CPG. The
capping and deblocking steps were omitted to allow
the MMTr group to remain on the 5 0-terminus of
the DNG.


5.6. Cleavage and deprotection


The CPG was transferred to a pressure-resistant vial,
and methanolic ammonia solution (5 mL) was added.
The vial was sealed and heated at 60 �C for 12 h. The
isobutyryl and Fmoc-protecting groups were concur-
rently cleaved under these conditions. After cooling,
the volatiles were removed by vacuum centrifugation,
yielding a white residue containing the crude MMTr-
protected DNG trimer 29.
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6. HPLC purification of 29 and 1


The crude trityl-on product 29 was purified on reverse-
phase HPLC using 5%! 95% gradient of acetonitrile
in 100 mM TEAA buffer (pH 7.0), and characterized
by ESI ESI/TOF+ analysis which exhibited peaks at
m/z 1117.48 (M+H) and 559.24 (M+2H), calcd
1117.47 (M+H) and 559.24 (M+2H) for C55H60N18O9.


To the trityl-on DNG 29 was added 3% DCA in CH2Cl2
(1 mL) and agitated for 1 min. Excess of ether was add-
ed to precipitate trityl-off DNG 1. The solvents were
decanted after centrifugation, and the product was dried
and purified by RP-HPLC revealing a single peak. ESI/
TOF+ analysis of the final detritylated trimer 1 exhibit-
ed the expected peak at m/z 845.35 (M+H) and 423.14
(M+2H); calcd 845.35 (M+) and 423.17 (M+2H) for
C35H44N18O8.

7. Stoichiometry of the binding


Job plot analysis55 was performed to measure the stoi-
chiometry of association. To accommodate the differ-
ence in strand lengths of DNG 1 and DNA-C5


oligomer, the concentration of nucleotide solutions
was determined by using the extinction coefficients
(per mole of the nucleotide). The absorbance at
260 nm was measured for samples containing a constant
concentration of 4 lM oligonucleotides, varying be-
tween 0 and 100% DNA-C5 with DNG 1 making up
the remainder. All experiments were conducted in buffer
containing 100 mM [NaCl] and 10 mM NaHPO4 adjust-
ed to pH 7.1. The solutions were heated to 90 �C for
5 min. and allowed to cool to rt slowly before being
stored at 4 �C overnight. The inflection point at 50%
of DNA-C5 in the plot indicates the DNG 1 binds to
pentameric cytidine strand with 1:1 stoichiometry to
form a Watson–Crick base paired duplex.
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Abstract—P-glycoprotein (Pgp) is an ATP-driven membrane exporter for a broad spectrum of hydrophobic xenobiotics. Pgp-over-
expression is a common cause of multidrug resistance (MDR) in cancer cells and could lead to chemotherapeutic failure. Through
an extensive herbal drug screening program we previously showed that (±)-praeruptorin A (PA), a naturally existing pyranocumarin
isolated from the dried root of Peucedanum praeruptorum Dunn., re-sensitizes Pgp-mediated MDR (Pgp-MDR) cancer cells to
cancer drugs. A number of PA derivatives were synthesized and one of these, (±)-3 0-O, 4 0-O-dicynnamoyl-cis-khellactone
(DCK), was more potent than PA or verapamil in the reversal of Pgp-MDR. In Pgp-MDR cells DCK increased cellular accumu-
lation of doxorubicin without affecting the expression level of Pgp. In Pgp-enriched membrane fractions DCK moderately stimu-
lated basal Pgp-ATPase activity, suggesting some transport substrate-like function. However, DCK also inhibited Pgp-ATPase
activity stimulated by the standard substrates verapamil or progesterone with decreased Vmaxs but Kms were relatively unchanged,
suggesting a primarily non-competitive mode of inhibition. While the binding of substrates to active Pgp would increase the
reactivity of the Pgp-specific antibody UIC2, DCK decreased UIC2 reactivity. These results suggest that DCK could bind simulta-
neously with substrates to Pgp but perhaps at an allosteric site and thus affect Pgp–substrate interactions.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Multidrug resistance (MDR) in cancer cells could lead
to chemotherapeutic failure. The molecular mechanisms
leading to MDR include the activation of transport and
detoxification systems, enhancement of target repair
activities, alterations of drug targets, and disregulation
of cell death pathways.1 MDR may be resulted from
the over-expression of transporter proteins such as
P-glycoprotein (Pgp), multidrug resistance associated
protein (MRP1), lung resistance protein (LRP), and
breast cancer resistance protein (BRCP).2,3 Pgp is a
170-kDa ATP-dependent membrane transporter protein
encoded by MDR1 gene and is active against a spectrum
of functionally unrelated hydrophobic drugs.4 Pgp
antagonists have been shown to reverse MDR by
increasing intracellular drug availability. A few MDR
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antagonists, such as curcumin, may act by modulating
Pgp expression.5 Direct inhibitors of Pgp belong to
various groups of chemicals including calcium channel
blockers, calmodulin inhibitor, coronary vasodilators,
hormones, cyclosporines and indole alkaloids, quino-
lines, surfactants, and antibodies.6 Several pharmaco-
phore models of Pgp inhibitors have been built
through three-dimensional quantitative structure–activi-
ty relationship analysis of various Pgp substrates and
inhibitors.7–10 In general, these Pgp models consist of
hydrophobic centers (aromatic rings), hydrogen bond
acceptors (O or N atom), and hydrogen bond donors
(OH or NH group) in certain spatial separation.


(±)-Praeruptorin A (PA), a naturally existing pyrano-
cumarin isolated from the dried root of a medicinal
plant Peucedanum praeruptorum Dunn., was shown to
re-sensitize Pgp-overexpressing MDR (Pgp-MDR) cells
by transiently depleting ATP and/or suppressing Pgp
expression.11 DCK was derived from PA by replacing
the two aliphatic acyloxys at C-3 0 and C-4 0 with two
cynnamoyloxys that could form hydrophobic centers
in a more planar configuration. Our data show that
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DCK is a potent MDR reversal agent and may directly
inhibit Pgp by an non-competitive mechanism which
interferes with the binding of transport substrates
and/or the transport process.

2. Results and discussion


2.1. Preparation and identification of DCK


DCK was prepared by a two-step reaction (see Scheme
1). Basic hydrolysis of PA by 0.5 M KOH in dioxane
provided the intermediate (±)-cis-khellactone (1), and
dicynnamoylation of (1) catalyzed by dimethylamino-
pyridine (DMAP) in CHCl2 gave DCK.12 The NMR
and MS data of DCK were identical with those of
(+)-3 0-O,4 0-O-dicynnamoyl-cis-khellactone reported by
Wu et al.12 Its zero specific rotation indicates that the
product was (±)-3 0-O,4 0-O-dicynnamoyl-cis-khellactone.


2.2. DCK resensitized Pgp-MDR cells


In this study, human hepatoma cell line HepG2, leuke-
mia cell line K562, and their Pgp-MDR sublines

Table 1. Cytotoxicity of anticancer agents, PA and DCK


Treatment K562 IC50
a K562/Dox IC50


a RR


Vinblastine 8.80 ± 2.07 (·10�4) 0.20 ± 0.07 22


Doxorubicin 0.24 ± 0.11 31.02 ± 17.07 12


Cisplatin 2.58 ± 0.01 2.01


Camptothecin 0.10 ± 0.00 0.09 ± 0.01


Arsenic 3.34 ± 0.25 3.47 ± 0.61


PA >50 30.14 ± 6.09 —


DCK 30.61 ± 5.43 52.59 ± 8.74


Cells were exposed to drugs for 72 h and IC50 (lM drug concentration inhib


three experiments.
a IC50 was determined by MTT assay.
b IC50was determined by SRB assay.
c RR = Resistant ratio = IC50 (MDR cell)/IC50(parental cell).
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Scheme 1. Reagents and conditions: (a) 0.5 M KOH, dioxane, 60 �C, 20 min

HepG2/Dox and K562/Dox were employed for testing
MDR reversal activity of DCK. Compared to their
parental drug-sensitive cells by IC50 values (concentra-
tion inhibiting 50% of cell growth), K562/Dox cells were
227.3 and 129.2 times more resistant to Pgp substrate
anticancer drugs vinblastine and doxorubicin, whereas
HepG2/Dox cells were 1174.2 and 211.8 times more
resistant to the two drugs, respectively. Both HepG2/
Dox and K562/Dox showed no drug resistance to non-
Pgp substrate drug cisplatin (substrate of MRP2,
MRP3), camptothecin (substrate of BCRP), and arsenic
(substrate of MRP1), indicating that the overexpressed
Pgp was the main reason for the MDR phenotype
in the two cell lines used in this study (Table 1). DCK
by itself showed little growth inhibitory effect
(IC50 > 18 lM). However, the addition of 4 lM DCK
to treatments with Pgp substrate drugs vinblastine,
doxorubicin, puromycin or paclitaxel increased the drug
sensitivity of HepG2/Dox cells, as indicated by changes
in IC50, by 28.2- 20.8- 17.6- and 23.5-fold, respectively
(Table 2). Under similar conditions the increase in drug
sensitivity of K562/Dox cells was 28.6- 15.0- 11.3- and
108.3-fold, respectively (Table 3). DCK showed a much
stronger MDR reversing activity than PA and was

c HepG2 IC50
b HepG2/Dox IC50


b RRc


7.3 2.64 ± 0.67 (·10�4) 0.31± 0.05 1174.2


9.2 0.17 ± 0.09 36.00 ± 2.46 211.8


0.8 3.00 ± 0.79 2.07 ± 1.12 0.7


0.9 0.02 ± 0.01 0.02 ± 0.01 1.0


1.0 4.52 ± 0.97 2.88 ± 0.60 0.6


>50 14.42 ± 2.52 —


1.7 18.4 ± 4.28 34.67 ± 5.39 1.8


iting 50% growth) was determined. Values presented as means ± SD of


O O


O O
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O OO


RO


RO


O OO


RO


RO
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=RKCD
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, 15%; (b) cynnamic acid, DMAP, DCC, CHCl2, reflux, 2.5 h, 61%.







Table 2. Effects of PA, DCK, and verapamil on drug sensitivity of HepG2 and HepG2/Dox cells


HepG2/Dox HepG2


IC50 (lM) Sensitivity increaseda IC50 (lM) Sensitivity increaseda


Vinblastine 0.31 ± 0.05 2.64 ± 0.67 (·10�4)


With PA 0.13 ± 0.05 2.4 2.41 ± 0.88 (·10�4) 1.1


With DCK 0.011 ± 0.004 28.2 2.45 ± 0.52 (·10�4) 1.1


With verapamil 0.063 ± 0.023 4.9 3.38 ± 1.07 (·10�4) 0.8


Doxorubicin 36.00 ± 2.46 0.17 ± 0.09


With PA 25.43 ± 4.23 1.4 0.15 ± 0.03 1.1


With DCK 1.73 ± 0.52 20.8 0.15 ± 0.04 1.1


With verapamil 6.28 ± 3.33 5.7 — —


Puromycin 104.41 ± 10.87 0.21 ± 0.03


With PA 61.03 ± 6.32 1.7 0.20 ± 0.03 1.1


With DCK 5.93 ± 0.90 17.6 0.17 ± 0.07 1.2


With verapamil 13.49 ± 2.49 7.7 — —


Paclitaxel 4.23 ± 0.05 5.94 ± 2.68 (·103)


With PA 1.33 ± 0.54 3.2 5.42 ± 1.91(·103) 1.1


With DCK 0.18 ± 0.14 23.5 9.78 ± 1.22 (·103) 0.6


With verapamil 0.86 ± 0.12 4.9 — —


HepG2 and HepG2/Dox cells were exposed to anticancer drugs in the presence of 4 lM PA, DCK or verapamil for 72 h and IC50 (lM drug


concentration inhibiting 50% growth) was determined by SRB assay. Values are means ± SD of three experiments.
a Folds increased in drug sensitivity = (IC50 of control)/(IC50 in the presence of modulator).


Table 3. Effects of PA, DCK, and verapamil on drug sensitivity of


K562/Dox cells


Drug IC50 Sensitivity


increaseda


Vinblastine 0.20 ± 0.07


With PA 0.057 ± 0.020 3.5


With DCK 0.007 ± 0.003 28.6


With verapamil 0.017 ± 0.005 11.8


Doxorubicin 31.02 ± 17.07


With PA 19.70 ± 2.44 1.6


With DCK 2.08 ± 0.72 15.0


With verapamil 3.36 ± 0.93 9.3


Puromycin 47.69 ± 9.00


With PA 30.13 ± 6.50 1.6


With DCK 4.23 ± 1.08 11.3


With verapamil 6.62 ± 1.49 7.2


Paclitaxel 3.25 ± 0.45


With PA 1.44 ± 0.18 2.2


With DCK 0.03 ± 0.01 108.3


With verapamil 0.12 ± 0.02 27.1


K562/Dox cells were exposed to anticancer drugs in the presence of


4 lM PA, DCK or verapamil for 72 h and IC50 (lM drug concentra-


tion inhibiting 50% growth) was determined by MTT assay. Values are


means ± SD of three experiments.
a Folds increased in drug sensitivity = (IC50 of control)/(IC50 in the


presence of modulator).
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active at concentrations as low as 2 lM. The decreases
in IC50 values were not observed in drug-sensitive cells
(Table 2), implying that DCK mainly acted on the over-
expressed Pgp.


2.3. DCK enhanced doxorubicin-induced G2/M arrest in
HepG2/Dox cells


Doxorubicin is a topoisomerase II inhibitor which induc-
es G2/M arrest in cell cycle. As shown in Figure 1, in
drug-sensitive HepG2 cells doxorubicin achieved almost

a complete G2/M arrest at 0.2 lM but in Pgp-MDR
HepG2/Dox cells the concentration required was
50 lM. DCK at concentrations as high as 20 lM had no
effect on the cell cycle of HepG2/Dox cells. If DCK revers-
es MDR by maintaining cellular doxorubicin concentra-
tion as proposed, the effectiveness of doxorubicin on cell
cycle arrest should be restored by DCK. Indeed, DCK
significantly enhanced doxorubicin-induced G2/M arrest
in Pgp-MDR cells but not in drug-sensitive cells. For
example, 4 lM DCK reduced the required doxorubicin
concentration from 50 to 2 lM. This result supported
the suggestion that DCK was functioning as a Pgp
modulator.


2.4. DCK increased drug uptake and reduced drug efflux
in MDR cells


Flow cytometry analysis showed that DCK increased
cellular concentration of doxorubicin, a Pgp substrate.
After an 1-h incubation with doxorubicin, the presence
of 10 lM DCK increased cellular doxorubicin accumu-
lation by 30%, compared to a 25% increase caused by
15 lM of verapamil (Fig. 2A). The increase in drug
accumulation was probably due to a decreased drug ef-
flux since DCK inhibited doxorubicin efflux from
HepG2/Dox cells pre-loaded with doxorubicin as effi-
cient as verapamil (Fig. 2B). DCK also decreased the ef-
flux of another fluorescent Pgp substrate Rh-123 in
HepG2/Dox cells but in this case DCK was less active
than verapamil (data not shown). The differential inhib-
itory effect is conceivable if these drugs are transported
by different transport sites on Pgp.13–18


2.5. DCK did not affect Pgp expression


It was previously noted that PA might decrease both
MDR1 mRNA level and Pgp level in Pgp-overexpress-
ing KB V1 cells. Pgp expression was monitored by
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Figure 1. DCK enhanced doxorubicin-induced G2/M arrest in HepG2/Dox cells. Cells were incubated with doxorubicin with or without addition of


DCK for 48 h. Flow cytometry results of one typical experiment are shown. Numerical data are percent of G2/M cells and are presented as


means ± SD of three independent experiments.
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Figure 2. Effect of DCK on doxorubicin retention in HepG2/Dox cells.


(A) Cellular doxorubicin accumulation assay. Cells were incubated


with 5 lM doxorubicin with or without addition of DCK or verapamil


(VRP) for 1 h. Effect of DCK and verapamil on cellular doxorubicin


accumulation was analyzed by flow cytometry. Increase of cellular


fluorescence is shown in percentage. (B) Doxorubicin efflux assay. Cells


were treated with 5 lM doxorubicin for 1 h followed by an additional


hour in doxorubicin-free medium with DCK or verapamil. Cellular


fluorescence was analyzed by flow cytometry and increase of cellular


fluorescence is shown in percentage. Results are mean values of three


experiments. Significantly different at *P < 0.05 compared with base-


line control.
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Western blot analysis and our results showed that both
K562/Dox cells and HepG2/Dox cells expressed high le-
vel of MDR1, and a 72 h treatment with 20 lM DCK
did not affect the expression level (Fig. 3).


2.6. DCK inhibited transport substrate-stimulated Pgp-
ATPase activity


Pgp hydrolyzes ATP to support drug transport activity
therefore the Pgp-catalyzed ATP hydrolysis rate reflects
indirectly the transport activity of Pgp. We studied Pgp-
ATPase activity catalyzed by the membrane fractions
prepared from Pgp-MDR cells while suppressing the
activities of other major membrane ATPases. As shown
in Figure 4, verapamil and progesterone, two standard
Pgp transport substrates, stimulated ATP hydrolysis in
a dose dependent manner. DCK by itself also slightly
stimulated basal Pgp-ATPase activity (Fig. 4). But in
the presence of 5 lM DCK, the verapamil- and proges-
terone-stimulated ATPase activity was notably inhibited
with decreased Vmaxs but Kms were decreased or
unchanged.


2.7. DCK affecting UIC2 antibody reactivity


The mAb UIC2 is a conformation-sensitive antibody
which preferentially binds to an external epitope of
Pgp that is associated with substrate or competitive
inhibitor.18 UIC2 reactivity was monitored by the use
of a fluorescent secondary antibody. Figure 5 shows that
cyclosporin A, a Pgp substrate, increased UIC2 labeling
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Figure 3. DCK did not affect Pgp expression within MDR cells.


HepG2/Dox cells and K562/Dox cells were incubated with or without


DCK for 72 h. Lysed cell extracts containing 50 lg of total cellular


protein were separated on 10% SDS–PAGE. Pgp was detected by


antibody labeling. Samples in lane 1 were from untreated K562 and


HepG2 cells.
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Figure 5. Effect of DCK on mAb UIC2 binding reactivity to Pgp. (A)


HepG2/Dox cells reacted with mAb UIC2 at 37 �C, in the presence or


in the absence (filled histogram) of 1 mM Na3VO4 (thin line), 5 lM


DCK (thick line), or 5 lM cyclosporine A (broken line). Normal IgG2a


was used as negative control (dotted line). UIC2 binding affinity to Pgp


can be detected by labeling with a fluorescent secondary antibody and


analyzed by flow cytometry. Pictures from a typical experiment


showed the cellular fluorescence variation in HepG2/Dox cells when


cells were pretreated with 1 mM sodium vanadate, or 5 lM DCK or


5 lM cyclosporin A. (B) HepG2/Dox cells reacted with mAb UIC2 at


4 �C in the presence or in the absence (filled histogram) of 5 lM DCK


(dotted line), the cellular fluorescence kept unaltered.
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of HepG2/Dox cells. The blocking of the ATP site by
sodium vanadate (Na3VO4), and thus blocking the
transportation process, also decreased UIC2 labeling.
Unlike substrates, DCK decreased UIC2 reactivity like
Na3VO4.


2.8. DCK enhanced growth inhibitory effect of doxorubi-
cin in soft-agar colony-forming assay


Cancer cell proliferation in a chronic cytotoxicity envi-
ronment can be evaluated by the soft-agar colony
formation assay. As shown in Figure 6, 4 lM DCK or
2 lM doxorubicin individually had no appreciable effect
on colony formation of HepG2/Dox cells. However,
when the two drugs were combined (4 lM DCK and
2 lM doxorubicin), few HepG2/Dox colonies could be
formed.

3. Conclusion


Although the mother compound PA suppresses MDR1
gene expression, our results show that DCK is a more
potent MDR modulator that inhibits Pgp directly.
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Figure 4. Effect of DCK on basal and substrate-stimulated ATPase


activity of Pgp. Membrane vesicles were prepared from drug-resistant


Pgp-overexpressing K562/Dox cells. Pgp ATPase activity was mea-


sured with other major membrane ATPases suppressed.

DCK stimulates the basal Pgp ATPase activity and this
has some substrate-like activity but it is an effective
non-competitive inhibitor that decreases the Vmaxs of
verapamil and progesterone with the Kms relatively
unchanged. As a non-competitive inhibitor it is likely
that DCK might bind to Pgp simultaneously with
other substrates. The interaction would cause Pgp
conformational changes that could hinder intramolecu-
lar movements necessary for the transportation process
as well as transport-associated ATP hydrolysis.


DCK was derived from PA by replacing the two acyls at
C-3 0-O and C-4 0-O site with two cynnamoyls. The new
derivative has two bulky polar groups on the same plane
and is more active than PA and verapamil in resensitiz-
ing Pgp-MDR cells. Our results provide a positive foun-
dation for future PA based drug development.

4. Experimental


4.1. General


Doxorubicin, vinblastine, puromycin, paclitaxel,
cisplatin, camptothecin, arsenic, verapamil, sulforhoda-
mine B (SRB), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphen-
yl tetrazolium bromide (MTT), MgATP, cell culture
grade agarose, and other reagent grade chemicals were
purchased from Sigma/Aldrich Co. (St. Louis, MO,
USA). Propidium iodide (PI) was from Molecular
Probes (OR, USA). Cell culture media and supplements
were products of GibcoBRL (MD, USA). Nitrocellulose
membranes and secondary antibody (horseradish–
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Figure 6. DCK enhanced growth inhibitory effect of doxorubicin in soft-agar colony-forming assay. (A) Colony numbers from three independent


experiments are shown as means ± SD. Significantly different to the untreated control group at *P < 0.05. (B) Pictures from a typical experiment


showing the colonies formed in untreated plate (control), and the plates treated with 2 lM doxorubicin, or 4 lM DCK, or combination of 2 lM


doxorubicin and 4 lM DCK.
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peroxidase-conjugated anti-rabbit IgG) were from Bio-
Rad (CA, USA), and the anti-Pgp antibody was from
Calbiochem (La Jolla, USA). Anti-MDR1 monoclonal
UIC2 (UIC2 mouse monoclonal anti-human MDR1)
was from Immunotech (PA, USA). Goat anti-mouse
IgG2a-PE and normal IgG2a were from Santa Cruz Bio-
technology (CA, USA).


Nuclear magnetic resonance spectra (NMR) were
recorded on a Varian NMR-300 MHz spectrometer in
CDCl3. Optical rotation was measured on a PE343
polarimeter. Mass spectra (MS) were recorded on a
Thermo-Finnigan LCQ advantage mass spectrometer.


4.2. Preparation of DCK


Basic hydrolysis was carried-out by adding 60 mL of
0.5 M KOH to PA (1.0 g in 150 mL of dioxane) and the
mixture was stirred at 60 �C for 20 min. After cooling,
pH was adjusted to 2–3 by 10% H2SO4 and the mixture
was stirred for 2 h at room temperature and extracted with
CHCl3 and trice (100, 100, and 60 mL). The combined
CHCl3 fraction was washed with 100 mL of saturated
NaHCO3 followed by 100 mL of water and dried over
Na2SO4. After solvent removal, the residue was separated
by repeated flash chromatography on silica gel (CHCl3/
EtOAc, 3:1) and fractions were monitored by a thin-layer
chromatograph (TLC) at 365 nm. The yield was 150 mg
(15%) of (1). Compound (1) appeared to be white amor-
phous solid with zero specific rotation. 1H NMR d ppm
(CDCl3-300 MHz): 7.67 (1H, d, J = 9.5 Hz, 4-H), 7.33
(1H, d, J = 8.6 Hz, 5-H), 6.81 (1H, d, J = 8.6 Hz, 6-H),
6.23(1H, d, J = 9.6 Hz, 3-H), 5.21 (1H, d, J = 4.9 Hz, 4 0-
H), 3.88 (1H, d, J = 5.0 Hz, 3 0-H), 1.48 and 1.41 [3H each,
s, 2 0-(Me)2]. MS (ESI) for C14H14O5: 285 [M+Na]+.

Cinnamic acid (220 mg or 15 mmol) was added to a mix-
ture of (1) (80 mg, 0.31 mmol), dichloromethane (5 mL),
N, N 0-dicyclohexylcarbodiimide (206 mg, 1 mmol), and
4-dimethylaminopyridine (4 mg, 0.032 mmol). The mix-
ture was stirred/refluxed for 3 h, cooled to room temper-
ature, filtered, and the filtrate was separated and purified
by a repeated flash silica gel 60 column chromatograph
(petroleum ether/EtOAc, 4:1). Fractions were monitored
by TLC at 365 nm and purified DCK (81 mg, 52% yield)
was obtained.


DCK appeared to be white amorphous solid with a zero
specific rotation. 1H NMR dppm (CDCl3-300 MHz):
7.68 (2H, d, J = 15.9 Hz, –CO–CH@), 7.61 (1H, d,
J = 9.5 Hz, 4-H), 7.47–7.42 (4H, m, Ar–H), 7.39 (1H,
d, J = 8.6 Hz, 5-H), 7.36–7.30 (6H, m, Ar–H), 6.86
(1H, d, J = 8.4 Hz, 6-H), 6.78 (1H, d, J = 4.9 Hz,
4 0-H), 6.45 (2H, d, J = 15.9 Hz, Ar–CH@), 6.22 (1H,
d, J = 9.6 Hz, 3-H), 5.53(1H, d, J = 4.9 Hz, 3 0-H), 1.57
and 1.48(3H each, s, C-2 0-Me). MS (ESI) for
C32H26O7: 545 [M+Na]+.


4.3. Cell lines and cell culture


Human hepatoma cell line HepG2 and its doxorubicin-
selected Pgp-overexpressing subline HepG2/Dox were
kindly provided by Dr. Judy Chan, Chinese University
of Hong Kong.19 Human leukemia cell line K562 was
from Gibco (ATCC No. CCL-243), whereas its doxo-
rubicin-selected Pgp-overexpressing subline K562/Dox
was kindly provided by Dr. Morjani, University of
Reims Champagne-Ardenne, France.20,21 All cell lines
were grown in RPMI 1640 medium containing 10%
FBS and 100 U antibiotics, at 37 �C in a humidified
5% CO2 incubator. To maintain MDR phenotype,
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1.2 and 0.1 lM doxorubicin were added to HepG2/
Dox and K562/Dox cultures, respectively. All MDR
cells were maintained in drug-free medium for at least
7 days before used.


4.4. Cell growth inhibition assay


Drug concentrations inhibiting 50% growth (IC50) were
determined in 72 h cultures in the 96-well format. The cell
number of anchorage dependent HepG2 and HepG2/Dox
cells was estimated by SRB cellular protein assay.22 Each
well was seeded with 5000 cells in 50 ll medium per well
and incubated overnight. Cells were incubated with fresh
medium containing drugs for 72 h, fixed in 50 ll ice-cold
15% trichloroacetic acid, and washed with triple-distilled
water five times. Cellular protein was stained by adding
50 ll of 0.4% SRB in 1% acetic acid for 10 min, rinsed with
1% acetic acid five times, and air-dried. After adding
100 ll of 10 mM Tris base (pH 10.5), optical density
(OD) at 515 nm was obtained.


MTT cytotoxic assay23 was employed to monitor
viable cells in suspended K562 and K562/Dox cell
cultures. Cells were seeded and grown in 96-well plates
as above, treated with drugs for 68 h, and 10 ll of
5 mg/mL MTT solution was added to each well. After
4 h, 100 ll of a stop solution (50% isobutanol, 0.04 N
HCl, and 10% SDS) was added and plates were
incubated overnight at room temperature. OD was
determined at 570 nm. Each experiment was repeated
three times and results were expressed as means ± stan-
dard deviation (SD). Solvents and media were included
as blank control.


4.5. MDR reversing activity


MDR reversing activity of a test compound was evaluated
by comparing IC50 values of an anticancer drug in the
presence and absence of 4 lM of the test compound.
Verapamil, a Pgp modulator, was used as the positive con-
trol and medium control was subtracted as background.
All experiments were repeated at least three times.


4.6. Cellular doxorubicin accumulation


About 2 · 106 cells were suspended in 2 mL of medium
containing 5 lM doxorubicin. Various concentrations
of a test substance were added and incubated at 37 �C
for 40 min. Cells were washed with ice-cold PBS twice
and resuspended in 1 mL of ice-cold phosphate-buffered
saline (PBS). Verapamil was included as a positive con-
trol. Cellular doxorubicin concentration was monitored
by a FACSCAN flow cytometer (Becton–Dickinson
Immunocytometry Systems, San Jose, CA, USA).


4.7. Drug efflux assay


About 2 · 106 cells were suspended in 2 mL of medium
containing 5 lM doxorubicin and incubated at 37 �C
for 1 h. Cells were washed with ice-cold PBS twice,
resuspended in fresh medium containing the test modu-
lator, and incubated at 37 �C for 1 h. Cells were washed
with ice-cold PBS twice and resuspended in 1 mL of

ice-cold PBS. Cellular fluorescence intensity was moni-
tored on a FACSCAN flow cytometer.


4.8. Cell cycle distribution


About 1 · 106 cells in 1 mL medium were seeded in a
35-mm culture dish and incubated overnight. One milli-
liter of medium with or without drugs of various con-
centrations was added and incubated for 48 h. Cells
were harvested, washed with PBS twice, and fixed in
70% EtOH at �20 �C overnight. After that, the cells
were washed with PBS once, resuspended in 1 mL of
PBS containing 100 lg/mL Rnase A, and incubated at
37 �C for 30 min. PI staining solution was added at a fi-
nal concentration of 40 lg/mL and incubated at RT for
5–10 min. Samples were then analyzed by a FACSCAN
flow cytometer.


4.9. Western blot analysis for detection of Pgp expression


HepG2/Dox and K562/Dox cells were treated for 72 h
with 5, 10 and 20 lM, DCK in cell growth medium
and were then incubated in ice-cold lysis buffer
(50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA,
5% glycerol, 0.5 mM MgCl2, 0.5% NP 40, 0.05% SDS,
1 mM PMSF, 1 lg/mL leupeptin, 1% aprotinin, 1%
pepstatin A, 2 mM Na3VO4, and 50 mM NaF) for
20 min and collected by centrifugation (10,000g) at
4 �C for 15 min. Protein concentration of supernatants
was determined by Bradford assay. Samples containing
50 lg of protein were subjected to 10% SDS–PAGE
and electro-transferred to nitrocellulose membranes.
Membranes were blocked with 3% non-fat milk/0.05%
Tween 20/TBS (10 mM Tris, pH 7.5, 100 mM NaCl),
incubated with anti-Pgp antibody for 1 h at room temper-
ature followed by horseradish–peroxidase-conjugated
secondary antibody for another 1 h at room tempera-
ture. Protein bands were detected by the ECL method.
Drug-sensitive HepG2 and K562 cell extracts were also
included as basal expression level control.


4.10. Pgp-enriched microsomal membrane preparation


Pgp-overexpressing K562/Dox cells (109–1010) were
washed with ice-cold PBS containing 0.1 mM PMSF
and vesicle buffer (0.01 M Tris–HCl, pH 7.5, 0.25 M
sucrose, and 0.2 mM CaCl2) at 4 �C and collected by
centrifugation (4000g, 10 min). Membrane vesicles were
prepared by following the steps as described previous-
ly24 and stored at �80 �C before use.


4.11. ATP hydrolysis24–26


Membrane preparations were thawed on ice and diluted
by ice-cold ATPase buffer (50 mM Tris–Cl, pH 7.4,
50 mM KCl, 2.5 mM MgSO4, and 3 mM DTT) contain-
ing 3 mM sodium azide (to inhibit the mitochondrial
ATPase), 0.5 mM EGTA (to inhibit Ca-ATPase), and
2 mM ouabain (to inhibit the Na/K-ATPase). The reac-
tion was carried out in the 96-well format and reaction
mixture (60 ll per well) contained membrane prepara-
tion (10 lg of protein), drugs, and 4 mM MgATP in
ATPase buffer. Plates were kept in ice and the reaction
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was started by bringing the plates to 37 �C. After
30 min, the reaction was terminated by the addition of
30 ll of 10% SDS solution, 200 ll of a 4:1 mixture of
10% fresh ascorbic acid (pH 5.0) and 35 mM ammonium
molybdate in 15 mM zinc acetate (pH 5.0). After 30 min
at 37 �C in the dark, absorption at 750 nm was deter-
mined and the free phosphate content was determined
by comparing to a standard curve. Base line controls
contained 100 lM Na3VO4, pH 10.0, and/or ethanol
(drug solvent) at a maximum final concentration of
2% v/v. All experiments were repeated three times.


4.12. Soft-agar colony formation


Each sample (5000 cells and drugs in 1.5 mL of 0.3%
agar-medium) was plated onto a 1.5-mL underlayer
(0.6% agar in RPMI-1640 medium and 10% FBS) in a
35-mm dish. Plates were incubated at 37 �C in humidi-
fied 5% CO2 for 2 weeks.


4.13. UIC2 binding ability


This assay was performed as described27 with minor
modifications. HepG2/Dox Cells were washed with
PBS and resuspended in UIC2 binding buffer (PBS +
1 % BSA). Approximately 1 · 106 cells in 800 ll binding
buffer were pre-warmed at 37 �C for 10 min, incubated
with drugs at 37 �C for another 10 min, and 1 lg of
the monoclonal antibody UIC2 was added. After
15 min at 37 �C, 700 ll of ice-cold UIC2 buffer was add-
ed to stop the reaction. Cell samples were washed with
cold buffer twice, resuspended in 500 ll ice-cold UIC2
buffer and 2 ll of goat anti-mouse IgG2a-PE was added.
After 15 min at 4 �C in the dark, samples were washed,
resuspended in 1 mL ice-cold UIC2 binding buffer, and
analyzed by using a FACSCalibur flow cytometer. The
fluorescence intensity associated with the cells was
expressed on a log scale. Normal mouse IgG2a served
as a negative control. UIC2 reactivity at 4 �C in DCK-
treated HepG2/Dox cells was also performed as control.
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Abstract—Different substituents were introduced in position 1 of 2-methyl-5(6)-nitro-1H-benzimidazole (2) in order to obtain dif-
ferent side chains having different heterocyclic compounds, for example, thiadiazoles (5–7), tetrazoles (8, 9a, b), triazoles (11–13),
thiazoles (14a–e), triazines (10, 16, 17), and imidazoles (18a–c). The antitumor effect of compounds 1, 2, 2a, 4, 5, 7, 8, 9a, 10,
13, 14a, 15, 16, and 18c was studied against breast cancer (MCF7) and compounds 2 [IC50 = 4.52 lg] and 7 [IC50 = 8.29 lg] were
found to be active.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Benzimidazole derivatives are of wide interest because of
their diverse biological activity and clinical applica-
tions.1–6 Pyrrolo[1,2-a]benzimidazoles (PBIs) (I, II, and
III) represent a new class of antitumor agents exhibiting
cytotoxic activity against a variety of cancer cell lines.
The mechanism of cytotoxicity involves reductive alkyl-
ation of DNA accompanied by cleavage of G and A
bases.7–14 8-Amino-2-methyl-4,5-dihydroimidazo[1,5,4-
de]quinoxalin-9-one (IV) exhibits antitumor activity
against melanoma and breast cancer.15 An anticancer
agent, [Hoechst-33342], 2 0-(4-ethoxyphenyl)-5-(4-meth-
yl-1-piperazinyl)-2,5 0-bis-1H-benzimidazole (V), has
been demonstrated being an inhibitor of topoisomerase
I.16,17 The bis-benzimidazole dye [Hoechst-33258]
(VI)18,19 not only shows in vitro antitumor activity,
but also acts as inhibitor of DNA topoisomerase I.20


The benzimidazole derivatives VII, VIII, and IX were
prepared by our laboratory group and found to be cyto-
toxic against non-small lung cancer and breast
cancer.21,22


The antitumor effect of compounds 1, 2, 2a, 4, 5, 7, 8,
9a, 10, 13, 14a, 15, 16 and 18c was performed in the

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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activity.
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National Cancer Institute, Cancer Biology Depart-
ment, Cairo University against breast cancer (MCF7)
of human cell line. Compounds 2 [IC50 = 4.52 lg] and
7 [IC50 = 8.29 lg] were found to be active (Graphs 1–3).

2. Results and discussion


2.1. Chemistry


Nitration of 2-methyl-1H-benzimidazole (1), widely
investigated,23,24 gave 2-methyl-5(6)-nitro-1H-benz-
imidazole (2). Substitution at position 1 of the imino
hydrogen eliminates the possibility for tautomerism
and a definite assignment of structure has to take
place. Benzylation of compound 2 was performed by
its reflux with benzyl chloride in acetone and potassi-
um carbonate to yield 1-benzyl-2-methyl-5-nitro-1H-
benzimidazole (2a). To find out the position of attach-
ment of the NO2 group, NOE difference experiment
has been performed for compound 1-benzyl-2-meth-
yl-5-nitro-1H-benzimidazole (2a). The received spec-
trum showed the disappearance of H4 and H6 with
the recognition of the H7 resonance at d (ppm) 7.61
together with the phenyl protons, multiplet at d
(ppm) 7.13, thus proving that the NO2 group is at-
tached at position 5 of the benzimidazole ring
(Fig. 1).
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Graph 1. Cytotoxic activity of compound 1.


Graph 2. Cytotoxic activity of compound 2.


Graph 3. Cytotoxic activity of compound 7.
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Compound 2 was cyanomethylated by chloroacetonitri-


le and sodium hydride in N,N-dimethylformamide to
give 2-(2-methyl-5-nitro-1H-benzimidazol-1-yl)acetoni-
trile (3). Addition of hydrazine hydrate to the cyano
group of compound 3 afforded the amidrazone deriva-
tive 4, which was treated with carbon disulfide in meth-
anol to give 1,3,4-thiadiazol-2-thione 5. Substitution at


IX


the thiol group of compound 5 was performed by its
reaction with ethyl bromoacetate or chloroacetone in
N,N-dimethylformamide and sodium hydride to yield
6 and 7, respectively (Scheme 1). The tetrazole derivative
8 was produced when compound 3 reacted with sodium
azide in the presence of ammonium chloride in N,N-di-
methylformamide. Introduction of methanesulfonyl and
toluene-4-sulfonyl groups to the NH group of the tetra-
zole ring of compound 8 was achieved by its reaction
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Figure 1. NOE spectrum of 1-benzyl-2-methyl-5-nitro-1H-benzimidazole (2a).
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with methanesulfonyl chloride or p-toluenesulfonyl
chloride in the presence of sodium hydride in N,N-di-
methylformamide to afford 9a and 9b, respectively
(Scheme 2). Cyclization of the amidrazone derivative
4 was performed by its reflux with ethyl bromoacetate,
trimethyl orthoformate, thionyl chloride or ethyl chloro-
formate in ethanol and sodium ethoxide to obtain 1,2,4-
triazin-5-one derivative 10, 1,2,4-triazole derivative 11,
1,2,3,5-thiatriazole derivative 12, and 1,2,4-triazol-3-
one derivative 13, respectively (Scheme 3).


Substitution at position 1 of the benzimidazole ring by a
substituted thiazol-2-thione ring could be performed by
the reaction of compound 3 with sulfur and (methyl, eth-
yl, phenyl, benzoyl or p-methoxyphenyl isothiocyanates)
yielded compounds 14a–e, respectively (Scheme 4). 2-
Chloro-1-(2-methyl-5-nitro-1H-benzimidazol-1-yl)etha-
none (15) was synthesized in an excellent yield by sub-
stitution on the imino hydrogen at position 1 of
compound 2 by its reaction with chloroacetyl chloride
in acetone and anhydrous potassium carbonate. Differ-
ent five- and six-membered heterocyclic rings substitut-
ing position 1 in compound 15 were synthesized by its
reaction with thiosemicarbazide, semicarbazide, urea,
thiourea or guanidine hydrochloride to produce 1,2,4-
triazin-3-thione derivative 16, 1,2,4-triazin-3-one deriva-
tive 17, imidazol-2-one derivative 18a, imidazolthione
derivative 18b, imidazol-2-imine derivative 18c, respec-
tively (Scheme 5). The structures of various compounds
synthesized were assigned on the basis of their spectral
data (1H NMR, 13C NMR, IR, and mass spectra) and
microanalyses, which are given in the experimental part.


2.2. Cytotoxic activity


As a continuation to our previous work, El-Naem
et al.,21,22 we had for aim in this manuscript to study
the effect of substitution at position 1 on the antitumor
activity of benzimidazole derivatives, the antitumor ef-
fect of compounds 1, 2, 2a, 4, 5, 7, 8, 9a, 10, 13, 14a,
15, 16, and 18c was performed in the National Cancer
Institute, Cancer Biology Department, Cairo Universi-
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ty, against breast cancer (MCF7) of human cell line.
Compounds 2 [IC50 = 4.52 lg] and 7 [IC50 = 8.29 lg]
were found to be active.
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3. Conclusion


By examining the activity of the compounds, we can
deduce three main conclusions:


(1) Substitution at position 5 by NO2 group increases
the activity as shown from the higher activity of
compound 2 than compound 1.


(2) The presence of the free NH group of the benz-
imidazole ring increases the activity as compound
2 is the most active one among the tested
compounds.


(3) Among the 1-substituted-5-nitrobenzimidazoles,
substitution by a thiadiazole ring at position 1 of
the benzimidazole through a methylene group and
having 2-propanoyl group at position 2 increases
the activity as compound 7 was the most active
one, especially more active than the unsubstituted
thaidiazole derivative 5.
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4. Experimental


Melting points were taken on a capillary melting point
apparatus and are uncorrected. 1H NMR and 13C
NMR spectra were measured in DMSO-d6 on JEOL-
300 spectrometer with Me4Si as an internal standard.
Mass spectra were obtained with a Schimadzu GCS-
QP 1000EX spectrometer at 70 ev. The IR spectra were
recorded with a Philips Infracord Spectro-photometer
Model PU9712 in KBr discs. Elemental analyses were
performed at the Microanalytical Laboratory of the
National Research Centre.


2-Methyl-1H-benzimidazole (1) was obtained by reflux-
ing o-phenylene diamine with acetic acid in 1:1 molar
ratio in 4N hydrochloric acid.24 2-Methyl-5-nitro-1H-
benzimidazole (2) was prepared according to Bapat
et al.’s method.24

4.1. 1-Benzyl-2-methyl-5-nitro-1H-benzimidazole (2a)


To a solution of compound 2 (10 g, 56.5 mmol) and
anhydrous potassium carbonate (7.8 g, 56.5 mmol) in
acetone (30 ml), benzyl chloride (6.5 ml, 56.5 mmol)
was added dropwise. The mixture was stirred at room
temperature for about 8 h. The mixture was then poured
onto water and extracted with ethyl acetate, dried over
sodium sulfate anhydrous, and concentrated under vac-
uum to give pure compound 3 as a yellow solid. Rf 0.75
(petroleum ether/ethyl acetate/methanol, 1:1:1/2). Yield:
2.59 (s, 3H, CH3) d 13.5 g (89%); mp 152–154 �C;1H
NMR (300 MHz, DMSO-d6), 5.58 (s, 2H, CH2), 7.13
(dd, J1 = 9 Hz, J2 = 1.8 Hz, 2H, H 02 + H 06), 7.45 (m,
3H, H 03 + H 04 + H 05), 7.61 (d, J = 9 Hz, 1H, H7), 8.22
(dd, J6–7 = 9 Hz, J6–4 = 1.8 Hz, 1H, H6), 15.01 (CH3),
47.8 (CH2), 111.9–129.9 d 8.44 (s, 1H, H4); 13C NMR
(DMSO-d6) (Ar.C), 143.3 (N–C–N), 157.5 (C@N); IR
(cm�1): 1618 (C–N), 1518–1343 (NO2); Anal. Calcd
for C15H13N3O2: C, 67.40; H, 4.90; N, 14.72. Found:
C, 67.35; H, 4.85; N, 15.87.


4.2. 2-(2-Methyl-5-nitro-1H-benzimidazol-1-yl)acetoni-
trile (3)


To a solution of compound 2 (10 g, 56.5 mmol) and
sodium hydride (1.5 g, 56.6 mmol) in (30 ml) N,N-
dimethylformamide, chloroacetonitrile (3.55 ml,
56.6 mmol) was added dropwise and the reaction mix-
ture was stirred for 8 h at room temperature, then
poured onto ice water. The obtained precipitate was fil-
tered off, dried, and recrystallized from ethanol as a gray
powder. Rf = 0.86 (petroleum ether/ethyl acetate, 1:1).
Yield: 10.5 g (85%); mp 185 �C;1H NMR (DMSO-d6)
d 2.56 (s, 3H, CH3), 5.60 (s, 2H, CH2), 7.61 (d,
J = 9 Hz, 1H, H7), 8.02 (d, J = 9 Hz, 1H, H6), 8.34 (s,
1H, H4); IR (cm�1): 2245 (C„N), 1662 (C@N), 1499,
1380 (NO2); Anal. Calcd for C8H8N4O2 (216): C,
55.55; H, 3.73; N, 25.91. Found: C, 55.60; H, 3.81; N,
25.86.


4.3. 1-Hydrazinyl-2-(methyl-5-nitro-1H-benzimidazol-1-
yl)ethenamine (4)


To a solution of compound 3 (10 g, 46.3 mmol) in etha-
nol (8.3 ml, 138 mmol), hydrazine hydrate (99%) was
added. The mixture was refluxed for 5 h and the solvent
was removed under reduced pressure. The precipitate
was crystallized from ethanol as a yellow solid. Rf 0.25
(petroleum ether/ethyl acetate/methanol, 1:1:1/2). Yield:
11 g (78%); mp 195–197 �C; 1H NMR (DMSO-d6) d 2.49
(s, 3H, CH3), 3.18 (br s, 2H, NH2), 4.60 (s, 2H, CH2),
7.63 (d, J = 9 Hz, 1H, H7), 7.99 (d, J = 9 Hz, 1H, H6),
8.34 (s, 1H, H4); IR (cm�1): 3387, 3295 (NH2), 3226
(NH), 1619, 1559 (C@N groups), 1518, 1335 (NO2) ;
Anal. Calcd for C10H12N6O2 (248): C, 48.38; H, 4.87;
N, 33.85. Found: C, 48.27; H, 4.80; N, 33.79.


4.4. 5-[(2-Methyl-5-nitro-1H-benzimidazol-1-yl)meth-
yl]1,3,4-thiadiazol-2(3H)-thione (5)


To a solution of compound 7 (2 g, 8 mmol) in methanol
(30 ml), (5 ml, 16 mmol) of carbon disulfide was added.
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The mixture was refluxed for 5 h, the solvent was re-
moved under reduced pressure. The precipitate was crys-
tallized from methanol as a green powder. Rf = 0.65
(petroleum ether/ethyl acetate/methanol, 1:1:1/2). Yield:
2 g (80%); mp 235 �C; 1H NMR (DMSO-d6) d 2.56 (s,
3H, CH3), 5.80 (s, 2H, CH2), 7.80 (d, J = 9 Hz, 1H,
H7), 8.20 (dd, J6–7 = 9 Hz, J6–4 = 1.8 Hz, 1H, H6), 8.42
(s, 1H, H4); 13C NMR (DMSO-d6) d 15.1 (CH3), 43.2
(CH2), 111–118.9 (Ar.C), 145.5 (C@N), 193.1 (C@S);
IR (cm�1): 3424 (NH), 1619, 1598 (C@N groups),
1522, 1332 (NO2), 1280 (C@S) ; Anal. Calcd for
C11H9N5O2S2 (307): C, 42.95; H, 2.91; N, 22.83; S,
20.91. Found: C, 42.89; H, 2.99; N, 22.79; S, 20.87.


4.5. General procedure for the preparation of the
compounds 6 and 7


To a stirred solution of compound 4 (2 g, 6.5 mmol) and
sodium hydride (0.4 g, 6.5 mmol) in N,N-dimethylform-
amide (20 ml), ethyl bromoacetate or chloroacetone
(6.5 mmol) was slowly added dropwise. The mixture
was stirred at room temperature for 8 h, the mixture
was then poured onto ice water, and the resulting pre-
cipitate was collected by filtration and recrystallized
from appropriate solvent.


4.6. Ethyl-2-[5-((2-methyl-5-nitro-1H-benzimidazol-1-
yl)methyl)-1,3,4-thiadiazol-2-yl-thio]acetate (6)


Crystallized from chloroform as a green powder.
Rf = 0.83 (petroleum ether/ethyl acetate/methanol,
2:1:1/2). Yield: 2.8 g (84%); mp 252–253 �C; 1H NMR
(DMSO-d6) d 1.33 (t, J = 6.9 Hz, 3H, CH3), 2.44 (s,
3H, CH3), 3.84 (s, 2H, CH2), 4.56 (q, J = 6.9 Hz, 2H,
CH2), 5.76 (s, 2H, CH2), 7.60 (d, J = 9 Hz, 1H, H7),
8.06 (d, J = 9 Hz, 1H, H6), 8.34 (s, 1H, H4) ; Anal.
Calcd for C15H15N5O4S2 (393): C, 45.79; H, 3.84; N,
17.80; O, 16.27; S, 16.30. Found: C, 45.61; H, 3.91; N,
17.98; S, 16.38.


4.7. 1-[5-((2-Methyl-5-nitro-1H-benzimidazol-1-yl)meth-
yl)-1,3,4-thiadiazol-2-ylthio]propan-2-one (7)


Crystallized from chloroform/methanol (2:5) as a yellow
solid. Rf 0.71 (petroleum ether/ethyl acetate/methanol,
2:1:1/2). Yield: 2.7 g (87%); mp 202–204 �C; 1H NMR
(DMSO-d6) d 2.08 (s, 3H, CH3), 2.48 (s, 3H, CH3),
4.61 (s, 2H, CH2), 5.71 (s, 2H, CH2), 7.63 (d, J = 9 Hz,
1H, H7), 8.06 (d, J = 9 Hz, 1H, H6), 8.34 (s, 1H, H4);
Anal. Calcd for C14H13N5O3S2 (363): C, 46.27; H,
3.61; N, 19.27; S, 17.65. Found: C, 46.19; H, 3.58; N,
19.15; S, 17.55.


4.8. 1-[(2H-Tetrazol-5-yl)methyl]-2-methyl-5-nitro-1H-
benzimidazole (8)


A mixture of compound 3 (4 g, 18.5 mmol), sodium
azide (1.2 g, 18.5 mmol), and ammonium chloride
(0.98 g, 18.5 mmol) in N,N-dimethylformamide (10 ml)
was refluxed for 7 h at 125 �C. The solvent was removed
under reduced pressure, the residue was dissolved in
(100 ml) water and carefully acidified with concn. hydro-
chloric acid to pH 2. The solution was cooled to 5 �C in

ice bath to precipitate 8. Compound 8 recrystallized
from aqueous methanol as white crystals. Rf = 0.15
(petroleum ether/ethyl acetate/methanol, 1:1:1/2). Yield:
4.4 g (75%); mp 251–252 �C; 1H NMR (DMSO-d6) d
2.65 (s, 3H, CH3), 4.50 (br s,1H, NH), 5.95 (s, 2H,
CH2), 7.77 (d, J = 9 Hz, 1H, H7), 8.27 (dd, J6–7 =
9 Hz, J6–4 = 1.8 Hz, 1H, H6), 8.43 (s, 1H, H4); 13C
NMR (DMSO-d6) d 15.01 (CH3), 38.5 (CH2) 111.9–
112.3 (Ar.C), 141–144.01 (C–N), 155.3, 158.7 (C@N
groups). IR (cm�1): 3429 (NH), 1621, 1598 (C@N
groups), 1519–1336 (NO2); MS: m/z 259, 60.9% (M+);
m/z 190, 100% (M+-tetrazole ring); m/z 144, 91.8%
[M+-(tetrazole ring + NO2)]; Anal. Calcd for
C10H9N7O2(259): C, 46.33; H, 3.50; N, 37.82. Found:
C, 46.41; H, 3.59; N, 37.78.


4.9. General procedure for the preparation of the
compounds 9a–b


To a stirred solution of compound 8 (1.5 g, 5.8 mmol)
and sodium hydride (0.14 g, 5.8 mmol) in N,N-dimethyl-
formamide (20 ml), methanesulfonyl chloride or p-tolu-
enesulfonyl chloride (5.8 mmol) was slowly added
dropwise. The mixture was stirred at room temperature
for 8 h then refluxed on a water bath for 3 h. After cool-
ing, the mixture was then poured onto ice water and the
resulting precipitate was collected by filtration and
recrystallized from appropriate solvent to obtain 9a–b,
respectively.


4.10. 1-(2-Methanesulfonyl-2H-tetrazol-5-ylmethyl)-2-
methyl-5-nitro-1H-benzimidazole (9a)


Crystallized from methanol/water (5:1) as a yellow
powder. Rf = 0.55 (petroleum ether/ethyl acetate/meth-
anol, 1:1:1/2). Yield: 1.5 g (76%); mp 181–183 �C; 1H
NMR (DMSO-d6) d 2.44 (s, 3H, CH3), 3.35 (s, 3 H,
CH3), 5.76 (s, 2H, CH2), 7.60 (d, J = 9.1 Hz, 1H,
H7), 8.05 (d, J = 9.1 Hz, 1H, H6), 8.35 (s, 1H, H4);
Anal. Calcd for C11H11N7O4S (337): C, 39.17; H,
3.29; N, 29.07; S, 9.51. Found: C, 39.21; H, 3.31; N,
29.10; S, 9.48.


4.11. 2-Methyl-5-nitro-1-[1-(toluene-4-sulfonyl)-2H-
tetrazol-5-ylmethyl]-1H- benzimid-azole (9b)


Crystallized from chloroform as gray crystals. Rf = 0.45
(petroleum ether/ethyl acetate/methanol, 1:1:1/2). Yield:
1.7 g (70%); mp 219–221 �C; 1H NMR (DMSO-d6) d
2.56 (s, 3H, CH3), 3.35 (s, 3H, CH3), 5.49 (s, 2H, CH2),
7.13 (d, J = 7.6 Hz, 2H, H 02 + H 06), 7.29 (d, J = 7.6 Hz,
2H, H 03 + H 05), 7.92 (d, J = 9 Hz, 1H, H7), 8.16 (d,
J = 9 Hz, 1H, H6), 8.54 (s, 1H, H4); Anal. Calcd for
C17H15N7O4S (413): C, 49.34; H, 3.66; N, 23.73; S, 7.76.
Found: C, 49.29; H, 3.70; N, 23.67; S, 7.61.


4.12. General procedure for the preparation of the
compounds 10, 11, 12, and 13


A solution of compound 4 (2 g, 8.06 mmol) in ethanol
was treated with sodium ethoxide (2 g, 80.6 mmol sodi-
um metal in 10 ml ethanol) and (8.06 mmol) of ethyl
bromoacetate, trimethyl orthoformate, thionyl chloride
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or ethyl chloroformate. The mixture was heated on a
water bath for 6 h. The mixture was diluted with water
and extracted with ethyl acetate, the organic layers were
dried over anhydrous sodium sulfate and the ethyl ace-
tate was removed under reduced pressure and recrystal-
lized from appropriate solvent.


4.13. 1,2-Dihydro-3-[(2-methyl-5-nitro-1H-benzimidazol-
1-yl)methyl]-1,2,4-triazin-5(6H)-one (10)


Crystallized from acetone as a yellow solid. Rf 0.35 (petro-
leum ether/ethyl acetate/methanol, 1:1:1/2). Yield: 1.7 g
(73%); mp 171–173 �C; 1H NMR (DMSO-d6) d 2.49 (s,
3H, CH3), 3.36 (s, 2H, CH2), 4.49 (s, 2H, CH2), 7.62 (d,
J = 9 Hz, 1H, H7), 8.04 (d, J = 9 Hz, 1H, H6), 8.35 (s,
1H, H4); IR (cm�1): 3332, 3219 (NH groups), 1662
(C@O), 1627–1594 (C@N groups), 1517, 1390 (NO2);
Anal. Calcd for C12H12N6O3 (288): C, 50.00; H, 4.20; N,
29.15. Found: C, 49.97; H, 4.11; N, 29.26.


4.14. 2-Methyl-5-nitro-1-(2H-1,2,4-triazol-3-ylmethyl)-
1H-benzimidazole (11)


Crystallized from dichloromethane as a brown solid. Rf


0.38 (petroleum ether/ethyl acetate/methanol, 1:1:1/2).
Yield: 1.8 g (86%); mp 123–126 �C; 1H NMR (DMSO-
d6) d 2.49 (s, 3H, CH3), 4.52 (s, 2H, CH2), 7.14 (s, 1H,
CH@N), 7.62 (d, J = 9 Hz, 1H, H7), 8.04 (d, J = 9 Hz,
1H, H6), 8.35 (s, 1H, H4); IR (cm�1): 3422 (NH),
1617, 1597 (C@N groups), 1523, 1339 (NO2); Anal.
Calcd for C12H13N6O2 (273): C, 52.74; H, 4.79; N,
30.75. Found: C, 52.89; H, 4.60; N, 30.61.


4.15. 2-Methyl-5-nitro-1-(1-oxo-2,3-dihydro-1,2,3,5-thia-
triazol-4-ylmethyl)-1H- benz-imidazole (12)


Crystallized from dichloromethane/methanol (2:1) as a
yellow solid. Rf 0.31 (petroleum ether/ethyl acetate/
methanol, 1:1:1/2). Yield: 1.8 g (76%); mp 209–211 �C;
IR (cm�1): 3382, 3295 (NH groups), 1619, 1597 (C@N
groups), 1518, 1401 (NO2), 1335 (SO); Anal. Calcd for
C10H10N6O3S (294): C, 40.81; H, 3.42; N, 28.56; S,
10.90. Found: C, 40.74; H, 3.32; N, 28.23; S, 10.95.


4.16. 1,2-Dihydro-5-[(2-methyl-5-nitro-1H-benzimidazol-
1-yl)methyl]-1,2,4-triazol-3-one (13)


Crystallized from acetone as a brown solid. Rf 0.33 (petro-
leum ether/ethyl acetate/methanol, 1:1:1/2). Yield: 1.6 g
(72%); mp 144–146 �C; IR (cm�1): 3306–3104 (NH
groups + enolic OH), 1718 (C@O), 1621, 1597 (C@N
groups), 1523, 1339 (NO2); Anal. Calcd for C11H10N6O3


(274): C, 48.18; H, 3.68; N, 30.65. Found: C, 48.23; H,
3.58; N, 30.56.


4.17. General procedure for the preparation of the
compounds 14a–e


To a well-stirred solution of compound 3 (2 g,
9.26 mmol), finely divided sulfur (0.3 g, 9.26 mmol), and
triethylamine (0.9 ml, 9.26 mmol) in absolute ethanol
(30 ml), the proper isothiocyanate (methyl, ethyl, phenyl,
benzoyl or p-methoxyphenyl) (9.26 mmol) was gradually

added. The reaction mixture was heated under reflux for
15–30 min. during which a yellowish green crystalline
product separated. After cooling, the product was fil-
tered, washed with ether, dried, and recrystallized from
appropriate solvent.


4.18. 4-Amino-3-methyl-5-(2-methyl-5-nitro-1H-ben-
zimidazol-1-yl)thiazol-2(3H)-thione (14a)


Crystallized from ethanol as a green solid. Rf 0.16 (petro-
leum ether/ethyl acetate, 1:1). Yield: 2.2 g (73%); mp
215 �C; 1H NMR (DMSO-d6) d 2.56 (s, 3H, CH3), 3.35
(s, 3H, CH3), 4.61 (s, 2H, NH2), 7.69 (d, J = 9 Hz, 1H,
H7), 8.06 (d, J = 9 Hz, 1H, H6), 8.30 (s, 1H, H4); IR
(cm�1): 3366, 3269 (NH2), 1629, 1573 (C@N groups),
1502, 1434 (NO2), 1353 (C@S); Anal. Calcd for
C12H11N5O2S2 (321): C, 44.85; H, 3.45; N, 21.79; S,
19.95. Found: C, 44.90; H, 3.49; N, 21.82; S, 19.91.


4.19. 4-Amino-3-ethyl-5-(2-methyl-5-nitro-1H-ben-
zimidazol-1-yl)thiazol-2(3H)-thione (14b)


Crystallized from aqueous methanol as a brown solid.
Rf 0.25 (petroleum ether/ethyl acetate, 1:1). Yield:
2.3 g (74%); mp 231 �C; 1H NMR (DMSO-d6) d 1.30
(t, J = 6.9 Hz, 3H, CH3), 2.45 (s, 3H, CH3), 4.49 (q,
J = 6.9 Hz, 2H, CH2), 5.71 (s, 2H, NH2), 7.62 (d,
J = 9.1 Hz, 1H, H7), 8.06 (d, J = 9.1 Hz, 1H, H6), 8.38
(s, 1H, H4); Anal. Calcd for C13H13N5O2S2 (335): C,
46.55; H, 3.91; N, 20.88; S, 19.12. Found: C, 45.65; H,
3.86; N, 20.80; S, 19.06.


4.20. 4-Amino-5-(2-methyl-5-nitro-1H-benzimidazol-1-
yl)-3-phenylthiazol-2(3H)-thione (14c)


Crystallized from ethanol/ether (5:1) as a yellow powder.
Rf = 0.17 (petroleum ether/ethyl acetate, 1:1). Yield:
2.8 g (80%); mp 100 �C; 1H NMR (DMSO-d6) d 2.56
(s, 3H, CH3), 4.51 (br s, 2H, NH2), 7.13–7.36 (m, 5H,
aromatic protons), 7.90 (d, J = 9 Hz, 1H, H7), 8.15 (d,
J = 9 Hz, 1H, H6), 8.54 (s, 1H, H4); Anal. Calcd for
C17H13N5O2S2 (383): C, 53.25; H, 3.42; N, 18.26; S,
16.72. Found: C, 53.31; H, 3.57; N, 18.33; S, 16.82.


4.21. (4-Amino-5-(2-methyl-5-nitro-1H-benzimidazol-1-
yl)-2-thioxothiazol-3(2H)-yl)phenylmethanone (14d)


Crystallized from acetone as a gray powder. Rf = 0.13
(petroleum ether/ethyl acetate, 1:1). Yield: 2.8 g (73%);
mp 148–150 �C; 1H NMR (DMSO-d6) d 2.56 (s, 3H,
CH3), 4.52 (br s, 2H, NH2), 7.16–7.54 (m, 5H, aromatic
protons), 7.92 (d, J = 9 Hz, 1H, H7), 8.15 (d, J = 9 Hz,
1H, H6), 8.44 (s, 1H, H4); IR (cm�1): 3403, 3232
(NH2), 1703 (C@O), 1621, 1611 (C@N groups), 1518,
1423 (NO2), 1338 (C@S); Anal. Calcd for
C18H13N5O2S2 (411): C, 52.54; H, 3.18; N, 17.02; S,
15.59. Found: C, 52.49; H, 3.20; N, 17.11; S, 15.48.


4.22. 4-Amino-3-(4-methoxyphenyl)-5-(2-methyl-5-nitro-
1H-benzimidazol-1-yl)thiazol-2(3H)-thione (14e)


Crystallized from ethanol as a yellow solid. Rf 0.15 (petro-
leum ether/ethyl acetate, 1:1). Yield: 3 g (79%); mp 95 �C;
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1H NMR (DMSO-d6) d 2.56 (s, 3H, CH3), 3.35 (s, 3H,
OCH3), 4.50 (br s, 2H, NH2), 7.13–7.36 (m, 4H, aromatic
protons), 7.90 (d, J = 9.1 Hz, 1H, H7), 8.18 (d,
J = 9.1 Hz, 1H, H6), 8.54 (s, 1H, H4); Anal. Calcd for
C18H15N5O3S2 (413): C, 52.29; H, 3.66; N, 16.94; S,
15.51. Found: C, 52.39; H, 3.59; N, 16.88; S, 15.47.


4.23. 2-Chloro-1-(2-methyl-5-nitro-1H-benzimidazol-1-
yl)ethanone (15)


To a solution of compound 2 (10 g, 56.5 mmol) and
anhydrous potassium carbonate (7.8 g, 56.5 mmol) in
dry acetone (30 ml), chloroacetyl chloride (4.5 ml,
56.5 mmol) was added dropwise. The mixture was stir-
red at room temperature for about 8 h. The mixture
was then poured onto water and extracted with ethyl
acetate, dried over anhydrous sodium sulfate, and con-
centrated under vacuum to give pure compound 15 as
a yellow powder. Rf = 0.56 (petroleum ether/ethyl ace-
tate, 1:1). Yield: 12.6 g (87%); mp 158 �C; 1H NMR
(DMSO-d6) d 2.56 (s, 3H, CH3), 4.21 (s, 2H, CH2),
7.62 (d, J = 9 Hz, 1H, H7), 8.05 (d, J = 9 Hz, 1H, H6),
8.34 (s, 1H, H4); IR (cm�1): 1664 (C@O), 1628
(C@N), 1521, 1334 (NO2); Anal. Calcd for
C10H8ClN3O3 (255.5): C, 47.35; H, 3.18; Cl, 13.98; N,
16.57. Found: C, 47.31; H, 3.21; Cl, 13.91; N, 16.60.


4.24. General procedure for the preparation of the
compounds 16, 17, and 18a–c


To a solution of compound 15 (2 g, 7.8 mmol) and
potassium carbonate (1.08 g, 7.8 mmol) in N,N-dimeth-
ylformamide (20 ml), appropriate amine (thiosemicarba-
zide, semicarbazide, urea, thiourea or guanidine
hydrochloride) (7.8 mmol) was added and the reaction
mixture was heated under reflux for 8 h. The reaction
mixture was left to cool, poured onto ice water. The pre-
cipitate was collected by filtration and recrystallized
from appropriate solvent.


4.25. 1,2-Dihydro-5-(2-methyl-5-nitro-1H-benzimidazol-
1-yl)-1,2,4-triazin-3(6H)-thione (16)


Crystallized from acetone as a brown powder.
Rf = 0.65 (petroleum ether/ethyl acetate, 1:1). Yield:
1.7 g (75%); mp 160 �C; 1H HMR (DMSO-d6) d
2.49 (s, 3H, CH3), 3.69 (s, 2H, CH2), 7.62 (d,
J = 9 Hz, 1H, H7), 8.06 (d, J = 9 Hz, 1H, H6), 8.34
(s, 1H, H4); IR (cm�1): 3419, 3234 (NH groups),
1663, 1611 (C@N), 1537, 1358 (NO2), 1300 (C@S);
Anal. Calcd for C11H16N6O2S (290): C, 45.51; H,
3.47; N, 28.95; S, 11.05. Found: C, 45.31; H, 3.35;
N, 28.77; S, 11.09.


4.26. 1,2-Dihydro-5-(2-methyl-5-nitro-1H-benzimidazol-
1-yl)-1,2,4-triazin-3(6H)-thione (17)


Crystallized from ethanol as a brown powder. Rf = 0.35
(petroleum ether/ethyl acetate, 1:1). Yield: 1.9 g (88%);
mp 250–252 �C; 1H HMR (DMSO-d6) d 2.49 (s, 3H,
CH3), 4.49 (s, 2H, CH2), 7.62 (d, J = 6.9 Hz, 1H, H7),
8.07 (d, J = 6.9 Hz, 1H, H6), 8.34 (s, 1H, H4); IR
(cm�1): 3414, 3252 (NH groups), 1715 (C@O), 1659,

1607 (C@N groups), 1500, 1338 (NO2); Anal. Calcd
for C11H10N6O3 (274): C, 48.18; H, 3.68; N, 30.65.
Found: C, 48.22; H, 3.72; N, 30.69.


4.27. 4-(2-Methyl-5-nitro-1H-benzimidazol-1-yl)-1H-imi-
dazol-2(5H)-thione (18a)


Crystallized from methanol as yellow crystals. Rf = 0.31
(petroleum ether/ethyl acetate, 1:1). Yield: 1.8 g (88%);
mp 143–145 �C; IR (cm�1): 3327 (NH), 1706 (CO),
1687, 1632 (C@N groups), 1517–1335 (NO2); Anal.
Calcd for C11H9N5O3 (259): C, 50.97; H, 3.50; N,
27.02. Found: C, 50.88; H, 3.61; N, 27.11.


4.28. 4-(2-Methyl-5-nitro-1H-benzimidazol-1-yl)-1H-imi-
dazol-2(5H)-thione (18b)


Crystallized from ethanol/diethyl ether (4:1) as brown
crystals. Rf = 0.72 (petroleum ether/ethyl acetate, 1:1).
Yield: 1.6 g (74%); mp 210 �C; IR (cm�1): 3327 (NH),
1662, 1626 (C@N groups), 1516, 1336 (NO2), 1278
(C@S); Anal. Calcd for C20H20N4OS (275): C, 47.99;
H, 3.30; N, 25.44; S, 11.65. Found: C, 47.84; H, 3.39;
N, 25.38; S, 11.70.


4.29. 4-(2-Methyl-5-nitro-1H-benzimidazol-1-yl)-1H-imi-
dazol-2(5H)-imine (18c)


Crystallized from acetone as a yellow powder.
Rf = 0.28 (petroleum ether/ethyl acetate, 1:1). Yield:
1.6 g (79%); mp 171–173 �C; 1H HMR (DMSO-d6) d
2.49 (s, 3H, CH3), 3.28 (s, 2H, CH2), 7.61 (d,
J = 9 Hz, 1H, H7), 8.05 (d, J = 9 Hz, 1H, H6), 8.34
(s, 1H, H4); Anal. Calcd for C11H16N6O2 (258): C,
51.16; H, 3.90; N, 32.54. Found: C, 51.23; H, 3.86;
N, 32.4.

5. Cytotoxic activity


5.1. Materials and methods


Potential cytotoxicity of compounds 1, 2, 2a, 4, 5, 7, 8,
9a, 10, 13, 14a, 15, 16 and 18c was tested using the
method of Skehan et al.25 Cells were plated in 96-mul-
tiwell plate (104 cells/well) for 24 h before treatment
with the compounds to allow attachment of cell to wall
of the plate. Different concentrations of the compound
under test (0, 1, 2.5, 5, and 10 lg/ml) were added to the
cell monolayer. Triplicate wells were prepared for each
individual dose. Monolayer cells were incubated with
the compounds for 48 h at 37 �C and in atmosphere
of 5% CO2. After 48 h, cells were fixed, washed, and
stained with Sulforhodamine B stain. Excess stain
was washed with acetic acid and attached stain was
recovered with Tris–EDTA buffer. Color intensity
was measured in an ELISA reader. The relation be-
tween surviving fraction and drug concn. is plotted to
get the survival curve of each tumor cell line after
the specified compound (Graphs 1–14 we select only
two graphs of high activity table of compound 2 and
table of compound 7 compared to Graph 1 of com-
pound 1).
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Abstract—Racemic derivatives of 3-amino-2-tetralone were synthesised and evaluated for their ability to inhibit metallo-aminopep-
tidase activities. New compounds substituted in position 2 by methyl ketone, substituted oximes or hydroxamic acids as well as het-
erocyclic derivatives were evaluated against representative members of zinc-dependent aminopeptidases: leucine aminopeptidase
(E.C. 3.4.11.1), aminopeptidase-N (E.C. 3.4.11.2), Aeromonas proteolytica aminopeptidase (E.C. 3.4.11.10), and the aminopeptidase
activity of leukotriene A4 hydrolase (E.C. 3.3.2.6). Several compounds showed Ki values in the low micromolar range against the
‘one-zinc’ aminopeptidases, while most of them were rather poor inhibitors of the ‘two-zinc’ enzymes. This interesting selectivity
profile may guide the design of new, specific inhibitors of target mammalian aminopeptidases with one active site zinc.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Metallo-aminopeptidases (APs) remove amino acids
from unblocked N-termini of peptides and proteins.
This family of exopeptidases is widely distributed in nat-
ure, with representative members present in animal cells,
plants, bacteria and fungi. Although some APs are
secreted, the vast majority are either cytosolic or mem-
brane-bound enzymes.1–4


All metallo-aminopeptidases catalyse the same chemical
reaction. Generally cleavage of the scissile peptide bond
is dependent upon the chemical structure and composi-
tion of amino acid residues that flank the cleavage site
(P1 � P01).5 They can be broadly classified into two sub-
families on the basis of the number of their active site
zincs. While some of these enzymes contain only one-
zinc, others possess a binuclear metal centre, usually
referred to as a co-catalytic unit.5


These APs are believed to play an important role in
many normal or pathophysiological processes.6–8 There-
fore, the design of highly specific, potent inhibitors is of

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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utmost importance in order to gain a deeper under-
standing of the biological functions of APs and to assess
their potential as drug targets. In the present study, we
focus on APs that prefer an hydrophobic residue in po-
sition P1. Many of these enzymes show a similar broad
specificity, except for a few ones which are highly specif-
ic. Although many AP inhibitors are already available,9–12


most of them are poorly selective. Moreover, the vast
majority of these compounds are amino acid or peptide
analogues, with a few notable exceptions such as the nat-
ural products curcumin and psammaplin A, and synthetic
flavonoid derivatives, notably 20,3-dinitroflavone-8-acetic
acid.12,13


Unfortunately, since all these APs are zinc-dependent
enzymes sharing a broad substrate specificity, the devel-
opment of specific inhibitors is undoubtedly a daunting
task. In the present study, we report on the design and
synthesis of 3-amino-2-tetralone derivatives, as well as
on their inhibitory activities against a panel of ‘one-zinc’
and ‘two zincs’ APs. 3-Amino-2-tetralone 1 has been de-
scribed as a selective inhibitor of the ‘one-zinc’ AP-N.14


We have found that 1 is not stable under physiological
conditions. In an attempt to identify more stable deriv-
atives of 1 and to gain insights into the selectivity-deter-
mining features, we have investigated a number of
structural modifications in positions 1–3 of 3-amino-2-
tetralone. A comprehensive list of the compounds
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synthesised during the course of this work is provided in
Scheme 1.


All compounds were evaluated against the following en-
zymes: the mammalian cytosolic leucine aminopeptidase
(LAPc, E.C. 3.4.11.1) and the secreted, bacterial amino-
peptidase from Aeromonas proteolytica (APaero, E.C.
3.4.11.10) were used as representative members of the
‘two-zinc’ sub-family. The biological role of the ubiqui-
tous LAPc is not well-understood, nevertheless altered
activity is observed with a number of physiological pro-
cesses.7 The membrane-bound aminopeptidase M (also
referred to as or AP-N, E.C. 3.4.11.2) and the aminopep-
tidase activity of leukotriene A4 hydrolase (LTA4H, E.C.
3.3.2.6) were selected as representative of the ‘one-zinc’
sub-family. Both enzymes belong to the M1 family of
zinc-dependent metallopeptidases.4 AP-N is widely ex-
pressed at the surface of mammalian cells and up-regulat-
ed in a number of pathological processes including cell
migration and tumour growth.12 The precise function of
the LTA4H AP activity is currently not known but it also
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carries an epoxide hydrolase activity that catalyses the
final step in the biosynthesis of leukotriene B4, a potent
chemotactic and immune modulating lipid mediator.14


Therefore, inhibitors of this family of enzymes may
prove to be interesting biological tools.


In this study, the parent compound 3-amino-2-tetralone
1 and bestatin, a well-known aminopeptidase inhibitor,
were used as reference inhibitors.

2. Chemistry


2.1. Tetralone-oxime derivatives (2a–g)


Preparation of amino-tetralone 115,16 has already been
described from 1,4-dihydronaphthalene 617 by epoxida-
tion, opening of this epoxide with ammonia, N-protec-
tion as Boc-derivative 7a, alcohol oxidation in ketone
8a and finally acidic N-deprotection (Scheme 2).
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For the synthesis of oximes 2a–g, the same initial reac-
tions were followed but N-protection was best carried
out as benzyloxycarbonyl derivative 7b, to prevent par-
tial hydrolysis of the oxime function to the correspond-
ing ketone, which otherwise occurred during the final
acidic deprotection of Boc-derivatives.


Quantitative oxidation of 7b to ketone 8b with Dess–
Martin periodinane18 followed with condensation with
hydroxylamine 9a or O-substituted hydroxylamines
9b–g19 provided N-protected oximes 10a–g, which were
quantitatively deprotected to yield final amino-oximes
2a–g by hydrogenolysis over Pd–C 5% in aqueous HCl
and ethanol (Scheme 2).


2.2. Aminotetraline (3a)


The known amine 3a20–22 was prepared according to the
Bhattacharyya’s method23 (Scheme 3) by treatment of
b-tetralone 11 with ammonia in ethanol and titanium
(IV) isopropoxide, followed by in situ sodium borohy-
dride reduction in ca. 40% yield from 11.


2.3. Amino-tetralinecarbonyl derivatives (3b–d)


The synthesis of these compounds is presented in
Scheme 4, starting from the aminoketones 8a and b
which were transformed into the triflate enol ethers
12a and b according to described method.24 Their
palladium-catalysed carbonylation under CO atmo-
sphere25,26 with the Weinreb hydroxylamine for the
Boc-derivative 12a or with O-benzyl-hydroxylamine
for the benzyloxycarbonyl derivative 12b provided the
crystalline dihydro-naphthalene-2-amides 13a and b,
respectively, in 68–80% yield from 8a or b. Hydrogena-
tion on Pd–C of the benzyl derivative 13b led directly to
a 60/40 isomeric mixture of hydroxamic acid 3c with
hydrogenolysis of the diverse protecting groups in 71%
yield. Hydrogenation over PtO2 of the Boc-derivative
13a give quantitatively a 80/20 isomeric mixture of tetra-
hydronaphthalene 14.


Addition of the methylmagnesium onto 14 at 0 �C gave
a 20/80 mixture of cis and trans isomers of methylketone
15 in moderate yield (36%) which was then quantitative-
ly acidic N-deprotected into the amino-ketone 3b (5/95
mixture of cis and trans isomers).


The triflate enol ether 12a was phosphonylated (Scheme
5) by palladium catalysed coupling of dimethyl phos-
phite27,28 to provide the dihydro-naphthalene-2-phos-
phonate 16 in 61% yield. Hydrogenation over PtO2


and acidic hydrolysis of the obtained phosphonate 16

O
OTi(OiPr)3


NH2


11


1.NaB
2. HC


NH3-EtOH
Ti(OiPr)4


Scheme 3.

1


S


with HBr in AcOH led to amino phosphonic acid 3d as
70/30 isomeric mixture in 70% overall yield from 16.


2.4. Hetero-naphthalenones (4a–d)


Isochromanone 4a,29,30 isothiochromanone 4b29,31 and
dihydro-isoquinolinones 4d32 are known compounds.
Synthesis of isochromanone 4a was carried out from
homophthalic acid 18a. Monoesterification by SOCl2
in MeOH33 and reduction with borane34 gave easily a
variable mixture of alcohol-ester 19 and isochromanone
4a which provided pure 4a by heating in toluene at 80 �C
in the presence of p-TsOH35 (Scheme 6).


Isothiochromanone 4b was synthesised by acidic opening
of isochromanone 4a with HBr in bromo-acid 20a,29 but
the cyclisation of the corresponding acid chloride with
sulfide ion gave unsatisfactory results and was therefore
realised via another route (Scheme 6). The bromo-acid
20a was reacted with thiourea and the thiouronium salt
was directly saponified with NaOH into the thiol-acid
21. Esterification of 21 with SOCl2/MeOH or with dia-
zomethane and cyclisation with AlMe3


36,37 provided iso-
thiochromanone 4b in 46 % overall yield from 4a.


N-Substituted isoquinolinones 4c and d were obtained
more simply by the method described for 4d32 by action
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of hydroxylamine for 4c or hydrazine for 4d with
bromo-ester 20b in ethanol.


2.5. Aminoquinolinone (5)


Amine 5 was prepared according to the lit.38,39 in two
steps (Scheme 7), by condensation of ortho-nitrobenzal-
dehyde (22) with N-acetylglycine (23) into aryl-isoxazo-
lone 24 which was then reduced and hydrolysed to 5 as
hydroiodide with red phosphor and HI in ca. 40% yield
from 22.

3. Aminopeptidase inhibition and discussion


All compounds were evaluated as racemic mixtures. All
active compounds behaved as competitive inhibitors of
the panel aminopeptidases. The inhibitory parameters
(Ki or IC50) are reported in Table 1.

3.1. Structural requirements for 3-amino-2-tetralone
activity


The bicyclic structure 1, which may be described as a
conformationally constrained, cyclised phenylalanine
derivative, has previously been reported as a selective
inhibitor of the ‘one-zinc’ AP-N. Furthermore, it has
been proposed that the amino-tetralone scaffold acts as
a bidentate ligand, with both its amino and carbonyl
groups contributing to the coordination sphere of the
catalytic zinc.15 The primary amine function in position
3 is clearly an essential feature for inhibitory activity
since all N-protected derivatives reported herein were
inactive up to 1 M concentration. This result is also in
line with the well-known requirement for a free N-termi-
nus in peptide substrates of APs.15 Hence, the primary
amino group of 1 is likely to mimic the aminoterminal
amino group of an AP substrate. The carbonyl group
in position 2 also appears to be critical, presumably as







Table 1. Inhibition of aminopeptidase activity


Compound LAPc (E.C. 3.4.11.1) APaero (E.C. 3.4.11.10) AP-N (E.C. 3.4.11.2) LTA4H (E.C. 3.3.2.6)


Bestatin 0.0005 0.0016 3.5 0.5


1 120 130 0.5 >1000


2a >1000 >1000 1800 >1000


2b >1000 800 130a >1000


2c >1000 210 790 >1000


2d >100 170 260a 500


2e >1000 300 110a 6a


2f >100 110 55a 8a


2g >100 130 80a 30a


3a >1000 >1000 >1000 >1000


3b >1000 500 >1000 750


3c 10a 4a 4a >1000


3d >1000 150 500 >1000


4a >1000 >1000 >1000 >1000


4b >1000 4a >1000 >1000


4c >1000 4a >1000 >1000


4d 1000 740 >1000 >1000


4e >1000 >1000 >1000 >1000


5 >1000 80a >1000 >1000


All substances were evaluated as racemic mixtures. IC50 (lM) values were determined from Dixon plots at a substrate concentration set to the Km


value for the corresponding enzyme (see Section 5). Inactive compounds were tested up to their solubility limit under the assay conditions. Ki (lM, in


boldface) were also determined from Dixon plots. LAPc, cytosolic leucine aminopeptidase (E.C. 3.4.11.1); AP-N, aminopeptidase-N (E.C. 3.4.11.2);


APaero, Aeromonas proteolytica aminopeptidase (E.C. 3.4.11.10) and LTA4H, the aminopeptidase activity of leukotriene A4 hydrolase (E.C. 3.3.2.6).
a Ki (lM).
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a surrogate of the carbonyl group of the scissile peptide
bond in AP substrates. In support of this view, alcohol
derivatives, which have been obtained by reduction of
the carbonyl function, have been shown to be very weak
inhibitors.15 The lack of binding affinity of compounds
3a and 4e, bearing either the primary amino or the car-
bonyl functionality, respectively, further corroborates
this hypothesis. Thus, our design strategy was focused
on analogues bearing new functionalities in positions 2
and 3, with the potential to display bidentate zinc-che-
lating properties. The primary amine was conserved in
most, but not all, cases.


3.2. Modifications of the carbonyl group


In a first series, the replacement of the carbonyl group
with potential zinc-chelating functions was investigated.


3.2.1. Oxime and O-substituted derivatives. Com-
pounds in the 2 series appeared to be rather poor
inhibitors of most APs evaluated. The free oxime
was unfortunately not an interesting chelating function
in our case, since derivative 2a was inactive on all
four AP enzymes. O-Substituted derivatives 2b–g were
totally inactive on the cytosolic porcine kidney leucine
aminopeptidase (LAPc), an important member of the

‘two-zinc’ AP sub-family. Its bacterial twin sister from
A. proteolytica was only weakly inhibited, with IC50


values ranging from 110 to 210 lM, for the best com-
pounds, depending on the length of the alkyl spacer
between the oxime-oxygen and the phenyl ring. There
was no clear correlation between the chain length and
the observed inhibitory potency. By contrast, the
selected members of the ‘one-zinc’ enzymes (AP-N
and LTA4H aminopeptidase activity) seemed to be
more sensitive to this series of compounds, again
depending on the spacer length. AP-N was inhibited
by 2f and g with Ki values of 55 and 80 lM, respec-
tively. With such spacers of four to five carbon atoms
the phenyl ring might be able to reach the S1 hydro-
phobic binding pocket, simultaneously allowing opti-
mal positioning of the zinc chelating groups. Finally,
LTA4H was inhibited more selectively by 2e and f,
with remarkably low Ki values of 6 and 8 lM, respec-
tively. A chain length of at least three carbon atoms
was necessary to observe this level of inhibitory poten-
cy. Other inhibitors of LTA4H bearing such an alkyl-
phenyl group have already been reported.40 The lack
of inhibitory activity of the free oxime and its O-
methyl derivative strongly suggests that, in these struc-
tures, the O-substituted oxime function is not involved
in zinc-chelation.
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3.2.2. Other modifications in position 2. Derivative 3b
bearing a methyl ketone in position 2 was essentially
inactive on all sub-classes of aminopeptidases evaluated,
with IC50 values higher than or equal to 0.5 mM for
APaero.


The introduction of an hydroxamic acid, a potent zinc-
chelating function widely used for the design of metallo-
protease inhibitors,41–43 led to compound 3c which
inhibited most of the panel enzymes, with Ki values in
the low micromolar range. Interestingly, and in sharp
contrast to the more typical APs, LTA4H was not inhib-
ited by this particular structure, again suggesting that
zinc-chelation is more difficult to achieve for LTA4H
than for the more typical APs. This may be explained
by the distinct shape of the LTA4H active site, a long
and narrow hydrophobic cleft with a deeply buried zinc
ion.44 The active sites of known APs are more open and
their zinc ion(s) thus more accessible.9,45,46


Phosphonate and phosphinate derivatives have been
widely used as transition states analogues for peptidom-
imetic inhibitors of proteolytic enzymes.47–49 The appli-
cation of this concept to the tetralone scaffold led to the
design of derivative 3d. This compound inhibited
APaero with a Ki value of 150 lM and was thus equipo-
tent to the parent 3-amino-2-tetralone 1 on this bacterial
enzyme. Against the mammalian enzymes, however,
compound 3d was found to be 1000-fold less active than
1 on AP-N, and totally inactive on LAPC and LTA4H
up to 1 mM concentration.


3.2.3. Modification of the B cycle. Finally, we have car-
ried out modifications of the B cycle of 1 in an attempt
to increase stability at physiological pH. The heterocy-
clic compounds in the 4 and 5 series were synthesised
and evaluated. None of them inhibited the mammalian
aminopeptidases, up to 1 mM concentration. Interest-
ingly, however, compound 4c exhibited a Ki of 4 lM
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Figure 1. Enzyme assays were run at 25 �C in 20 mM Tris–HCl buffer, pH


reaction volume of 1 mL. The formation of para-nitroaniline was followed at


of 3 mU of porcine kidney AP-N. Under these experimental conditions linea


control (no inhibitor; Vo = 4.3 nmol h�1). In experiments B and C 1 lM of


inhibition (Vi = 2.4 nmol h�1) was observed during the first hour. After 4 h,


contrast, 50% inhibition (Vi = 2.1 nmol h�1) was observed throughout exper

against the bacterial enzyme from A. proteolytica. Thus,
this cyclised hydroxamic acid compound turned out to
be as active as the exocyclic hydroxamic acid 3c against
APaero. Furthermore, the isothiochromanone deriva-
tive 4b was also a good inhibitor of this enzyme
(Ki = 4 lM), equipotent to the hydroxamic acids 4c
and 3c.


3.3. Stability of 3-amino-2-tetralone (1) and its active
analogues


Enzyme assays were run at 25 �C in 20 mM Tris–HCl
buffer pH 7.5, with leucine-para-nitroanilide (0.2 mM)
as substrate, in a total reaction volume of 1 mL. The for-
mation of para-nitroaniline was followed at 405 nm
(e = 10,800 mol�1 l cm�1). The reaction was started by
addition of 3 mU of porcine kidney AP-N. Under these
experimental conditions linear kinetics were observed
for at least 10 h. Dotted line A corresponds to control
(no inhibitor; Vo = 4.3 nmol h�1). In experiments B
and C 1 lM of 1 and 200 lM of 2b, respectively, were
used. In experiment B, 40% of inhibition
(Vi = 2.4 nmol h�1) was observed during the first hour.
After 4 h, the enzyme activity was back to control
(Vi = Vo = 4.25 nmol h�1). In contrast, 50% inhibition
(Vi = 2.1 nmol h�1)was observed throughout experi-
ment C.


We found that the stability of the 3-amino-2-tetralone 1
in aqueous solution at physiological pH is limited, with
an approximate half life of 2 h. This prompted us to
devise a simple experimental approach to evaluate
compound stability under our assay conditions. By con-
tinuously monitoring AP-N reaction rates over a period
of 10 h we were able to assess and compare the stability
of the various compounds reported herein. An example
is shown in Figure 1, where 1 is compared to the more
stable analogue 2b. While inhibition of AP-N activity
by the oxime analogue 2b remained constant during at
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least 10 h, inhibition by 1 levelled off after about 2 h, the
observed reaction rate returning slowly to control values
after this period of time. Similar results were observed
with all active compounds, which were all stable for at
least 10 h under our assay conditions.

4. Conclusion


The development of novel metallo-protease inhibitors in
general represents an important scientific endeavour be-
cause of the pharmaceutical relevance of many of these
enzymes. While this work was concentrated on amino-
peptidases and the 3-amino-2-tetralone scaffold, recent
published work on matrix metallo-protease inhibitors
illustrates the need to explore novel chemotypes with
zinc binding properties.50 Although 3-amino-2-tetralone
and bestatin remain the best inhibitors to date, both in
terms of specificity and potency, against the ‘one-zinc’
and ‘two-zinc’ aminopeptidase sub-families, respective-
ly, we successfully identified 3-amino-2-tetralone deriva-
tives with improved stability. Moreover, O-substituted
oxime derivatives with large hydrophobic groups were
shown to be micromolar inhibitors of the ‘one-zinc’
AP-N and LTA4H aminopeptidase activities. These
compounds were inactive against the mammalian LAPc,
a member of the ‘two-zinc’ sub-family, and, hence, may
have an interesting selectivity profile for the further
development of inhibitors of mammalian aminopepti-
dases with only one active site zinc. Not unexpectedly,
hydroxamic acid derivatives were devoid of specificity,
but LTA4H was found to be surprisingly insensitive to
such inhibitors. During this study, we also identified
three compounds, the cyclised hydroxamic acid 4c, the
isothiochromanone 4b and aminoquinolinone 5, which
were selective, micromolar inhibitors of the bacterial,
‘two-zinc’ APaero. Although these compounds failed
to inhibit LAPc, the mammalian representative of the
‘two-zinc’ sub-family, they might, nevertheless, prove
useful in the future for the inhibition of other metallo-
enzymes with a co-catalytic unit.

5. Experimental


5.1. General


Flash chromatography (FC), silica gel (Merck 60, 230–
400 mesh). TLC, Al-roll silica gel (Merck 60, F254).
Mp, Kofler hot bench, corrected. IR spectra (m, cm�1),
Nicolet 405 FT-IR. [a]D, Schmidt–Haensch Polartronic
Universal or Perkin-Elmer 341 LC polarimeter. 1H,
31P and 13C NMR (400, 161.9 and 100.6 MHz, respec-
tively). Spectra: Bruker Avance 400, or in some cases
Bruker AC-F 250, tetramethylsilane (TMS), or sodium
(D4)-trimethylsilylpropionate (D4-TSP) in D2O (1H
NMR), extern 80% aqueous PO4H3 (31P NMR) and
CDCl3, or (in D2O) dioxane [d(CDCl3) = 77.0, in D2O
d(dioxane) = 67.4 with respect to TMS] (13C NMR) as
internal references; d in parts per million and J in Hertz.
High resolution MS were measured in Spectroscopy
Laboratory of Strasbourg University or on a Waters
Micromass Q-Tof Ultima API spectrometer in Basilea

Pharmaceuticals, Basel. Microanalyses were carried
out by the Service Central de Microanalyses du CNRS,
F-69390 Vernaison.


5.2. Reagents and solvents


1,4-Dihydronaphthalene (6) was synthesised according
to Ref. 17, 2,3-epoxy-1,2,3,4-tetrahydronaphthalene
according to Refs. 16 and 17, 2-methyl-4-(2-nitro-ben-
zylidene)-4H-oxazol-5-one (24) according to Ref. 38
and 3-amino-3,4-dihydro-1 H-quinolin-2-one (5)
according to Ref. 39. Dess–Martin periodinane was ob-
tained as 1 M solution in CH2Cl2 from Aldrich or syn-
thesised according to Refs. 18 and 53. O-Substituted
hydroxylamines 9d–g were prepared according to Ref.
19. Commercial products were purchased from usual
suppliers, 1,1’-bis(diphenylphosphino) ferrocene (dppf)
from Alfa Aesar. Usual solvents were freshly distilled,
dry EtOH and MeOH distilled over Mg/MgI2, dry
THF over Na and benzophenone, dry Et2O was distilled
and stored over Na, CH2Cl2 was distilled over P2O5 and
kept over Na2CO3. NEt3 was distilled before use.


5.3. trans-3-tert-Butoxycarbonyl-amino-1,2,3,4-tetra-
hydronaphthalen-2-ol (7a)


A suspension of 2,3-epoxy-1,2,3,4-tetrahydronaphtha-
lene16,17 (2.9 g, 19.9 mmol) in MeOH (40 mL) and 25%
concd ammonia (50 mL) was heated at 95 �C in a bomb-
enrohr for 18 h. The solvent was evaporated to give the
crude amino-alcohol.


To a solution of the crude amino-alcohol in MeOH
(40 mL) was added Boc2O (5.2 g, 23.9 mmol, 1.2 equiv)
and the mixture was stirred under Ar at rt 16 h. The sol-
vent was evaporated, and the residue purified by FC
(cyclohexane/AcOEt, 8/2–6/4) to give 7a (2.84 g, 54%).


Colorless crystals, mp 122–4 �C (lit.16 149–150 �C).


1H NMR (CDCl3): 7.20–7.05 (m, 4Har); 4.72 (d, J = ca.
6.0, NH); 3.88 (m, H–C(2), H–C(3)); 3.25 (dd, J = 16.4,
5.0 Hz, 1H); 3.20 (dd, J = 16.4, 4.8 Hz, 1H); 2.86 (dd,
J = 16.4, 8.3 Hz, 1H); 2.71 (dd, J = 16.4, 8.7 Hz, 1H);
1.47 (s, CMe3).


5.4. 3-Benzyloxycarbonyl-amino-1,2,3,4-tetra-
hydronaphthalen-2-ol (7b)


To a solution of the crude above amino-alcohol (prepared
from 2,3-epoxy-1,2,3,4-tetrahydronaphthalene,16,17


1.0 g, 6.84 mmol) in THF (10 mL) and water (2 mL) were
successively added at 0 �C Na2CO3 (1.6 g, 15 mmol) and
benzyl chloroformate (1.4 mL, 9.81 mmol, 1.5 equiv)
and the mixture was stirred under Ar at rt for 1 h. Water
and Et2O were added and the precipitated 7b was filtered
and washed with iPr2O (1.6 g, 79%).


Colorless needles, mp 143–5 �C (toluene).


IR (KBr), m: 3369, 3308, 3063, 2926, 2895, 2840, 1687,
1548, 1453, 1435, 1316, 1303, 1255, 1212, 1108, 1067,
1049, 1022, 747, 726, and 694 cm�1.
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1H NMR (CDCl3): 7.37–7.33 (m, 5Har); 7.16–7.06 (m,
4Har); 5.14 (s, CH2Ph); 4.91 (s, NH); 3.94 (m, H–C(2),
H–C(3)); 3.29 (dd, Ha–C(4)); 3.21 (dd, Ha–C(3); 2.87
(dd, Hb–C(1)); 2.72 (dd, Hb–C(4)); 2.60 (s, OH).
J(1a, 1b) = 16.8, J(1a, 2) = 4.6, J(1b, 2) = 7.6,
J(3, 4a) = 3.6, J(3,4b) = 8.6, J(4a,4b) = 16.4 Hz.


13C NMR (CDCl3): 157.2 (NCO2); 136.4 (Cs(Bn));
133.8, 133.4 (C(4a), C(8a)); 129.1, 128.8, 128.7, 128.4,
128.3, 126.6, 126.4 (7Car); 70.7 (C(2)); 67.2 (OCH2Ph);
53.5 (C(3)); 37.2 (C(1)); 34.6 (C(4)).


Anal. Calcd for C18H19NO3 (297.35): C, 72.71; H, 6.44;
N, 4.71. Found: C, 72.6; H, 6.5; N, 4.7.


5.5. 3-Benzyloxycarbonyl-amino-3,4-dihydro-1H-
naphthalen-2-one (8b)


To a solution of 7b (1.0 g, 3.36 mmol) in wet CH2Cl2
(60 mL) was added Dess–Martin periodinane (3.14 g,
7.4 mmol) and the mixture was stirred at rt for 3 h.
The reaction mixture was diluted with AcOEt
(100 mL), reduced with Na2S2O3 Æ 5H2O (9.2 g,
37 mmol, 5 equiv) and 1 N aq NaHCO3 and stirred at
room temperature for 1 h. The organic solution was
washed successively with 1 N aq NaHCO3 and brine,
and dried over MgSO4. The solvent was evaporated,
and the residue purified by FC (cyclohexane/AcOEt, 9/
1 then 8/2) to give 8b (0.80 g, 80%).


Colorless needles, mp 89–90 �C (iPr2O).


IR (KBr), m: 3325, 2934, 1730, 1693, 1517, 1494, 1384,
1360, 1300, 1238, 1071, 998, 779, 753, 744, and
696 cm�1.


1H NMR (CDCl3): 7.38–7.31 (m, 5Har); 7.24 (m, 3Har);
7.12 (m, 1Har); 5.89 (br s, NH); 5.14 (s, OCH2Ph); 4.52
(m, H–C(3)); 3.79, 3.78 (2 d, CH2C(1)); 3.64 (dd, Ha–
C(4)); 2.91 (dd, Hb–C(4)). J(1a ,1b) = 21.6,
J(3 ,4a) = ca. 6.0, J(3 ,4b) = 13.0, J(3 ,NH) = ca. 6.0,
J(4a, 4b) = 14.9 Hz.


13C NMR (CDCl3): 205.5 (C(2)); 156.0 (NCO2); 136.4
(Cs(Bn)); 133.6, 132.3 (C(4a),C(8a)); 128.9, 128.7,
128.5, 128.4, 128.3, 127.5, 127.3 (7Car); 67.1 (OCH2Ph);
57.6 (C(3)); 42.9 (C(1)); 36.3 (C(4)).


Anal. Calcd for C18H17NO3 (295.33): C, 73.20; H, 5.80;
N, 4.74. Found: C, 73.1; H, 5.9; N, 4.7.


5.6. 3-tert-Butoxycarbonyl-amino-3,4-dihydro-1H-
naphthalen-2-one (8a)


Same procedure as 8b with 7a (2.733 g, 10.38 mmol) in
CH2Cl2 (90 mL) and Dess–Martin periodinane (6.6 g,
15.57 mmol). The crude crystallised 8a was washed three
times with iPr2O (2.23 g, 82%).


Colorless needles, mp 100–4 �C (iPr2O) (lit.16 104–5 �C).


IR (KBr), m: 3327, 3012, 2981, 1733, 1679, 1528, 1366,
1311, 1163, 1020, and 744 cm�1.

1H NMR (CDCl3): 7.22 (s, 3Har); 7.12 (m, 1Har); 5.63
(br s, NH), 4.47 (m, H–C(3)); 3.78 (d, Ha–C(1)); 3.77 (d,
Hb–C(1)); 3.62 (dd, Ha–C(4)); 2.89 (t, Hb–C(4)), 1.47 (s,
OtBu). J(1a,1b) = 21.4, J(3,4a) = 5.8, J(3,4b) = 12.5,
J(3,NH) = ca. 7.0, J(4a, 4b) = 15.5 Hz.


5.7. General procedure for the synthesis of 3-benzyloxy-
carbonylamino-3,4-dihydro-1H-naphthalen-2-one
O-substituted-oximes (10a–g)


To a solution of 8b in dry pyridine (15 mL/mmol) was
added O-substituted-hydroxylamine hydrochloride 9a–g
(1.2 equiv) and the mixture was stirred under Ar at rt
for 1–9 h. The reaction was monitored by TLC. The reac-
tion mixture was diluted with AcOEt, washed successively
with 2 N aq NH4Cl and brine and dried over MgSO4.
After evaporation of the solvent, the title product crystal-
lised in cool iPr2O or iPrOH and washed with cool iPr2O.


5.7.1. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one oxime (10a). From 8b (300 mg) was ob-
tained 10a (256 mg, 81%).


Colorless crystals, mp 171–2 �C (iPrOH).


IR (KBr), m: 3302, 3065, 3033, 2955, 2897,
1701,1685,1667, 1534, 1496, 1456, 1363, 1327, 1309,
1283, 1233, 1262, 1070, 996, 939, 741, and 696 cm�1.


1H NMR (CD3OD): 7.35–7.28 (m, 5 Har); 7.19–7.14 (m,
4 Har); 5.09 (s, OCH2Ph); 4.45 (dd, H–C(3)); 3.93 (d,
Ha–C(1)); 3.78 (d, Hb–C(1)); 3.14 (dd, Ha–C(4)); 2.91
(dd, Hb–C(4)). J(1a,1b) = 21.6, J(3,4a) = 4.5,
J(3,4b) = 9.6, J(4a, 4b) = 15.0 Hz.


13C NMR (CD3OD): 158.2 (C(2)); 156.0 (NCO2); 138.3
(Cs(Bn)); 135.4, 134.1 (C(4a), C(8a)); 129.8, 129.6,
129.5, 129.0, 128.8, 128.1, 127.4 (7Car); 67.5 (CH2Ph);
51.5 (C(3)); 37.2 (C(4)); 29.1(C(1)).


Anal. Calcd for C18H18N2O3 (310.35): C, 69.66; H, 5.85;
N 9.03. Found: C, 69.4; H, 5.9; N, 9.0.


5.7.2. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-methyloxime (10b). From 8b (300 mg)
was obtained 10b (260 mg, 66%).


Colorless crystals, mp 115-7 �C (
i


PrOH).


IR (KBr), m: 3295, 3062, 3033, 2953, 2896, 1688, 1545,
1356, 1307, 1283, 1261, 1072, 1046, 991, 891, 744, and
696 cm�1.


1H NMR (CD3OD): 7.38–7.29 (m, 5 Har); 7.20–7.12 (m,
4 Har); 5.11 (s, OCH2Ph); 4.45 (dd, H–C(3)); 3.89 (s,
NOMe), 3.89 (d, Ha–C(1)); 3.74 (d, Hb–C(1)); 3.13
(dd, Ha–C(4)); 2.92 (dd, Hb–C(4)). J (1a,1b) = 21.6,
J (3,4a) = 4.6, J (3,4b) = 9.8, J (4a,4b) = 15.1 Hz.


13C NMR (CD3OD): 158.1 (C(2)); 156.5 (NCO2); 138.4
(Cs(Bn)); 135.3, 133.8 (C(4a), C(8a)); 129.8, 129.6,
129.5, 129.0, 128.8, 128.1, 127.5 (7Car); 67.4 (CH2Ph);
62.3 (OMe); 51.5 (C(3)); 37.0 (C(4)); 29.7 (C(1)).
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Anal. Calcd for C19H20N2O3 (324.37): C, 70.35; H, 6.21;
N, 8.64. Found: C, 70.4; H, 6.4; N, 8.6.


5.7.3. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-benzyloxime (10c). From 8b (100 mg)
was obtained 10c (66 mg, 50%).


Colorless crystals, mp 116–8 �C (
i


PrOH).


IR (KBr), m: 3305, 3032, 2923, 2462, 1685, 1537, 1494,
1438, 1351, 1254, 1071, 1040, 1008, 875, 741, and
695 cm�1.


1H NMR (CDCl3): 7.36–7.27 (m, 10Har); 7.19–709 (m,
4Har); 5.85 (br d, NH), 5.13–5.10 (m, 2OCH2Ph); 4.48
(dd, H–C(3)); 4.03 (d, Ha–C(1)); 3.68 (d, Hb–C(1));
3.41 (dd, Ha–C(4)), 2.74 (dd, Hb–C(4)).
J (1a, 1b) = 21.9, J (3,4a) = 4.6, J (3, 4b) = 10.4,
J (3, NH) = ca. 5.0, J (4a,4b) = 14.8 Hz.


13C NMR (CDCl3): 155.9 (C(2)); 155.1 (NCO2); 137.5
(Cs(Bn)); 136.4 (Cs(NOBn)); 133.8, 132.2 (C(4a),
C(8a)); 129.0, 128.6, 128.5, 128.3, 128.1, 127.2, 126.7
(Car); 76.5, 67.0 (2CH2Ph); 50.5 (C(3)); 36.5 (C(4));
29.4 (C(1)).


Anal. Calcd for C25H24N2O3 (400.47): C, 74.98; H, 6.04;
N, 7.00. Found: C, 75.1; H, 6.2; N, 6.9.


5.7.4. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-(2-phenylethyl)oxime (10d). From 8b
(50 mg) was obtained 10d (66 mg, 83%).


Colorless crystals, mp 96–8 �C (
i


PrOH).


IR (KBr), m: 3321, 3027, 2935, 1686, 1534, 1495, 1455,
1439, 1282, 1259, 1065, 1043, 1027, 986, 897, 745, and
697 cm�1.


1H NMR (CDCl3): 7.40–7.11 (m, 14 Har); 5.74 (br
s, NH); 5.14 (s, OCH2Ph); 4.49 (m, H–C(3)); 4.33
(t, CH2(1 0)); 3.96 (d, Ha–C(1)); 3.63 (d, Hb–C(1)); 3.47
(dd, Ha–C(4)); 2.99 (t, CH2(2 0)); 2.74 (dd, Hb–C(4)).
J (1a, 1b) = 21.8, J (3,4a) = 4.6, J (3, 4b) = 10.6,
J (3, NH) = ca. 6.0, J (4a,4b) = 15.0, J (1 0, 2 0) = 6.8 Hz.


13C NMR (CDCl3): 155.8 (C(2)); 154.7 (NCO2); 138.8
(Cs(Bn)); 136.6 (Cs(Ph)); 133.9, 132.4 (C(4a), C(8a));
129.1, 128.7, 128.6, 128.5, 128.3, 127.3, 126.7, 126.4
(Car); 75.0 (C(1 0)); 67.0 (CH2Ph); 50.5 (C(3)); 36.7
(C(4)); 36.0 (C(2 0); 29.4 (C(1)).


Anal. Calcd for C26H26N2O3 (414.50): C, 75.34; H, 6.32;
N 6.76. Found: C, 75.2; H, 6.4; N 6.7.


5.7.5. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-(3-phenylpropyl)oxime (10e). From 8b
(84 mg) was obtained 10e (72 mg, 60%).


Colorless crystals, mp 93–5 �C (
i


PrOH).


IR (KBr), m: 3326, 2949, 1685, 1533, 1261, 1041, 914,
746, and 697 cm�1.

1H NMR (CDCl3): 7.40–7.14 (m, 14Har); 5.84 (br
d, NH); 5.12 (s, OCH2Ph); 4.48 (m, H–C(3));
4.13 (t, CH2(1 0)); 3.97 (d, Ha–C(1)); 3.63 (d, Hb–
C(1)); 3.46 (dd, Ha–C(4)); 2.75 (dd, Hb–C(4));
2.70 (t, CH2(3 0)); 2.00 (quint, CH2(2 0)).
J (1a, 1b) = 22.4, J (3, 4a) = ca. 5.0, J (3,4b) = 10.5,
J (3, NH) = ca. 6.0, J (4a,4b) = 15.0, J (1 0, 2 0) = 6.6,
J (2 0, 3 0) = 7.6 Hz.


13C NMR (CDCl3): 155.9 (C(2)); 154.3 (NCO2); 141.9
(Cs(Bn)); 136.5 (Cs(Ph)); 133.9, 132.4 (C(4a), C(8a));
129.1, 128.7, 128.6, 128.6, 128.5, 128.4, 127.3, 126.7,
126.0 (10Car); 73.8 (C(1 0)); 67.0 (CH2Ph); 50.5 (C(3));
36.7 (C(4)); 32.4 (C(3 0)); 30.7 (C(2 0); 29.2 (C(1)).


Anal. Calcd for C27H28N2O3 (428.52): C, 75.68; H, 6.59;
N, 6.54. Found: C, 75.6; H, 6.7; N, 6.5.


5.7.6. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-(4-phenylbutyl)oxime (10f). From 8b
(85 mg) was obtained 10f (105 mg, 83%).


Colorless crystals, mp 115–7 �C (
i


PrOH).


IR (KBr), m: 3317, 2937, 1688, 1530, 1453, 1362, 1281,
1260, 1069, 961, 921, 748, 733, and 697 cm�1.


1H NMR (CDCl3): 7.40–7.12 (m, 14Har); 5.83 (br d,
NH); 5.14 (s, OCH2Ph); 4.48 (m, H–C(3)); 4.12 (br t,
CH2(1 0)); 4.01 (d, Ha–C(1)); 3.65 (d, Hb–C(1)); 3.48
(dd, Ha–C(4)); 2.73 (dd, Hb–C(4)); 2.65 (t, CH2(4 0));
1.71 (m, CH2(2 0), CH2(3 0)). J (1a, 1b) = 22.0,
J (3, 4a) = 4.6, J (3,4b) = 11.0, J (3,NH) = ca. 6.0,
J (4a, 4b) = 15.2 Hz.


13C NMR (CDCl3): 155.8 (C(2)); 154.1 (NCO2); 142.4
(Cs(Bn)); 136.6 (Cs(Ph)); 134.0, 132.4 (C(4a), C(8a));
129.1, 128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 127.3,
126.7, 125.9 (10Car); 74.3 (C(1 0)); 67.0 (CH2Ph); 50.5
(C(3)); 36.7 (C(4)); 35.8 (C(4 0)); 29.3 (C(1)); 28.8, 27.9
(C(2 0), (C(3 0)).


Anal. Calcd for C28H30N2O3 (442.55): C, 75.99; H, 6.83;
N, 6.33. Found: C, 76.1; H, 7.0; N, 6.3.


5.7.7. 3-Benzyloxycarbonylamino-3,4-dihydro-1H-naph-
thalen-2-one O-(5-phenylpentyl)oxime (10g). From 8b
(90 mg) was obtained 10g (121 mg, 87%).


Colorless crystals, mp 78–80 �C (
i


PrOH).


IR (KBr), m: 3329, 2959, 2936, 2882, 1692, 1529, 1494,
1451, 1361, 1307, 1281, 1069, 998, 931, 749, 733, and
697 cm�1.


1H NMR (CDCl3): 7.40–7.12 (m, 14Har), 5.85 (br d,
NH); 5.13 (s, OCH2Ph); 4.48 (m, H–C(3)); 4.10 (t,
CH2(1 0)); 3.99 (d, Ha–C(1)); 3.63 (d, Hb–C(1)); 3.48
(dd, Ha–C(4)); 2.75 (dd, Hb–C(4)); 2.62 (t, CH2(5 0));
1.68 (m, CH2(2 0), CH2(4 0)), 1.41 (quint, CH2


(3 0)). J (1a, 1b) = 21.8, J (3,4a) = 4.6, J (3, 4b) = 11.2,
J (3, NH) = 5.8, J (4a, 4b) = 14.8, J (1 0, 2 0) = 6.4,
J (2 0, 3 0) = J (3 0, 4 0) = 7.7, J (4 0, 5 0) = 7.6 Hz.
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13C NMR (CDCl3): 155.8 (C(2)); 154.1 (NCO2); 142.7
(Cs(Bn)); 136.6 (Cs(Ph)); 134.0, 132.4 (C(4a), C(8a));
129.1, 128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 127.2,
126.7, 125.8 (10Car); 74.5 (C(1 0)); 67.0 (CH2Ph); 50.5
(C(3)); 36.7 (C(4)); 36.0 (C(5 0)); 31.4 (C(2 0)); 29.3
(C(1)); 29.0 (C(4 0)); 25.7 (C(3 0)).


Anal. Calcd for C29H32N2O3 (456.58): C, 76.29; H, 7.06;
N, 6.14. Found: C, 76.5; H, 7.3; N, 6.0.


5.8. General procedure for the synthesis of 3-amino-3,4-
dihydro-1H-naphthalen-2-one O-phenylalkyloximes
hydrochloride (2a–g)


Oxime 10a–g was hydrogenolysed in EtOH (20 mL/
mmol) and 1 N aq HCl (1.0 equiv) over 5% Pd–C
(20 mg/mmol) at rt. The reaction was monitored by
TLC. Pd–C was centrifuged off and the solvent evapo-
rated. The obtained compound was recrystallised in
iPrOH/Et2O.


5.8.1. 3-Amino-3,4-dihydro-1H-naphthalen-2-one oxime
hydrochloride (2a). From oxime 10a (50 mg) was ob-
tained 2a (26 mg, 76%).


Colorless crystals, mp 230–40 �C (dec) (iPrOH/Et2O).


IR (KBr), m: 3240, 3000, 1586, 1494, 1457, 1422, 978,
757, and 739 cm�1.


1H NMR (CD3OD): 7.25–7.21 (m, 4Har); 4.14 (dd, H–
C(3)); 4.08 (d, Ha–C(1)); 3.76 (d, Hb–C(1)); 3.24 (dd,
Ha–C(4)); 3.03 (dd, Hb–C(4)). J (1a,1b) = 22.0,
J (3, 4a) = 4.6, J (3,4b) = 11.8, J (4a,4b) = 14.6 Hz.


13C NMR (CD3OD): 152.6 (C(2)); 133.5, 133.2
(C(4a),C(8a)); 129.9, 129.7, 128.8, 127.9 (4Car); 50.4
(C(3)); 34.9 (C(4)); 28.9 (C(1)).


HR-MS (FAB+) calcd for C10H13N2O, [M+H]+:
177.1028; found: 177.1034.


5.8.2. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-meth-
yloxime hydrochloride (2b). From oxime 10b (50 mg) was
obtained 2b (26 mg, 74%).


Colorless crystals, mp 200–10 �C (dec) (iPrOH/Et2O).
IR (KBr) m: 3506, 3426, 3006, 2928, 1605, 1522, 1493,
1458, 1411, 1055, 919, and 756 cm�1.


1H NMR (CD3OD): 7.23–7.21 (m, 4Har); 4.18 (dd, H–
C(3)); 4.05 (d, Ha–C(1)); 4.00 (s, NOMe); 3.76 (d,
Hb–C(1)); 3.27 (dd, Ha–C(4)); 3.04 (dd, Hb–C(4)).
J(1a, 1b) = 22.0, J(3,4a) = 5.0, J(3,4b) = 11.8, J(4a, 4b)
= 14.8 Hz.


13C NMR (CD3OD): 153.6 C(2); 133.1, 133.0
(C(4a),C(8a));129.8, 129.7, 128.9, 128.0 (4Car); 62.9
(OCH3); 50.2 (C(3)); 34.7 (C(4)); 29.5 (C(1)).


HR-MS (FAB+) calcd for C11H15N2O, [M+H]+:
191.1184; found: 191.1184.

5.8.3. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-ben-
zyloxime hydrochloride (2c). From oxime 10c 49 mg) was
obtained 2c (27 mg, 73%).


Colorless crystals, mp 230 �C (dec) (iPrOH/Et2O).


IR (KBr), m: 3450, 3030, 2856, 2616, 1584, 1514, 1495,
1356, 983, 980, 758, 752, 739, and 697 cm�1.


1H NMR (CD3OD): 7.42–7.20 (m, 9H), 5.24 (s,
OCH2Ph), 4.19 (dd, H–C(3)), 4.10 (d, Ha–C(1)), 3.82
(d, Hb–C(1)), 3.27 (dd, Ha–C(4)), 3.04 (dd, Hb–C(4)).
J(1a,1b) = 22.1, J(3,4a) = 5.0, J(3,4b) = 11.8,
J(4a,4b) = 14.6 Hz.


13C NMR (CD3OD): 154.4 (C(2)); 138.8 (Car-s); 133.1,
133.0 (C(4a), C(8a)); 129.8, 129.7, 129.5, 129.3, 129.1,
128.9, 128.0 (7Car); 77.8 (CH2Ph); 50.3 (C(3)); 34.7
(C(4)); 29.8 (C(1)).


HR-MS (FAB+) calcd for C17H19N2O, [M+H]+:
267.1497; found: 267.1483.


5.8.4. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-(2-
phenylethyl)oxime hydrochloride (2d). From oxime 10d
(58 mg) was obtained 2d (30 mg, 68%).


Colorless crystals, mp 182–6 �C (iPrOH/Et2O).


IR (KBr), m: 3430, 3026, 2865, 1578, 1496, 1454, 1066,
1021, 755, and 699 cm�1.


1H NMR (CD3OD): 7.29–7.19 (m, 9Har), 4.39 (t,
CH2(1 0)), 4.18 (dd, H–C(3)), 3.99 (d, Ha–C(1)), 3.73
(d, Hb–C(1)), 3.26 (dd, Ha–C(4)), 3.03 (m, Hb–C(4),
CH2(2 0)). J(1a,1b) = 22.0, J(3, 4a) = 5.0, J(3,4b) = 11.6,
J(4a,4b) = 14.8, J(1 0, 2 0) = 6.8 Hz.


13C NMR (CD3OD): 154.0 (C(2)); 139.9 (Car-s); 133.2,
133.0 (C(4a),C(8a)); 130.0 (Car-m); 129.8, 129.7 (2Car);
129.4 (Car-o); 128.9, 128.0, 127.3 (3Car); 76.5 (C(1 0));
50.3 (C(3)); 36.5 (C(2 0)); 34.8 C(4)); 29.7 C(1)).


HR-MS (ESI-Q-Tof) calcd for C18H20N2O, [M]+:
280.1576; found: 280.1588.


5.8.5. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-(3-
phenylpropyl)oxime hydrochloride (2e). From oxime 10e
(49 mg) was obtained 2e (26 mg, 68%).


Colorless crystals, mp 162–70 �C (iPrOH/Et2O).


IR (KBr), m: 3450, 3027, 2865, 1583, 1505, 1496, 1454,
1408, 1384, 1066, 1032, 1013, 918, 757, 743, and
700 cm�1.


1H NMR (CD3OD): 7.27–7.20 (m, 8Har), 7.15 (m,
1Har), 4.22 (t, CH2(1 0)), 4.17 (dd, H–C(3)), 4.00
(d, Ha–C(1)), 3.73 (d, Hb–C(1)), 3.27 (dd, Ha–C(4)),
3.03 (dd, Hb–C(4)), 2.75 (t, CH2(3 0)), 2.07 (quint,
CH2(2 0)). J(1a,1b) = 22.0, J(3, 4a) = 5.0, J(3,4b) = 11.9,
J(4a,4b) = 14.8, J(1 0, 2 0) = 6.4, J(2 0, 3 0) = 7.6 Hz.
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13C NMR (CD3OD): 153.5 C(2); 143.1 (Car-s); 133.2,
133.0 (C(4a), C(8a)); 129.9, 129.7 (2Car);129.5, 129.4
(Car-m,Car-o); 128.9, 128.0, 126.9 (3Car); 75.2 (C(1 0));
50.3 (C(3)); 34.8 (C(4)); 33.3 (C(3 0)); 31.7 (C(2 0)); 29.6
(C(1)).


HR-MS. (FAB+) calcd for C19H23N2O, [M+H]+:
295.1810; found: 295.1802.


5.8.6. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-(4-
phenylbutyl)oxime hydrochloride (2f). From oxime 10f
(88 mg) was obtained 2f (54 mg, 78%).


Colorless crystals, mp 150–4 �C (iPrOH/Et2O).


IR (KBr), m: 3450, 3025, 2858, 2616, 1578, 1512, 1495,
1453, 1406, 1384, 1025, 1018, 756, 741, and 698 cm�1.


1H NMR (CD3OD): 7.26–7.14 (m, 9Har); 4.22
(t, CH2(1 0)); 4.17 (dd, H–C(3)); 4.04 (d, Ha–C(1));
3.77 (d, Hb–C(1)); 3.26 (dd, Ha–C(4)); 3.03 (dd,
Hb–C(4)); 2.67 (t, CH2(4 0)); 1.80–1.70 (m,
CH2(2 0), CH2(4 0)). J(1a,1b) = 22.0, J(3,4a) =
5.0, J(3, 4b) = 12.0, J(4a,4b) = 14.6, J(1 0, 2 0) = 6.0,
J(3 0, 4 0) = 6.8 Hz.


13C NMR (CDCl3): 150.9, 142.5, 132.1, 131.8, 129.0,
128.8, 128.5, 128.4, 127.8, 127.0, 125.8, 75.0, 49.7,
35.7, 34.1, 29.0, 28.6, 27.9.


1H NMR (CDCl3): 7.27–7.17 (m, 9Har), 4.23 (m,
H–C(1 0)), 4.20 (m, H–C(3)), 4.03 (d, J = 22.1 Hz,
Ha–C(1)); 3.70 (d, J = 22.1 Hz, Hb–C(1)); 3.63 (dd,
J = 4.0, 15.1 Hz, Ha–C(4)); 3.34 (t, J = 13.5 Hz, Hb–
C(4)); 2.66 (t, J = 7.1 Hz, CH2(4 0)).


HR-MS (ESI-Q-Tof) calcd for C20H24N2O, [M]+:
308.1889; found: 308.1906.


5.8.7. 3-Amino-3,4-dihydro-1H-naphthalen-2-one O-(5-
phenylpentyl)oxime hydrochloride (2g). From oxime 10g
(62 mg) was obtained 2g (37 mg, 76%).


Colorless crystals, mp 152–5 �C (iPrOH/Et2O).


IR (KBr), m: 3450, 2936, 2854, 2614, 1578, 1509, 1495,
1459, 1451, 1051, 1039, 1004, 743, 739, and 697 cm�1.


1H NMR (CD3OD): 7.27–7.08 (m, 9Har), 4.20 (t,
CH2(1 0)), 4.16 (dd, H–C(3)), 4.00 (d, Ha–C(1)), 3.72
(d, Hb–C(1)), 3.26 (dd, Ha–C(4)), 3.02 (dd, Hb–C(4)),
2.63 (t, CH2(5 0)), 1.77 (quint, CH2(2 0)), 1.68 (quint,
CH2(4 0)), 1.44 (quint, CH2(3 0)). J(1a,1b) =
22.0, J(3, 4a) = 5.0, J(3, 4b) = 11.8, J(4a, 4b) = 14.8,
J(1 0, 2 0) = 6.5, J(2 0, 3 0) = J(3 0, 4 0) = J (4 0, 5 0)=7.6 Hz.


13C NMR (CD3OD): 153.3, 143.7, 133.2, 133.0, 129.8,
129.7, 129.4, 129.3, 128.9, 128.0, 126.7, 75.8, 50.3,
36.7, 34.8, 32.4, 29.8, 29.6, 26.5.


HR-MS (ESI-Q-Tof) calcd for C22H26N2O, [M]+:
322.2045; found: 322.2041.

5.9. 1,2,3,4-Tetrahydronaphthalen-2-amine, hydrochlo-
ride (3a)


A mixture of b-tetralone 11 (1 mL, 10 mmol), Ti(O
i


Pr)4


(5.85 mL, 20 mmol, 2 equiv) and saturated ammonia in
EtOH (10 mL) was stirred under Ar at rt for 16 h.
NaBH4 (0.46 mg, 12 mmol, 1.2 equiv) was then added
and the resulting mixture was stirred at rt for an addi-
tional 3 h. The solvents were evaporated, the residue
diluted with AcOEt and treated with 1 N aq NH4OH
(20 mL). The inorganic precipitate was filtered off and
washed with AcOEt (3· 20 mL). The organic layer was
separated and the remaining aqueous layer was extract-
ed with AcOEt (3· 20 mL). The combined organic phas-
es were dried over MgSO4 and concentrated in vacuo.
HCl, 2.2 M, in dry Et2O (5 mL) was added and the pre-
cipitated hydrochloride 3a was filtered and recrystallised
in iPrOH/Et2O (0.75 g, 40%).


Colorless crystals, mp 230–2 �C (iPrOH/Et2O) (lit.20


236–8 �C).


IR (KBr), m: 3432, 3055, 2990, 2895, 1605, 1498, 1477,
and 744 cm�1.


Same 1H NMR and 13C NMR spectra (D2O) as in
lit.21,22


5.10. 2-Trifluoromethylsulfonyloxy-3-benzyloxycarbon-
ylamino-3,4-dihydronaphthalene (12b) and O-benzyl
3-benzyloxycarbonylamino-3,4-dihydronaphthalene-2-
carbohydroxamate (13b)


To a solution of LiHMDS (prepared from HMDS and
BuLi, 0.57 mmol, 2.2 equiv) in dry THF (1 mL) was
added dropwise a solution of 8b (78 mg, 0.26 mmol) in
THF (1 mL) and the mixture was stirred under Ar at
�78 �C for 45 min, then PhNTf2 (223 mg, 0.62 mmol,
2.4 equiv) in THF (1 mL) was added at �78 �C and
the reaction mixture was stirred at 0 �C for 2.5 h. The
reaction mixture was quenched with 2 M aq NH4Cl,
extracted with Et2O and washed with brine. The organic
solution was dried over MgSO4 and the solvent was
evaporated to give crude 12b which was used without
purification.


A solution of crude 12b (0.26 mmol), Et3N (220 lL,
1.58 mmol, 6 equiv), BnONH2 Æ HCl (210 mg,
1.32 mmol, 5 equiv), Pd(PPh3)4 (22 mg) in DMF
(5 mL) was purged with CO and stirred under CO
(1 atm) at 60 �C for 4 h. The reaction mixture was
diluted with Et2O, quenched with 2 M aq NH4Cl
and washed with brine. The organic solution was
dried over MgSO4, the solvent was evaporated and
the residue purified by FC (cyclohexane/AcOEt, 7/3)
to give 13b (90 mg, 80%).


Compound 12b, only characterised by NMR: 1H NMR
(CDCl3): 7.40–7.17 (m, 9Har); 6.64 (s, H–C(1)); 5.11 (s,
OCH2Ph); 5.01 (d, NH); 4.79 (m, H–C(3)); 3.33 (dd,
Ha–C(4)); 3.13 (dd, Hb–C(4)). J(3,4a) = 6.5,
J(3, 4b) = 3.5, J(4a, 4b) = 16.6 Hz.
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Compound 13b: Colorless crystals, mp 150–2 �C
(iPrOH).


IR (KBr), m: 3304, 3196, 1689, 1655, 1626, 1541, 1257,
1047, 746, 736, and 697 cm�1.


1H NMR (CDCl3): 10.75 (s, NHOBn); 7.71 (s, H–C(1));
7.50–7.21 (m, 14Har); 5.27 (d, NH); 5.04–4.91 (m, 2
OCH2Ph); 4.52 (m, H–C(3)); 3.20 (dd, Ha–C(4)); 2.93
(dd, Hb–C(4)). J(3, NH) = 9.6, J(3,4a) = 5.9,
J(3, 4b) = 1.5, J(4a,4b) = 16.3 Hz.


13C NMR (CDCl3): 164.3 (CON–C(2)); 156.9 (NCO2);
135.8, 135.6, 132.2, 131.7, 130.0, 129.5, 129.2, 129.1,
128.9, 128.7, 128.6, 128.5, 128.4, 127.9 (14Car); 78.0
(NOCH2Ph); 67.8 (OCH2Ph); 43.3 (C(3)); 35.1 (C(4)).


Anal. Calcd for C26H24N2O4 (428.48): C, 72.88; H, 5.65;
N, 6.54. Found: C, 72.6; H, 5.5; N, 6.3.


5.11. 2-Trifluoromethylsulfonyloxy-3-tert-butoxycarbon-
ylamino-3,4-dihydronaphthalene (12a) and N,O-Dimethyl
3-tert-butoxycarbonyl-amino-3,4-dihydronaphthalene-2-
carbohydroxamate (13a)


Same procedure as for 13b with 8a (50 mg,
0.19 mmol) to give crude 12a which was used without
purification.


Same procedure as for 13b with crude 12a (0.19 mmol),
HCl Æ HN(OMe)Me (93 mg, 0.95 mmol), Et3N (140 lL,
0.95 mmol) and Pd(PPh3)4 (22 mg, 10% mol) in DMF
(5 mL). The reaction mixture was stirred under CO
(1 atm) at 60 �C for 24 h. The reaction mixture was
diluted with Et2O, quenched with 2 M aq NH4Cl and
washed with brine. The organic solution was dried over
MgSO4 and the solvent was evaporated and the residue
purified by FC (cyclohexane/AcOEt, 7/3) to give 13a
(40 mg, 68%).


Compound 12a, only characterised by NMR: 1H NMR
(CDCl3): 7.40–7.17 (m, 4Har); 6.62 (s, H–C(1)); 4.75 (m,
NH, H–C(3)); 3.31 (dd, Ha–C(4)), 3.11 (d, Hb–C(4));
1.26 (s, CMe3). J(3, 4a) = 6.3, J(4a,4b) = 16.8 Hz.


Compound 13a: Colorless crystals, mp 70–4 �C (iPrOH).


IR (KBr), m: 3282, 3266, 2981, 2972, 1700, 1696, 1642,
1531, 1364, 1164, 1049, 1018, and 764 cm�1.


1H NMR (CDCl3): 7.25–7.20 (m, 4 Har); 6.97 (s, H–
C(1)); 4.83 (m, NH, H–C(3)); 3.69 (s, OMe); 3.31 (s,
NMe); 3.10 (m, 2H–C(4)).


13C NMR (CDCl3): 169.4 (CON–C(2)); 155.2 (NCO2);
133.7, 133.5 (C(4a), C(8a)); 131.6 (C(2)); 131.5 (C(1));
129.3, 129.0, 128.1, 127.3 (4Car); 79.7 (CMe3); 61.4
(OMe); 45.1 (C(3)); 35.0 (NMe); 33.5 (C(4)); 28.5
(CMe3).


Anal. Calcd for C18H24N2O4, 1/2H2O: C, 63.32; H, 7.23;
N, 8.21. Found: C, 63.3; H, 7.3; N, 8.3.

5.12. 3-Amino-1,2,3,4-tetrahydronaphthalene-2-carbohy-
droxamic acid (3c)


Compound 13b (54 mg, 0.126 mmol) was hydrogenoly-
sed in EtOH (3 mL) over 5% Pd–C (10 mg) at rt 8 h.
Then Pd–C was centrifuged off and the solution was
concentrated. The crude compound was recrystallised
in iPrOH/Et2O to give 3c as (40/60) mixture of cis and
trans isomers (22 mg, 71%).


Colorless crystals, mp 130–5 �C (dec) (iPrOH/Et2O).


IR (KBr), m: 3418, 3171, 3025, 2927, 1665, 1496, 1455,
1043, and 748 cm�1.


1H NMR (CD3OD): 7.19–7.17 (m, 8Har); 3.96 (m, H–
C(3), isomer 1); 3.82 (dt, J = 5.2, 10.6 Hz, H–C(3), iso-
mer 2); 3.30–2.75 (m, 5H, isomer 1, 4H, isomer 2);
2.71 (dt, J = 5.6, 10.8 Hz, H–C(2), isomer 2).


13C NMR (CD3OD): 172.4, 171.0, 134.5, 133.9, 132.8,
131.6, 130.6, 130.2, 129.8, 129.4, 128.1, 128.0, 127.9,
127.8, 49.8, 48.8, 43.1, 38.8, 34.1, 34.1, 31.1, 28.7.


HR-MS (ESI-Q-Tof) calcd for C11H14N2O2, [M]+:
206.1055; found: 206.1054.


5.13. N,O-Dimethyl 3-tert-butoxycarbonylamino-1,2,3,
4-tetrahydronaphthalene-2-carbohydroxamate (14)


Amide 13a (154 mg, 0.46 mmol) was hydrogenated in
EtOH (3.5 mL) over PtO2 (5 mg) at rt for 48 h. PtO2


was centrifuged off and the solution was concentrated
to give 14 as a 80/20 isomeric mixture (155 mg, quant.).


Colorless resin.


1H NMR (CDCl3): 7.14–7.07 (m, 4Har); 4.91 (d,
J = 8.0 Hz, NH); 4.50 (m, H–C(3)); 3.73 (s, OMe);
3.30–3.28 (m, Ha–C(1), H–C(2)); 3.21 (s, NMe); 3.08
(m, 2H–C(4)); 2.84 (m, Hb–C(1)); 1.40 (s, tBu).


13C NMR (CDCl3): 162.6 (CON–C(2)); 155.7 (NCO2);
134.2, 133.2 (C(4a), C(8a)); 129.6, 129.1, 126.3, 126.3
(4Car); 79.4 (CMe3); 61.6 (OMe); 45.9 (C(3)); 39.2
(C(2)); 35.2 (C(4)); 32.9 (NMe); 28.5 (CMe3); 27.2
(C(1)).


HR-MS (ESI-Q-Tof) calcd for C18H26N2O4, [M]+:
334.1849; found: 334.1853.


5.14. 3-tert-Butoxycarbonylamino-1,2,3,4-tetrahydro-
naphthalene-2-ethanone (15)


To a solution of amide 14 (0.46 mmol) in dry THF
(4 mL) was added 3 M MeMgCl in THF (710 lL,
2.13 mmol) under Ar at 0 �C. The reaction mixture
was stirred at rt for 4 h, diluted with Et2O, quenched
with 2 M aq NH4Cl, washed with brine and dried over
MgSO4. The organic solution was concentrated and
purified by FC (cyclohexane/ethyl acetate, 8/2) to give
15 as a 80/20 diastereoisomeric mixture (36 mg, 27%).
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Colorless crystals, mp 130–6 �C (iPrOH).


IR (KBr), m: 3447, 3345, 2975, 2930, 1713, 1686, 1502,
1367, 1344, 1253, 1167, 1060, and 760 cm�1.


Major isomer. 1H NMR (CDCl3): 7.15–7.07 (m, 4Har);
4.83 (d, J = 8.5 Hz, NH); 4.61 (m, H–C(3)); 3.21–3.15
(m, Ha–C(1)), Ha–C(4)); 2.97–2.92 (m, Hb–C(1), Hb–
C(4), H–C(2),); 2.31 (s, Me); 1.39 (s, tBu).


13C NMR (CDCl3): 209.0 (C@O); 155.6 (NCO2); 133.7,
132.9 (C(4a), C(8a)); 129.8, 129.3, 126.6, 126.5 (4Car);
79.8 (CMe3); 50.3 (C(2)); 46.4 (C(3)); 35.7 (C(4)); 28.9
(Me); 28.4 (CMe3); 26.6 (C(1)).


Minor isomer. 1H NMR (CDCl3): 7.15–7.07 (m, 4Har);
4.83 (d, J = 8.5 Hz, NH); 4.24 (m, H–C(3)); 3.12–3.04
(m, Ha–C(1), Ha–C(4)); 2.92–2.87 (m, Hb–C(1), H–
C(2)); 2.73 (dd, J = 8.1, 16.4 Hz, Hb–C(4)); 2.26 (s,
Me); 1.43 (s, tBu).


13C NMR (CDCl3): 209.0 (C@O); 155.3 (NCO2); 133.9,
133.6 (C(4a), C(8a)); 129.2, 128.6, 126.6, 126.5 (4Car);
79.8 (CMe3); 53.5 (C(2)); 47.9 (C(3)); 35.0 (C(4)); 30.0
(C(1)); 28.4 (CMe3); 28.1 (Me).


HR-MS (ESI-Q-Tof) calcd for C17H23NO3, [M]+:
289.1678; found: 289.1672.


5.15. 3-Amino-1,2,3,4-tetrahydronaphthalene-2-ethanone
hydrochloride (3b)


A mixture of 15 (26 mg, 90 lmol) and concd HCl
(75 lL, 900 lmol, 10 equiv) in EtOH (1.2 mL) and water
(55 lL) was stirred at rt under Ar for 16 h. The solvent
was evaporated and the solid recrystallised in iPrOH/
Et2O to give 3b as a 5/95 mixture of cis and trans isomers
(16 mg, 80%).


Colorless crystals, mp 198–200 �C (iPrOH/Et2O).


IR (KBr), m: 3435, 3220, 3165, 2977, 2935, 2897, 2846,
2823, 1703, 1593, 1490, 1398, 1175, and 747 cm�1.


Major isomer. trans, 1H NMR (CD3OD): 7.19–7.16 (m,
4Har); 3.83 (dt, H–C(3)); 3.39 (dd, Ha–C(1)); 3.22 (dd,
Ha–C(4)); 3.11 (dt, H–C(2)); 2.89 (dd, Hb–C(4)); 2.84
(dd, Hb–C(1)); 2.35 (s, Me). J(1a, 1b) = 16.0,
J(1a, 2) = 5.4, J(1b, 2) = 11.4, J(2,3) = 8.6, J(3,4a) =
5.6, J(3, 4b) = 10.7, J(4a,4b) = 15.7 Hz.


13C NMR (CD3OD): 210.3 (C@O); 134.6, 133.1 (C(4a),
C(8a)); 129.7, 129.5, 128.1, 127.9 (4Car); 51.6 (C(2));
48.9 (C(3)); 33.8 (C(4)); 32.0 (C(1)); 28.6 (Me).


HR-MS (ESI-Q-Tof) calcd for C12H16NO, [M]+:
189.1154; found: 189.1182.


5.16. Dimethyl 3-tert-butoxycarbonylamino-3,4-dihydro-
naphthalene-2-phosphonate (16)


A mixture of 12a (0.38 mmol), iPr2EtN (210 lL,
2.29 mmol, 6 equiv), HP(OMe)2 (175 lL, 1.91 mmol,

5 equiv), Pd(OAc)2 (17 mg, 0.2 equiv) and dppf
(85 mg, 0.4 equiv) in DMF (5 mL) was stirred under
Ar at 100 �C for 24 h. The reaction mixture was dilut-
ed with Et2O, quenched with 2 M aq NH4Cl and
washed with brine. The organic solution was dried
over MgSO4 and the solvent was evaporated and the
residue purified by FC (cyclohexane/AcOEt, 3/7) to
give 16 (82 mg, 61%).


Brownish oil.


IR (KBr), m: 3440, 2976, 2956, 1702, 1636, 1522, 1366,
1246, 1168, 1053, 1028, 829, 765, and 531 cm�1.


1H NMR (CDCl3): 7.50 (d, J = 19.6 Hz, H–C(1)); 7.33–
7.22 (m, 4Har); 4.70 (m, NH, H–C(3)); 3.79 (d,
J = 10.1 Hz, OMe); 3.77 (d, J = 10.1 Hz, OMe); 3.06
(m, 2H–C(4)); 1.41 (s, tBu).


31P NMR (CDCl3): 22.2.


13C NMR (CDCl3): 154.8 (NCO2); 143.0 (d, J = 11 Hz,
C(1)); 134.1 (C(4a)); 130.8 (d, J = 18 Hz, C(8a)); 130.5,
129.3, 128.7, 127.5 (4Car); 125.3 (d, J = 188 Hz, C(2));
79.7 (CMe3); 52.8, 52.8 (2OMe); 43.0 (d, J = 8.5 Hz,
C(3)); 35.0 (d, J = 8.5 Hz, C(4)), 28.4 (CMe3).


HR-MS (ESI-microTof) calcd for C17H24NNaO5P,
[M]+: 376.1284; found: 376.1289.


5.17. Dimethyl 3-tert-butoxycarbonylamino-1,2,3,4-tet-
rahydronaphthalene-2-phosphonate (17)


The phosphonate 16 (80 mg, 0.22 mmol) was hydroge-
nated in MeOH (3.5 mL) over PtO2 (5 mg) at rt for
48 h. PtO2 was centrifuged off and the solution concen-
trated to give 17 as a 70/30 diastereoisomeric mixture
(80 mg, quant.).


Colorless oil.


Major isomer. 1H NMR (CDCl3): 7.15–7.07 (m, 4Har);
5.15 (br s, NH); 4.12 (m, H–C(3)); 3.79 (d,
J = 10.6 Hz, OMe); 3.74 (d, J = 10.6 Hz, OMe); 3.30
(br d, Ha–C(4)); 3.16–2.97 (m, 2H–C(1)); 2.74 (dd,
J = 8.0, 16.1 Hz, Hb–C(4)); 2.41 (m, H–C(2)); 1.45 (s,
CMe3).


31P NMR (CDCl3): 33.2.


13C NMR (CDCl3): 155.1 (NCO2); 134.0, 133.7 (d,
J = 12 Hz, (C(4a), C(8a)); 129.2, 128.3, 126.5 (2)
(4Car); 79.5 (CMe3); 53.0 (d, J = 7 Hz), 52.8 (d,
J = 7 Hz) (2 OMe)); 46.8 (C(3)); 36.6 (d, J = 143 Hz,
C(2)); 35.9 (d, J = 10 Hz, C(4)); 28.3 ((C(1), CMe3).


Minor isomer. 1H NMR (CDCl3): 7.15–7.07 (m, 4Har);
5.42 (br d, NH); 4.42 (m, H–C(3)); 3.76 (d,
J = 10.6 Hz, OMe); 3.61 (d, J = 10.6 Hz, OMe); 3.16–
2.97 (m, 2H–C(1), 2H–C(4)); 2.52 (ddt, J = 19.2, 2.8,
7.0 Hz, H–C(2); 1.44 (s, tBu).


31P NMR (CDCl3): 33.7.
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13C NMR (CDCl3): 155.1 (NCO2); 133.5, 133.1 (d,
J = 10 Hz, (C(4a), C(8a)); 130.0, 128.7, 126.4 (2)
(4Car); 79.5 (CMe3); 52.8 (d, J = 7 Hz), 52.6 (d,
J = 7 Hz) (2 OMe); 45.2 (C(3)); 35.5 (d, J = 143 Hz,
C(2)); 35.2 (d, J = 8 Hz, C(4)); 28.3 (CMe3); 27.0 (C(1)).


HR-MS (ESI-microTof) calcd for C17H26NNaO5P,
[M]+: 378.1441; found: 378.1442.


5.18. 3-Amino-1,2,3,4-tetrahydronaphthalene-2-phos-
phonic acid, hydrobromide (3d)


Compound 17 (45 mg, 0.12 mmol) was heated with an
excess of 33% HBr in AcOH (2 mL) at 100 �C for 2 h.
The mixture was evaporated to dryness and the solid
recrystallised in iPrOH/Et2O to give 3d as a 70/30 iso-
meric mixture (26 mg, 70%).


Colorless crystals, mp 144–6 �C (iPrOH/Et2O).


IR (KBr), m: 3408, 3217, 3025, 2934, 1620, 1604, 1496,
1234, 1210, 1154, 985, 958, 948, 909, 753, and 525 cm�1.


Major isomer. 1H NMR (CD3OD): 7.25–7.15 (m, 4Har);
4.03 (m, H–C(3)); 3.26–3.10 (m, 2H–C(1), 2H–C(4));
2.59 (m, H–C(2)).


31P NMR (CD3OD): 26.3.


13C NMR (CD3OD): 134.1 (d, J = 10.6 Hz, C(8a));
131.7 (C(4a)); 130.6, 130.2, 128.1, 127.8 (Car); 47.7 (d,
J = 5.0 Hz, C(3)); 35.2 (d, J = 139.2 Hz, C(2)); 33.5 (d,
J = 10.6 Hz, C(4)); 26.0 (C(1)).


Minor isomer. 1H NMR (CD3OD): 7.25–7.15 (m, 4Har);
3.77 (m, H–C(3)); 3.26–3.10 (m, 2H–C(1),Ha–C(4)); 2.95
(dd, J = Hb–C(4)); 2.31 (m, H–C(2)).


31P NMR (CD3OD): 25.7.


13C NMR (CD3OD): 134.9 (d, J = 11.3 Hz, C(1a));
132.8 (C(8a)); 129.8, 129.4, 128.2, 127.8 (Car); 48.9
(C(3)); 37.3 (d, J = 140.6 Hz, C(2)); 34.3 (d,
J = 13.6 Hz, C(4)); 29.0 (d, J = 3.5 Hz, C(1)).


HR-MS (ESI-Q-Tof) calcd for C10H14NO3P, [M]+:
227.0711; found: 227.0669.


5.19. Methyl 2-carboxyphenylacetate (18b)


SOCl2 (1 mL, 13.8 mmol) was slowly added to a
solution of homophthalic acid (10 g, 55.5 mmol) in
dry methanol (100 mL) and the solution was stirred
under Ar at rt for 6 h. The reaction mixture was
poured in brine (30 mL), extracted with CH2Cl2
and the organic phase washed with water, dried over
MgSO4, and the solvent was evaporated to give 18b
(10.8 g, quant.).


Colorless crystals, mp 96–8 �C (lit.33 96–8 �C).


1H NMR (CDCl3): 8.15 (d, H–C(3)), 7.54 (t, H–C(5)),
7.41 (t, H–C(4)), 7.29 (d, H–C(6)), 4.06 (s, 2H–C(1)),

3.71 (s, OMe). J(3, 4) = 7.8, J(3,5) = 1.2, J(4,5) = 7.6,
J(4,6) = 1.4, J(5, 6) = 7.6 Hz.


5.20. Isochroman-3-one (4a) and methyl 2-hydroxy-
methylphenylacetate (19)


A solution of BH3 1 M in THF (60 mL, 60 mmol) was
slowly added to a solution of 18b (10.8 g, 55.5 mmol)
in dry THF (80 mL) at �15 �C and the mixture was stir-
red under Ar at �15 �C to rt for 16 h. The reaction mix-
ture was diluted with Et2O, washed successively with
1 N aq NaHCO3 and brine and dried over MgSO4.
The solvent was evaporated to give a variable mixture
of 19 and 4a (10.1 g).


A solution of this crude mixture in toluene (20 mL) and
p-TsOH (0.5 g, 2.5 mmol) was heated at 80 �C for 3 h.
The reaction mixture was diluted with Et2O, washed
with brine and dried over MgSO4. After evaporation
4a was crystallised in toluene (5.36 g, 66%).


Compound 19: Colorless resin, only characterised by 1H
NMR (CDCl3): 7.41 (m, 1Har); 7.30 (m, 2Har); 7.24 (m,
1Har); 4.69 (s, 2H–C(2)); 3.78 (s, 2H–C(1)); 3.71 (s,
OMe).


Compound 4a: Colorless crystals, mp 82–4 �C (toluene)
(lit.52 82–3 �C).


IR (KBr), m: 3020, 2990, 2893, 1749, 1486, 1458, 1406,
1392, 1252, 1225, 1187, 1148, 1037, 1028, 992, 959,
819, 777, 762, 743, 693, 551, and 458 cm�1.


1H NMR (CDCl3): same data as in lit.30


5.21. 2-Bromomethylphenylacetic acid (20a)


Same procedure as in the literature.30 A solution of 4a
(1 g, 6.7 mmol) in 33% HBr in acetic acid (9.1 mL)
was stirred at rt for 2 h and then at 70 �C for 1 h. Dilu-
tion with cold water and filtration affords 20a which was
recrystallised in iPr2O (1.35 g, 88%).


Colorless crystals, mp 133–4 �C (iPr2O); (lit.29 139–
140 �C, lit.51 129–132 �C)).


IR (KBr), m: 2923, 2954, 2740, 2637, 1694, 1425, 1415,
1338, 1248, 1226, 936, 918, 769, 675, 618, and 601 cm�1.


1H NMR (CDCl3): same data as in lit.51


5.22. Methyl 2-bromomethylphenylacetate (20b)


A solution of 2.1 N HCl in Et2O (1 mL, 2.1 mmol) was
slowly added to a solution of 20a (1 g, 4.4 mmol) in
MeOH (10 mL). The reaction mixture was stirred at rt
for 12 h and the solvent evaporated to give the crude
product as a 66/33 mixture of 20b and the corresponding
chloro-derivative (540 mg, quant.).


Only characterised by 1H NMR (CDCl3): 7.37–7.36 (m,
1Har); 7.30–7.20 (m, 3Har); 4.68 (s, CH2Cl); 4.58 (s,
CH2Br); 3.81 (s, 2H–C(1)); 3.71 (s, OMe).
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5.23. Isothiochroman-3-one (4b)


Thiourea (0.20 g, 2.61 mmol, 1.2 equiv) was added to a
stirred solution of 20a (500 mg, 2.18 mmol) in dry ace-
tone (5.5 mL) under Ar at rt for 0.5 h. The precipitate
of thiouronium salt was filtered and washed with dry
acetone (0.544 g, 83%).


The crude thiouronium salt was hydrolysed in water
(3 mL) and aqueous 1 N aq NaOH (2.5 mL) at 100 �C
for 2 h. The solution was acidified with aqueous 1 N
HCl (pH �1) and extracted with CH2Cl2. The organic
solution was dried over MgSO4, and the solvent was
evaporated to give crude thiol-acid 21. Esterification of
21 with an excess of solution of diazomethane in THF
gave the crude methyl ester after evaporation. To a solu-
tion of this crude methyl ester in dry toluene (20 mL)
was slowly added a solution of 2 M AlMe3 (1.1 mL,
2.18 mmol) in toluene. The reaction mixture was stirred
under Ar at rt for 16 h, hydrolysed at 0 �C with aqueous
1 N HCl and extracted with AcOEt. The organic solu-
tion was washed with brine, dried over MgSO4 and
the solvent was evaporated. The crude product was puri-
fied by sublimation (60 �C, 20 Torr) to give 4b (165 mg,
46% from 20a).


Compound 4b: Colorless crystals, mp 102–4 �C (subl.)
(lit.29 105–6 �C).


IR (KBr), m: 1662, 1652, 1051, 773, 744, and 644 cm�1.


Same 1H NMR and 13C NMR spectra (CDCl3) as in
lit.29,31


Anal. Calcd for C9H8OS (164.23): C, 65.82; H, 4.91; S,
19.53. Found: C, 65.6; H, 5.1; S, 19.5.


HR-MS (FAB+) calcd for C9H9OS, [M+H]+: 165.0374;
found: 165.0377.


Thiouronium salt, 1H NMR (CD3OD): 7.45 (m, 1Har);
7.32 (m, 3Har); 4.52 (s, 2H); 3.79 (s, 2H).


Compound 21, only characterised by 1H NMR (CDCl3):
7.31–7.23 (m, 4Har); 3.82 (s, 2H); 3.79 (d, 2H); 1.72 (t,
SH). J(CH2,SH) = 7.0 Hz.


5.24. 2-Hydroxy-1,4-dihydro-2H-isoquinolin-3-one (4c)


A solution of crude 20b (400 mg, 1.64 mmol) in MeOH
(15 mL) was stirred with Na2CO3 (523 mg, 4.93 mmol)
and NH2OH Æ HCl (138 mg, 1.97 mmol, 1.2 equiv) un-
der Ar at 80 �C for 22 h. The hot solution was filtered
and the filtrate concentrated, acidified with 1 N aq
HCl (pH �1), and extracted with CH2Cl2. The organic
solution was dried over MgSO4, and the solvent was
evaporated. The crude product was purified by sublima-
tion (140 �C, 20 Torr) to give 4c (188 mg, 75%).


Colorless crystals, mp 198–200 �C (subl.).


IR (KBr), m: 3037, 2810, 1656, 1620, 1530, 1503, 1331,
755, and 745 cm�1.

1H NMR (CDCl3): 7.29–7.26 (m, 2Har); 7.20–7.16
(m, 2Har); 4.88 (s, 2H–C(1)); 3.79 (s, 2H–C(4)).


13C NMR (CDCl3): 162.6 (C(3)); 129.9, 128.8 (C(4a),
C(8a)); 128.1, 128.0, 127.2, 125.9 (4Car); 51.3 (C(1));
34.6 (C(4)).


Anal. Calcd for C9H9NO: (163.17): C, 66.25; H, 5.56; N,
8.58. Found: C, 66.3; H, 5.7; N, 8.5.


HR-MS (FAB+) calcd for C9H10NO2, [M+H]+:
164.0711; found: 164.0712.


5.25. 2-Amino-1,4-dihydro-2-isoquinolin-3-one (4d)


A solution of 20b (215 mg, 0.87 mmol) in MeOH (5 mL)
was stirred with Na2CO3 (376 mg, 3.55 mmol, 4 equiv)
and NH2NH2 Æ 2HCl (102 mg, 0.98 mmol, 1.2 equiv) un-
der Ar at 80 �C for 48 h. The hot solution was filtered
and the filtrate concentrated, diluted with CH2Cl2 and
washed with 1 N aq NaOH (0.9 mL), and brine. The
organic solution was dried over MgSO4 and the solvent
was evaporated. The crude product was purified by sub-
limation (100 �C, 20 Torr) to give 4 d (100 mg, 70%).


Yellowish crystals, mp 115–7 �C (subl.) (lit.32 114–
117 �C).


IR (KBr), m: 3305, 3200, 2894, 1652, 1632, 1609, 1493,
and 739 cm�1.


1H NMR (CDCl3): 7.25–7.17 (m, 4Har); 4.73 (s, 2H–
C(1)); 4.59 (s, NH2); 3.71 (s, 2H–C(4)).


13C NMR (CDCl3): 167.5 (C(3)); 131.2, 130.7 (C(4a),
C(8a)); 127.7, 127.6, 126.9, 125.5 (4Car); 54.3 (C(1));
36.3 (C(4)).


Anal. Calcd for C9H10N2O (162.19): C, 66.65; H, 6.21;
N, 17.27. Found: C, 66.6; H, 5.7; N, 16.1.


HR-MS (FAB+) calcd for C9H11N2O, [M+H]+:
163.0871; found: 163.0871.


5.26. Enzyme assays


Enzyme source: Bovine kidney LAPc and A. proteolytica
aminopeptidase were purchased from Sigma Chemical
Co. Porcine kidney AP-N was purified as a soluble form
according to a published procedure.54 Human recombi-
nant LTA4H was provided by our collaborator J. Z.
Haeggström.


Typical assay conditions: Spectrophotometric assays
were performed with LL-leucine-para-notroanilide
as a substrate for LAPc (Km = 2 mM), AP-N
(Km = 0.2 mM), and APaero (Km = 0.03 mM), alanine-
para-nitroanilide was used for LTA4H (Km = 2 mM).
All kinetic studies were performed at 30 �C and the reac-
tions were started by the addition of enzyme in 1 mL as-
say medium: LAPc, 5 U in 10 mM Tris–HCl, 0.1 mM
ZnCl2, 5 mM MnCl2, 1 M KCl, pH 8.0; APaero, 3 mU
in 10 mM Tris–HCl, 0.05 mM ZnCl2, pH 8.0; AP-N,
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25 mU in10 mM Tris–HCl, pH 7.5, and LTA4H, 5 lg in
10 mM Tris–HCl, 0.1 mM KCl, pH 7.5.


The release of para-nitroaniline (e = 10,800 M�1cm�1) at
405 nm was measured to determine initial velocities. Ki


values were determined using a Dixon plot.55
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Abstract—Novel curcumin analogs were synthesized using Knoevenagel condensation to convert enolic diketones of curcumin into
non-enolizable ones and Schiff bases were prepared using a bioactive thiosemicarbazide pharmacophore. Copper(II) conjugates of
all synthesized ligands were prepared and structurally characterized as well as evaluated for their potential of inhibiting TNF-
induced NF-jB activation and proliferation in human leukemic KBM-5 cells wherein compound 13 was found to be more potent
than curcumin. Compounds were further examined on other tumor cell lines such as Jurkat, H1299, and MM1, respectively.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Curcumin (diferuloylmethane), which is a naturally
occurring yellow pigment obtainable from the rhizomes
of perennial herb Curcuma longa Linn., has been shown
to act upon several important molecular targets in
malignancy and inflammatory cascades and hence is
used to treat various disorders including arthritis, Cro-
hn’s disease, cardiovascular disorders, psoriasis, cancers,
and other pathologies.1,2 It is found to be effective in
treating almost all types of cancers at all stages of the
disease.3–6 Curcumin’s biological effects include modula-
tion of several cellular receptors (EGFR and HER2),
signal transcription factors (NF-jB, AP-1, Egr-1, b-ca-
tenin, and PPAR-c), various oxygenases [cycloxygen-
ase-2 (COX-2) and 5-lipoxygenase (5-LOX)], inducible
nitric oxide synthase (iNOS), cell cycle proteins (cyclin
D1p21), cytokines (TNF, IL-1, IL-6, chemokines), as
well as cell surface adhesion molecules.7 Among the
transcription factors affected by curcumin, NF-jB is
the most important one as it plays a pivotal role in var-
ious inflammatory responses leading to host defense and
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activation of many gene expressions.8 Although NF-jB
is ubiquitous transcription factor, it performs a critical
role in cells of the immune system, where it controls
the expression of various cytokines and histocompatibil-
ity of complex genes. Inappropriate regulation of NF-
jB has been shown to give rise to various pathological
disorders including inflammation, viral replication, ath-
erosclerosis, and growth of almost all types of tumors.8,9


Hence, it is considered as an important therapeutic
target for cancer drug development.


Curcumin has been shown to inhibit tumor initiation
induced by benz(a)pyrene and 7,12-dimethylbenz(a)-
anthracene as well as tumor promotion induced by
phorbol esters which are known to trigger NF-jB acti-
vation.10 It is found to inhibit gene expression induced
by long terminal repeat (HIV-LTR) of type-1 human
immunodeficiency virus and virus replication stimulated
by TNF and phorbol esters.10,11 Amongst the potent
NF-jB blocking agents, COX-2-specific inhibitors have
been marginalized12 due to associated cardiotoxicities
leaving perhaps curcumin as the only safe drug which
does not show any adverse effects even upto doses as
high as 8 g per day.13 In addition, there are no reports
on development of resistance against curcumin.13 How-
ever, poor water solubility and unsatisfactory pharma-
cokinetics of curcumin necessitate search for new
curcumin analogs.
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It is well established that herbal extract containing cur-
cumin is often accompanied by the demethoxy and bis-
demethoxy curcumin components, which together are
referred to as the curcuminoids (Scheme 1). In our work,
we have used only the fractionated sample of curcumin
(1) which is appended with pharmacophoric side chains.
Such modifications attempted earlier on the diketone
functionalities in 1 remain suspected since the b-dike-
tone system is found to be stable in the enolic form
due to intramolecular hydrogen bonding.14,15 It has
been established that the diketo species can be function-
alized only when they are made non-enolizable through
derivatization of the active methylene group in 1.16 In
the present work, we describe preparation and charac-
terization of three curcumin Knoevenagel condensates
(2–4), their Schiff bases (5–7), and corresponding copper

conjugates (8–13) as described in Scheme 2. The choice
of copper for metal conjugation was based upon our
recent work showing it has synergistic effects on the anti-
proliferative activities against breast, prostate, and pan-
creatic cancer cells.17,18 The Knoevenagel condensates
and their Schiff bases both form 1:1 copper complexes.
All synthesized compounds are evaluated for their po-
tential of inhibiting TNF-induced NF-jB activation
and proliferation in human leukemic KBM-5 cells.

2. Results and discussion


All synthetic manipulations were performed on 1 frac-
tionated from commercial samples of curcumin by col-
umn chromatography using silica gel with chloroform/







2        1         0        -1        -2       -3
       E (Volts) 


+1   0 


5 μA 


Figure 1. Cyclic voltammogram of 8 (v = 100 mV/s) in DMSO where


inset shows scan rate dependence of the copper redox couple.
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methanol (9:1) as eluting solvents. IR spectra of the
Knoevenagel condensates (2–4) showed a carbonyl
stretching frequency in the range 1655–1633 cm�1 com-
pared to 1620 cm�1 for 1. Incorporation of thiosemicar-
bazide side chain (5–7) is characterized by the
disappearance of the carbonyl frequency and appear-
ance of additional bands around 1595 and 870 cm�1


due to azomethine and thiocarbonyl functionalities.
Upon metal complexation the thiocarbonyl stretch shifts
to lower frequency indicating its involvement in metal
conjugation, which is further confirmed by the appear-
ance of strong absorptions in the region 450–300 cm�1


indicative of Cu–N and Cu–S stretching vibrations. On
the other hand, copper conjugates of the Knoevenagel
condensates (8–10) without thiosemicarbazide side
chains exhibit the carbonyl stretching frequency at lower
wave number around 1585 cm�1 with Cu–O and Cu–Cl
stretching vibrations located around 550 and 330 cm�1,
respectively.


In the electronic spectra of all ligands absorptions
between 325 and 415 nm are attributed to intraligand
transitions, while intense and prominent charge transfer
bands can be observed for their metal conjugates around
450 nm. The broad band observed in the range
500–600 nm is the metal-based d–d transition. In copper
conjugates having the side chains (11–13), these bands
were shifted towards lower energy and were assigned
to the combination of 2B1g! 2Eg and 2B1g! 2B2g tran-
sitions indicative of distorted planar geometry.19,20


Room temperature magnetic moments (leff) of the
copper(II) conjugates were found to be in the range of
1.74–1.82 BM suggestive of monomeric species having
spin only magnetic moments (Table 1).


The electrochemical profile of 1 (not shown) shows a
quasi-reversible peak centered at �0.84 V ascribed to
the reduction of its carbonyl functions.14 This peak
is shifted to more negative potentials in the Knoeve-
nagel condensates (2–4) indicative of resistance to
reduction. An additional peak observed at �0.6 V
probably arises out of the abstraction of one of the
methylenic protons. Copper conjugates (8–10) of the
Knoevenagel condensates exhibit reversible Cu2+/Cu+


redox couple (E1/2) at +0.33 V, while it is observed
at 0.40 V in their counterparts with side chains indic-
ative of facile copper reduction. In Figure 1, we have
shown a representative cyclic voltammogram of 8 with
inset showing scan rate dependence of the copper re-
dox couple.


The X-band EPR spectra of all copper conjugates with
side chains were recorded in DMSO at liquid nitrogen

Table 1. Magnetic, ESR, and electrochemical data on copper conjugates


Compound leff (BM) Epc Epa E1/2 (Cu2+/C


8 1.76 0.200 0.475 0.3375


9 1.79 0.125 0.550 0.3375


10 1.82 0.125 0.600 0.3625


11 1.80 0.250 0.475 0.3625


12 1.77 0.075 0.725 0.4000


13 1.80 0.250 0.550 0.4000

temperature available as supplementary material. The
spin Hamiltonian parameters calculated for these are
included in Table 1. All compounds exhibit a typical
four-line copper hyperfine pattern and follow the rela-
tionship gk > g? > 2.0 characteristic of monomeric cop-
per complexes. Kivelson and Niemen have pointed out
that compounds having gkP 2.3 are ionic while those
with gk < 2.3 are covalent in character.21 The gk values
for the present series of complexes reveal appreciable
covalency with dx2�y2 as the ground state. The degree
of distortion F(gk/Ak) is regarded as an index of devia-
tion from the idealized geometry. The values of 110–
135 cm�1 are typical for square planar complexes, while
the range of 150–250 cm�1 is characteristic of moderate
distortion.22 The distortion factor (F), calculated for
the present series of complexes 8–10 (117–132 cm�1)
and 11–13 (145–156 cm�1) indicates square planar
and moderate distortion towards tetrahedral geometry,
respectively.


All compounds were evaluated for their ability to inhibit
the redox active transcription factor NF-jB in human
leukemic KBM-5 cells as they expressed TNF receptors
and were responsive to TNF activation. The KBM-5
cells were pre-incubated for 48 h with different concen-
trations of curcumin analogs and their metal conjugates,
and were treated with TNF (0.1 nM) for 30 min at
37 �C. The nuclear extracts were prepared and assayed
for the NF-jB activation by Electrophoretic Mobility
Shift Assay (EMSA).


Curcumin inhibited TNF-mediated NF-jB activation in
a dose dependent manner with maximum inhibition

u+) gk g? Ak (G) F (cm�1)


2.212 2.069 188 117


2.232 2.073 175 127


2.260 2.077 170 132


2.280 2.066 157 145


2.291 2.070 156 146


2.294 2.072 147 156
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taking place at 50 lM (Fig. 2). None of the curcumin
analogs and their copper conjugates including that of
1 by themselves inhibited NF-jB activation. TNF-in-
duced NF-jB activation, however, was inhibited by
most of the synthesized curcumin analogs and their met-
al conjugates in a dose dependent manner. In another
experiment, the cells were pre-incubated with curcumin

 0       50       0       10      25      50


   1       1       7.5       4       2.9     1.1   Fold  


Figure 2. Concentration-dependent effect of curcumin (1) on TNF-


induced NF-jB activation.
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Figure 3. Suppression of TNF-induced NF-jB activation by (A) 2, 3, 4 and

for different times before the addition of TNF and then
were treated with TNF for 30 min. The maximum inhi-
bition of NF-jB activation was observed (Fig. 2) only
when the cells were pretreated for 4 h with curcumin
(50 lM) and hence this period was considered as opti-
mal for evaluation of other curcumin analogs and their
metal conjugates.


The most active Knoevenagel condensate was found to
be compound 4 (Fig. 3A) suggesting an aryl hydroxy
pharmacophore at the methylene center (3 and 4) con-
tributing to the enhanced antioxidant potential is an
important determinant of the requirement of NF-jB
inhibition. Complexing with copper does not seem to
help endowing them with inhibitory activity (8 and
10). The Schiff base derivatives of these condensates
themselves (5–7) are not active. However, their copper
complexes (11–13) show very distinct inhibitory activi-
ties (Fig. 4).


All copper conjugates exhibited good to moderate
activity and comparable NF-jB deactivation as that
of curcumin and may enhance their potency at higher
concentrations with prolonged incubation period. The
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Figure 4. Suppression of TNF-induced NF-jB activation by (A) 8, 9, 10 and (B) 11, 12, 13.
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inhibition in case of 13 was more than that of
curcumin. This is interesting because, we believe this
probably arises out of its favored electrostatic interac-
tions through H-bonding and p–p interactions with
residues at the active site of protein. It is also possible
that scavenging of excessive reactive oxygen species
(ROS) by divalent copper conjugates may also con-
tribute to this process.


Because NF-jB activation is known to regulate prolifer-
ation of tumor cells,23 we also examined the effect of cur-
cumin analogs on proliferation of various tumor cells.
The effect of curcumin and its analogs was compared
at equimolar concentrations. The antiproliferative effect
(cytotoxicities) against different cell lines is shown in
Table 2. In KBM-5 cells, almost all Knoevenagel curcu-
min condensates (2–4) showed nearly equal cytotoxicity
at 50 lM concentration as that of curcumin (1). Howev-
er, at lesser concentrations they were less active.
Amongst Schiff base derivatives (5–7) of these conden-
sates, compound 5 exhibits comparable activity even at
lower concentrations.

In general, copper complexes of Knoevenagel conden-
sates of curcumin (8–10) are less inhibitory than cur-
cumin. However, compounds 9 and 10 are found to
be more cytotoxic than curcumin even at 10 lM con-
centration in H1299 cells. In KBM-5 cells, compounds
11 and 13 displayed maximum cytotoxicity greater
than curcumin at 10 lM concentration. A similar
trend is also observed in H1299 cells. At higher con-
centrations copper complexes exhibit cytotoxicity com-
parable with curcumin. It should be noted that
Knoevenagel condensates having phenolic group are
especially effective as antiproliferative agents through
NF-jB inhibition.

3. Conclusions


Present work shows that Knoevenagel condensates of
curcumin restricting enolization can serve as starting
blocks for developing effective curcumin analogs
capable of inhibiting NF-jB activation. Copper
conjugation appears to be beneficial especially in case







Table 2. Effect of curcumin and its analogs on proliferation of various tumor cell types


Compound (lM) KBM-5 Jurkat H1299 MM1


% cytotoxicity SD % cytotoxicity SD % cytotoxicity SD % cytotoxicity SD


Curcumin (1) 10 76 3.09 69 1.60 27 1.95 28 4.82


50 83 0.06 85 0.40 77 2.43 67 3.74


2 10 29 10.22 11 12.5 3 1.65 18 5.67


50 83 0.56 77 1.45 36 1.10 29 2.36


3 10 25 1.66 6 1.60 7 2.08 9 16.74


50 76 0.15 72 0.74 37 1.03 29 0.30


4 10 42 3.80 0 0.17 18 2.38 12 4.90


50 82 0.29 84 2.79 66 0.38 49 1.49


5 10 72 4.85 52 2.60 40 2.56 40 1.25


50 84 0.12 66 3.90 36 3.30 34 4.47


6 10 15 0.84 24 3.50 7 1.85 0 2.53


50 40 3.16 40 3.75 11 4.23 11 0.34


7 10 9 2.22 0 0.68 10 0.17 0 2.92


50 54 3.74 38 4.01 15 1.65 16 1.91


8 10 25 6.73 2 1.00 6 0.35 7 3.32


50 77 2.99 80 0.70 38 2.12 27 3.46


9 10 42 14.10 0 0.92 44 2.14 26 1.86


50 79 1.23 78 0.55 77 1.56 69 1.56


10 10 17 2.17 0 3.37 34 1.82 6 3.72


50 34 6.87 26 1.59 48 1.17 19 1.25


11 10 81 0.43 52 1.23 52 0.48 45 4.72


50 87 0.12 80 1.96 73 1.55 67 3.45


12 10 46 6.29 30 2.98 45 3.09 21 1.86


50 80 0.59 83 0.74 79 1.17 77 0.46


13 10 15 5.84 0 0.43 56 0.70 2 2.33


50 82 0.16 85 5.68 82 1.18 79 0.35


Human myeloid (KBM-5), human T-cell leukemia (Jurkat), human lung adenocarcinoma (H1299), and human multiple myeloma (MM1) cells (2000


cells/0.1 ml) were incubated with indicated concentrations of curcumin and its analogs for 72 h and then examined for cell viability by the MTT


method.27 Percent cytotoxicity was calculated by dividing the absorbance of treated group with that of untreated group and multiplied with 100. The


resulting value was subtracted from 100 to obtain the percent cytotoxicity. All samples were run in triplicate. The results are means of triplicate


determinants.
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of ligands appended with thiosemicarbazone function-
ality. This suggests a probable role of S and N in
providing a more favorable environment for the metal
center in regard to offer better inhibition of TNF-
induced activation of NF-jB as well as antiprolifera-
tive activity in various human cancer cells tested.
Further investigations are obviously needed to evolve
the optimized structure.

4. Experimental


4.1. General


All reagents and solvents were of analytical reagent
grade or were purified by standard methods prior
to use.24 Curcumin was obtained from Sigma (St.
Louis, MO) and curcuminoids were separated by
column chromatography on silica gel 60 (Merck
60–120 mesh). The reaction progress was monitored
through thin-layer chromatography (TLC) on pre-
coated silica gel on aluminum plates (Merck).
Characterization of all synthesized ligands and their
metal conjugates was performed as reported
previously.25

4.2. General procedure for preparation of various
Knoevenagel condensates (2–4)


Fractionated curcumin (368 mg, 1 mmol) purified by
column chromatography was dissolved in minimum
amount of chloroform/methanol mixture in a round-
bottomed flask (RBF). Methanolic solution of aromat-
ic aldehyde (1 mmol) was added dropwise to the above
solution with continuous stirring along with catalytic
amount of piperidine (0.05 cm3). The reaction mixture
was further stirred for 48 h at room temperature and
set aside when the product separated out which was
washed with excess of petroleum ether/hexane mixture
to remove any unreacted reagents. The washing out
process was repeated two to three times and the com-
pound was recrystallized from chloroform/hexane mix-
ture to give a pure dark brown Knoevenagel
condensate.


4.2.1. 4-Salicylidene-1,7-bis(4-hydroxy, 3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dione (2). Yield: 76%, mp: 96–
98 �C, 1H NMR (CDCl3): d 3.73 (s, 6H, OCH3), 6.66
(s, 2H, ArH), 6.71 (dd, 4H, J = 7.8, 7.8 Hz, ArH), 7.1
(d, 2H, J = 15.6 Hz, @C–H), 7.6 (d, 2H, J = 15.6 Hz,
H–C@), 7.49 (m, 4H, ArH), 7.98 (s, 1H, @CH–Ar); IR
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(KBr, cm�1): �3400 (mO-H br), �3012, 2945 (m@C–H, C–H),
�1633 (mC@O), �1508 (mC@C), �1388, 1029 (mC–H), �975
(mH–C@C–H(trans)), �821 (mC–H(arom)); UV–vis: kmax (nm,
DMSO): 327; MS (+ES-MS): m/z = 472.48 (475)
(M+2); Anal. Calcd for C28H24O7: C, 71.18; H, 5.12.
Found: C, 71.07; H, 5.20.


4.2.2. 4-(2,3-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dione (3). Yield:
63%, mp: 79–81 �C, 1H NMR (CDCl3): d 3.82 (s, 6H,
OCH3), 6.97 (m, 2H, ArH), 6.80 (m, 6H, J = 8.62 Hz,
ArH), 6.42 (d, 2H, J = 15.6 Hz, @C–H), 7.54 (d, 2H,
J = 15.4 Hz, H–C@), 7.34 (d, 1H, J = 8.62 Hz, ArH),
7.98 (s, 1H, @CH–Ar); IR (KBr, cm�1): �3417 (mO–H br),
�3050, 2947 (m@C–H,C–H), �1655 (mC@O), �1514 (mC@C),
�1382, 1029 (mC–H), �977 (mH–C@C–H(trans)), �819 (mC–


H(arom)); UV–vis: kmax (nm, DMSO): 329, 428; MS
(+ES-MS): m/z = 488.48 (490) (M+1); Anal. Calcd
for C28H24O8: C, 68.85; H, 4.95. Found: C, 68.78; H,
4.82.


4.2.3. 4-(3,4-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dione (4). Yield:
80%, mp: 104–106 �C, 1H NMR (CDCl3): d 3.83 (s,
6H, OCH3), 6.80 (m, 6H, ArH), 7.38 (m, 3H, ArH),
7.98 (s, 1H, @CH–Ar), 6.43 (d, 2H, J = 14.85 Hz, @C–
H), 7.54 (d, 2H, J = 15.68 Hz, H–C@); IR (KBr,
cm�1): �3500 (mO–H br), �2929, 2856 (m@C–H,C–H),
�1633 (mC@O), �1521 (mC@C), �1382, 1028 (mC–H),
�954 (mH–C@C–H(trans)), �823 (mC–H(arom)); UV–vis: kmax


(nm, DMSO): 341, 420; MS (+ES-MS): m/z = 488.48
(512) (M+Na)+; Anal. Calcd for C28H24O8: C, 68.85;
H, 4.95. Found: C, 68.88; H, 4.91.


4.3. General procedure for preparation of various hydroxy
substituted 1,7-bis(4-hydroxy, 3-methoxyphenyl)-1,6-
heptadiene-3,5-dithiosemicarbazones (5, 6, and 7)


The methanolic solutions of Knoevenagel condensates
(2, 3, and 4) (1 mmol) were reacted with thiosemicarba-
zide (2 mmol) with continuous stirring and catalytic
amount of piperidine (0.05 cm3) was added slowly to
the reaction mixture for more than 5–10 min. The reac-
tion mixture was further stirred at room temperature for
24 h and set aside when a dark brown solid precipitated
out. It was washed with excess of petroleum ether/hex-
ane mixture thrice to remove any unreacted reagents.
The compound was purified by recrystallization from
chloroform/methanol to yield pure dark brown thiosem-
icarbazide Schiff base of Knoevenagel condensate.


4.3.1. 4-Salicylidene-1,7-bis(4-hydroxy, 3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dithiosemicarbazone (5). Yield:
82%, mp: 108–110 �C, 1H NMR (CDCl3): d 2.63 (s,
4H, NH2 br), 3.78 (s, 6H, OCH3), 6.6 (s, 2H, NH br),
6.84 (m, 14H, ArH), 8.00 (s, 1H, @CH–Ar); IR (KBr,
cm�1): �3500 (mO–H br), �3349 (mN–H), �3244, 3156
(mC–NH2), �3035, 2949 (m@C–H,C–H), �1610 (mC@N),
�1502 (mC@C), �1367, 1028 (mC–H), �943 (mH–C@C–H(trans)),
�823.5 (m


C–H(arom)
), �870 (mC@S); UV–vis: kmax (nm,


DMSO): 332, 410; MS (+ES-MS): m/z = 618.72 (620)
(M+1); Anal. Calcd C30H30N6O5S2: C, 58.24 ; H, 4.89;
N, 13.58. Found: C, 58.29; H, 4.84; N, 13.52.

4.3.2. 4-(2,3-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dithiosemicarbazone
(6). Yield: 68%, mp: 127–129 �C, 1H NMR (CDCl3):
d 3.14 (s, 4H, NH2 br), 3.85 (s, 6H, OCH3), 6.8 (s,
2H, ArH), 7.1 (s, 2H, NH br), 7.4 (m, 7H, ArH),
7.99 (s, 1H, @CH–Ar), 6.33 (d, 2H, J = 15.61 Hz,
@C–H), 7.6 (2H, d, J = 15.5 Hz, H–C@); IR
(KBr, cm�1): �3751 (mN–H), �3553 (mO–H br), �3289,
3164 (mC–NH2), �3009, 2943 (m@C–H,C–H), �1596
(mC@N), �1514 (mC@C), �1379, 1028 (mC–H), �945
(mH–C@C–H(trans)), �817 (mC–H(arom)), �874 (mC@S); UV–
vis: kmax (nm, DMSO): 322, 403; MS (+ES-MS): m/
z = 634.72 (636) (M+1); Anal. Calcd for C30H30N6O6


S2: C, 56.77; H, 4.76; N, 13.24. Found: C, 56.81; H,
4.73; N, 13.30.


4.3.3. 4-(3,4-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dithiosemicarbazone
(7). Yield: 79%, mp: 132–134 �C, 1H NMR (CDCl3): d
2.96 (s, 4H, NH2 br), 3.87 (s, 6H, OCH3), 6.56 (s, 2H,
NH br), 6.88 (dd, 4H, J = 8.2 Hz, ArH, J = 16.01 Hz,
H–C@), 7.04 (s, 2H, ArH), 7.49 (m, 5H, ArH), 6.2
(d, 2H, J = 15.67 Hz, @C–H), 8.0 (s, 1H, @CH–Ar);
IR (KBr, cm�1): �3683 (mN–H), �3617 (mO–H br),
�3262, 3155 (mC–NH2), �3012, 2949 (m@C–H,C–H), �1610
(mC@N), �1517 (mC@C), �1380, 1026 (mC–H), �945
(mH–C@C–H(trans)), �844 (mC–H(arom)), �869 (mC@S); UV–
vis: kmax (nm, DMSO): 326, 404; MS (+ES-MS):
m/z = 634.72 (635.5) (M+1); Anal. Calcd for
C30H30N6O6S2; C, 56.77; H, 4.76; N, 13.24. Found: C,
56.73; H, 4.72; N, 13.28.


4.4. General procedure for preparation of copper(II)
conjugates of hydroxy substituted 1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-diones (8, 9, and 10)


The copper(II) conjugates were prepared in situ by dis-
solving the Knoevenagel condensates (2, 3, and 4) in
methanol. To the resulting solution, piperidine
(0.05 cm3) was added dropwise with continuous stirring
followed by addition of methanolic solution of CuCl2Æ2-
H2O (1 mmol). The reaction mixture was stirred for the
period of 2–5 h. The light brown precipitate separated
out at the end was isolated by vacuum filtration, washed
with cold methanol, and dried overnight in vacuo at
room temperature.


4.4.1. [4-Salicylidene-1,7-bis(4-hydroxy, 3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dione] copper(II) (8). Yield:
82%, IR (KBr, cm�1): �3453 (mO–H br), �3110, 2949
(m@C–H,C–H), �1614 (mC@O), �1589 (mC@C), �1390,
1031 (mC–H), �829 mC–H(arom)), �551 (mCu–O), �332
(mCu–Cl); UV–vis: kmax (nm, DMSO): 353, 465; Anal.
Calcd for C28H24Cl2CuO7: C, 55.41; H, 3.99; Cu,
10.47. Found: C, 55.62; H, 4.12; Cu, 10.38.


4.4.2. [4-(2,3-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dione] copper(II) (9).
Yield: 87%, IR (KBr, cm�1): �3479 (mO–H br), �3018,
2945 (m@C–H,C–H), �1591 (mC@O), �1506 (mC@C),
�1406, 1028 (mC–H), �827 (mC–H(arom)), �559 (mCu–O),
�336 (mCu–Cl); UV–vis: kmax (nm, DMSO): 335, 476,
506 (ddtrans.); Anal. Calcd for C28H24Cl2CuO8: C,
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53.99; H, 3.88; Cu, 10.20. Found: C, 54.12; H, 3.96; Cu,
10.34.


4.4.3. [4-(3,4-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dione] copper(II)
(10). Yield: 81%, IR (KBr, cm�1): �3544 (mO–H br.),
�3026, 2941 (m@C–H,C–H), �1587 (mC@O), �1525 (mC@C),
�1357, 1026 (mC–H), �823 (mC–H(arom)), �555 (mCu–O),
�331 (mCu–Cl); UV–vis: kmax (nm, DMSO): 398, 509
(ddtrans); Anal. Calcd for C28H24Cl2CuO8: C, 53.99; H,
3.88; Cu, 10.20; Found: C, 54.21; H, 4.07; Cu, 10.11.


4.5. General procedure for preparation of copper(II)
conjugates of hydroxy substituted 1,7-bis-(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dithiosemicarbazones
(11, 12, and 13)


The copper(II) conjugates were prepared by interaction
of the methanolic solutions of Schiff base of Knoevena-
gel condensates (8, 9, and 10) (1 mmol) with CuCl2Æ2-
H2O (1 mmol) in presence of catalytic amount of
piperidine (0.05 cm3). The light brown precipitate sepa-
rated was isolated after 2–5 h of continuous stirring,
washed with cold methanol, and dried overnight in vac-
uo at room temperature.


4.5.1. [4-Salicylidene-1,7-bis(4-hydroxy, 3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dithiosemicarbazone] copper(II)
(11). Yield: 78%, IR (KBr, cm�1): �3575(mO–H br),
�3215, 3126 (mC–NH2), �3012, 2941 (m@C–H,C–H),
�1593 (mC@N), �1508 (mC@C), �1360, 1028 (mC–H),
�815 (mC–H(arom)), �856 (mC@S), �435 (mCu–N), �350
(mCu–S); UV–vis: kmax (nm, DMSO): 306, 459; Anal.
Calcd for C30H30CuN6O5S2: C, 52.81; H, 4.43; N,
12.32; Cu, 9.31. Found: C, 53.13; H, 4.27; N, 12.48,
Cu, 9.54.


4.5.2. [4-(2,3-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dithiosemicarbazone]
copper(II) (12). Yield: 83%, IR (KBr, cm�1): �3607
(mO–H br), �3264, 3154 (mC–NH2), �3030, 2947
(m@C–H,C–H), �1575 (mC@N), �1514 (mC@C), �1369,
1028 (mC–H), �817 (mC–H(arom)), �867 (mC@S), �441
(mCu–N), �345 (mCu–S); UV–vis: kmax (nm, DMSO): 329,
395, 515 (ddtrans); Anal. Calcd for C30H30CuN6O6S2;
C, 51.60; H, 4.33; N, 12.04; Cu, 9.10. Found: C, 51.09;
H, 4.78; N, 12.18, Cu, 9.22.


4.5.3. [4-(3,4-Dihydroxy benzyl)-1,7-bis(4-hydroxy, 3-
methoxyphenyl)-1,6-heptadiene-3,5-dithiosemicarbazone]
copper(II) (13). Yield: 79%, IR (KBr, cm�1): �3692
(mO-H br.), �3249, 3077 (mC-NH2), �3019, 2943 (m@C–H,C–H),
�1600 (mC@N), �1517 (mC@C), �1359, 1026 (mC–H),
�814(mC–H(arom)), �856 (mC@S), �448 (mCu–N), �352
(mCu–S); UV–vis: kmax(nm, DMSO): 395, 473, 557 (ddtrans.);
Anal. Calcd for C30H30CuN6O6S2: C, 51.60; H, 4.33; N,
12.04; Cu, 9.10. Found: C, 51.78; H, 4.51; N, 12.26; Cu,
9.28.


4.6. Cell lines


Human myeloid KBM-5 cells, human T-cell leukemia
Jurkat cells, human lung adenocarcinoma H1299 cells,

and human multiple myeloma MM1 cells were obtained
from American Type Culture Collection.KBM-5 cells
were cultured in IMDM supplemented with 15% FBS.
H1299 cells, MM1 cells, and Jurkat cells were cultured
in RPMI 1640 medium supplemented with 10% FBS.
All media were also supplemented with 100 U/ml peni-
cillin and 100 lg/ml streptomycin.


4.7. Electrophoretic mobility shift assay


To assess NF-B activation, we performed EMSA as pre-
viously described.26Briefly, nuclear extractsprepared
from treated cells (2 · 106/ml) were incubated with 32P
end-labeled 45-mer double-stranded NF-B oligonucleo-
tide(15 lg of protein with 16 fmol DNA) from the HIV
longterminal repeat, 5 0-TTGTTACAA GGGACTTTC
CGCTG GGGACTTTC CAGGGAGGCGTGG-3 0


(boldface indicates NF-B binding sites), for 30 min at
37 �C, and the DNA–protein complex formed was
separated from free oligonucleotide on 6.6% native
polyacrylamide gels. The dried gels were visualized with
a Storm820 and radioactivebands were quantitated using
Imagequant software (Amersham Biosciences).


4.8. Cytotoxicity assay


Penicillin, Streptomycin, RPMI 1640 medium, and fetal
bovine serum were obtained from Life Technologies,
Inc. (Grand Island, NY). Tris, Glycine, NaCl, and bo-
vine serum aibumin were obtained from Sigma and
phenyl arseine oxide from Aldrich. Bacteria-derived re-
combinant human TNF, purified to homogeneity with
a specific activity of 5 · 107 U/mg, was provided by
Genentech, Inc. (South San Francisco, CA).


The cytotoxicity of curcumin and its analogs in KBM-5,
H1299, MM1, and Jurkat cell lines was determined by
the MTT uptake method as previously described.27


Briefly, 2000 cells were treated with curcumin and its
analogs for 72 h in triplicate on 96-wellplates at 37 �C.
Thereafter, 20 ll MTT solution (5 mg/ml) was added
to each well. After 2 h of incubation at 37 �C, solubiliza-
tion buffer (20% SDS and 50% dimethylformamide) was
added, the cells were incubated overnight at 37 �C, and
then the OD was measured at 570 nm using a 96-well
multiscanner (MRX Revelation; Dynex Technologies).

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmc.
2006.06.056.
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Abstract—G-protein coupled receptors encoded by viruses represent an unexplored class of potential drug targets. In this study, we
describe the synthesis and pharmacological characterization of the first class of inverse agonists acting on the HCMV-encoded
receptor US28. It is shown that replacement of the 4-hydroxy group of lead compound 1 with a methylamine group results in a
significant 6-fold increase in affinity. Interestingly, increasing the rigidity of the spacer by the introduction of a double bond also
leads to a significant increase in binding affinity compared to 1. These novel inverse agonists serve as valuable tools to elucidate
the role of constitutive signaling in the pathogenesis of viral infection and may have therapeutic potential as leads for new antiviral
drugs.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Chemokines are a group of small (8–14 kDa) soluble
proteins that belong to a large family of chemotactic
cytokines.1 They play an important role in the migration
and activation of leukocytes in a wide variety of im-
mune-mediated disorders. These proteins are subdivided
by structure into four major groups, namely CC, CXC,
CX3C and XC chemokines, based on the number and
position of conserved cysteine residues in their amino-
terminus.2


Chemokines mediate their effects by binding to chemo-
kine receptors, which belong to the family of G-protein
coupled receptors. These cell surface proteins are major
targets for therapeutic intervention and are targeted by
more than 40% of all marketed drugs.3 Binding of che-
mokines to their cognate receptors appears promiscuous
and redundant, as most chemokine receptors can bind
more than one chemokine and most chemokines can
activate several chemokine receptor subtypes.4 Howev-
er, binding to chemokine receptors is often restricted
to a single subclass of chemokines; CC chemokine recep-
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tors can only be activated by CC chemokines, while
CXC chemokines only bind to CXC chemokine recep-
tors.2 Two exceptions are the promiscuous chemokine
binding protein DARC (Duffy antigen receptor for che-
mokines) and the human cytomegalovirus (HCMV)-en-
coded receptor US28. DARC binds chemokines of both
the CC and CXC subclasses with high affinity,5 while the
viral-encoded receptor US28 binds several CC-chemo-
kines, including CCL2/MCP-1, CCL3/MIP-1a, CCL4/
MIP-1b and CCL5/RANTES as well as the only
member of the CX3C chemokine subclass, namely
CX3CL1/fractalkine.6–9


HCMV is a species-specific b-herpesvirus that persists
lifelong in the host without any clinical symptoms in
immunocompetent individuals, but the virus can cause
severe illness in immunocompromised individuals, like
premature neonates, transplant recipients, and HIV-
infected people.10,11 After primary infection, the viral gen-
ome establishes a lifelong latent infection within the
host. The virus has developed several strategies to evade
the immune system, such as the expression of genes that
mimic host genes that are involved in the immune sys-
tem.12–14 One of these viral genes encodes a G-protein
coupled receptor, namely US28, with significant homol-
ogy to mammalian chemokine receptors.6,8 US28 shows
a 30% amino acid sequence homology with the human
CCR1 chemokine receptor,6 suggesting that HCMV
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exploits chemokine signaling pathways to interfere with
the host immune system through chemokine mimicry.15


The homology of US28 compared to the CC chemokine
receptors is even higher within the N-terminus, crucial
for chemokine binding, with an amino acid sequence
homology of 70% and 52% with the human CCR1 and
CCR2 chemokine receptors, respectively.6


Currently, the role of US28 is still unknown, but due to
its promiscuous chemokine binding profile it is suggest-
ed that the receptor acts as a chemokine scavenger by
sequestering CC chemokines from the extracellular envi-
ronment.16,17 By this means the virus would elude im-
mune surveillance, as chemokines play an important
role in the regulation of the immune response. Further-
more, US28 induces the migration of vascular smooth
muscle cells upon binding with the chemokines CCL2
and CCL5, which could be exploited by HCMV to dis-
seminate the virus through the human body.18 This
could also provide a possible link between HCMV and
the development of vascular diseases, such as arterial
restenosis,19 atherosclerosis,20 and chronic allograft
rejection.21 Moreover, CCL2 and CCL5 play an impor-
tant role in the pathogenesis of vascular disease.22 Like
many mammalian chemokine receptors, of which CCR5
and CXCR4 are the primary HIV-1 co-receptors in vivo,
US28 can also act as a co-receptor for HIV-1 entry into
cells in vitro.23


Chemokine receptors have been shown to be involved in
the pathophysiology of different diseases.1,2 The identifi-
cation of small nonpeptidergic chemokine receptor
antagonists that are able to block these receptors pro-
ceeds rapidly, with some compounds in clinical trials
at the moment.


In contrast to mammalian chemokine receptors, we pre-
viously showed that US28 signals in a constitutively
active manner and that the receptor affects different sig-
naling pathways, such as phospholipase C and NF-jB,24


and the transcription factors nuclear factor of activated
T-cells (NFAT) and cAMP response element binding
protein (CREB).25–27 The putative role of constitutive
activity in viral pathogenesis is not elucidated yet, but
it could be a way of the virus to alter the normal homeo-
stasis of a host cell for its own benefit.24,27 Potent
inverse agonists that are able to influence the constitu-

Scheme 1. Synthetic pathway for the synthesis of 1–12. Reagents and conditio


(c) NaI, Na2CO3, CH3CN, reflux or NaI, Na2CO3, CH3CN, microwave (15

tive signaling of viral-encoded GPCRs could be valuable
tools to elucidate the role of constitutive signaling in the
pathogenesis of viral infection and may have therapeutic
potential as new antiviral drugs acting against patholo-
gies caused by HCMV infection. Screening of a variety
of GPCR-directed ligands for their ability to modulate
the basal signaling of US28 resulted in the identification
of the small nonpeptidergic molecule VUF2274 (1) as an
inverse agonist.28 This molecule is not only able to block
the basal signaling of US28, but also inhibits 60% of the
US28-mediated HIV entry in cells.


Recently, a limited series of analogues of 1 was synthe-
sized to study the very first structure–activity relation-
ships for inverse agonism on a viral-encoded chemokine
receptor.29 To our knowledge, these molecules are cur-
rently the only nonpeptidergic inverse agonists acting
on US28. In this study, we describe a new series of mole-
cules, in which the rigidity is increased by the introduction
of conformationally restrained tricyclic ring systems or
rigid fused and nonfused piperidine ring systems. More-
over, we changed the spacer length between the diphenyl
acetonitrile group and the piperidine moiety, and intro-
duced rigidity in this part of the molecule. These novel in-
verse agonists acting on US28 give us more knowledge
about the SAR of this class of compounds.

2. Chemistry


Target compounds 1–12 were synthesized via an N-
alkylation of the appropriate bromide or chloride inter-
mediates with commercially available 4-(4-chlorophe-
nyl)piperidine-4-ol 13 as outlined in Scheme 1.29–31


Compounds 14–21 were synthesized following an ana-
logue synthetic route. Microwave chemistry was used
for the N-alkylations to shorten the reaction times.
The tricyclic precursors for compounds 2–6 were synthe-
sized following methods previously described in the
literature.31–33 9H-carbazole, 10H-phenothiazine, 2-
chloro-10H-phenothiazine, and 1-(10H-phenothiazin-2-
yl)ethanone were easily deprotonated with NaH at room
temperature followed by an alkylation with 1-bromo-3-
chloropropane and a reaction with 13 to give target
compounds 7 and 10–12.34,35 However, the deprotona-
tion of 10,11-dihydro-5H-dibenzo[b,f]azepine and
diphenylamine, which were used for the synthesis of 8

ns: (a) NaH in DMF or di-n-butylether; (b) 1-bromo-3-chloropropane;


min, 160 �C).
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and 9, could not be accomplished under these reaction
conditions and was therefore achieved with NaH as a
base in di-n-butylether at reflux temperature.36 Cyclo-
hexyl analogue 14 was synthesized starting from cyclo-
hexylphenylacetonitrile.31 1-Benzyl-4-tert-butylbenzene,
which was used for the synthesis of 15, was synthesized
from the corresponding benzophenone,29 and 4-(2-ben-
zothiazolyl)propylamine, an intermediate for the synthe-
sis of 16, was synthesized using o-aminothiophenol and
4-chlorobutyryl chloride.37 The unsaturated compounds
22 and 23 were synthesized according to the procedure
shown in Scheme 2. Cyclopropyldiphenylmethanol 24
was reacted with MgI2, formed in situ from Mg and
I2, to give 4-iodo-1,1-diphenylbut-1-ene 25, which was
reacted with piperidine 13 to give compound 22.38,39 A
reduction of the carbonyl group of 26 with NaBH4 gave
alcohol 27 in a quantitative yield.40 This alcohol was
dehydrated under acidic conditions to give intermediate
28, which was used for the alkylation of 13 to afford tar-
get compound 23.


Compounds 29–31 were synthesized following the same
method as described in Scheme 1. Reduction of the car-
bonyl group of 31 with NaBH4 resulted in target com-
pound 32. The different fused and non-fused piperidine
moieties of compounds 33–36 were reacted with the
appropriate chloride intermediates in a manner similar
to that described for target compounds 1–12. The fused
and nonfused ring systems of 33, 34 and 36 were com-
mercially available, and the six-membered spiropiperi-
dine moiety of 35 was synthesized following a
literature procedure.41 1-Benzyl-2-methylbenzene, which
was used for the synthesis of 34, was synthesized by the
reduction of 2-methylbenzophenone.29 The synthesis of
compounds 37 and 38 is outlined in Scheme 3. Com-
pound 37 was synthesized by reacting o-bromobenzoic
acid with 2 equiv of n-BuLi,42 followed by a reaction
with ketone 39. Reductive amination of 40 with di-
tert-butyl 2-(2-aminophenyl)malonate 41, which was
synthesized from the reaction of 2-fluoronitrobenzene
with di-tert-butyl malonate and subsequent reduction
of the nitro group, yielded intermediate 42. The indo-

Scheme 2. Synthetic pathway for the synthesis of 22 and 23. Reagents and


(c) NaHCO3, NaBH4, EtOH; (d) HCl, reflux; (e) 13, NaI, Na2CO3, CH3CN

line-2-one compound 38 was obtained by an intramolec-
ular cyclization reaction of 42 by treatment with p-
toluenesulfonic acid.43


Compounds 43 and 44 were synthesized following a
method previously described in the literature.31 The ace-
tate group of compound 45 was formed by reacting
compound 1 with acetylchloride in the presence of tri-
ethylamine. Reduction of the methyl ester group of com-
pound 43 with LiAlH4 resulted in alcohol 46.31 The
synthetic route for the preparation of 47–52 is outlined
in Schemes 4 and 5. Target compounds 47 and 50 were
synthesized by a reaction of 4-chloro-1,1-diphenylbu-
tane44 with 53 or 54 to give intermediates 55 or 56, fol-
lowed by a reduction of the nitrile group in the presence
of AlCl3 and LiAlH4. Compound 53, which was used for
the synthesis of 47, was commercially available as the
hydrochloride salt, but 54 needed to be synthesized.
Thus, 2-(4-chlorophenyl)acetonitrile was deprotonated
by NaNH2 and treated with Boc-protected bis-(2-chlo-
ro-ethyl)amine 57 resulting in intermediate 58, which
was deprotected under acidic conditions resulting in
the desired piperidine moiety 54.45 Substituents were
easily introduced on the amine group of 47, so 48 was
synthesized in a high yield by reacting 47 with formic
acid in the microwave. The monomethyl-substituted
amine 49 was synthesized by refluxing 48 in THF in
the presence of LiAlH4. The hydroxy group of 59 was
converted to an acetamide group in 51 via a Ritter reac-
tion.46 In strongly acidic media, a highly electrophilic
tertiary carbocation is formed from the tertiary hydroxy
group of 59, and this is followed by an acid-induced
nucleophilic addition of the nitrile group of acetonitrile
and a hydrolysis resulting in the desired compound 51.
The acetamide group of 51 was hydrolyzed under acidic
conditions to the corresponding amine group in 52.47

3. Results and discussion


Starting from lead compound 1 we synthesized a
new series of compounds, which were evaluated for

conditions: (a) MgI2, Et2O, reflux; (b) 13, Na2CO3, CH3CN, reflux;


, microwave (15 min, 160 �C).







Scheme 4. Synthetic pathway for the synthesis of 47–50. Reagents and conditions: (a) di-tert-butyl dicarbonate, Et3N, DCM; (b) NaNH2, 2-(4-


chlorophenyl)acetonitrile, toluene, 70 �C; (c) EtOH/HCl; (d) 4-chloro-1,1-diphenylbutane, NaI, Na2CO3, CH3CN, reflux; (e) AlCl3, LiAlH4, THF; (f)


formic acid, microwave (5 min, 200 �C) for 48 or formic acid, microwave (5 min, 200 �C) followed by LiAlH4, THF, reflux for 49.


Scheme 3. Synthetic pathway for the synthesis of 37 and 38. Reagents and conditions: (a) n-BuLi, THF, �78 �C; (b) di-tert-butylmalonate, NaH,


DMF, 90 �C; (c) Pd/C, H2, EtOAc; (d) AcOH, NaBH(OAc)3, 1,2-dichloroethane; (e) PTSA, toluene, reflux.
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their potential to dose-dependently displace
[125I]CCL5 binding to US28. The inverse agonistic
properties of a selection of compounds were investi-

gated by testing their potential to inhibit the US28-
mediated constitutive inositol phosphate production
in SVEC4-10 cells.







Scheme 5. Synthetic pathway for the synthesis of 51 and 52. Reagents and conditions: (a) H2SO4, CH3CN for 51 followed by HCl, reflux for 52.
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In our previous study,29 it was shown that a piperidine
ring was important for activity and therefore this struc-
tural motif was maintained. It was also revealed that the
nitrile group in the structure was not essential for affin-
ity and efficacy, so this group could be omitted.29 In this
study, we focussed our chemistry program on other
parts of the structure, namely on the diphenyl group
(Table 1) and the propyl linker (Table 2). Furthermore,
we introduced different substituents at the 4-position of
the piperidine ring (Tables 3 and 4).


First, more rigidity was introduced by incorporation of
the two phenyl rings in different tricyclic moieties (Table
1). The rotation of the two aromatic phenyl rings is
restricted by incorporation of an ethylene group be-
tween the two phenyl rings in 3, a bioisosteric thiometh-
ylene or oxomethylene bridge in 4 and 5 or an
unsaturated bridge as in 6. All these changes were toler-
ated and did not influence the affinity and potency of
the compounds. Interestingly, introduction of a nearly
planar tricyclic ring system in 2 also resulted in a
compound with a comparable affinity.


The introduction of a nitrogen atom in the tricyclic sys-
tem could provide an additional position for hydrogen
bonding, but this structural modification did not influ-
ence the affinity of the compound. For tricyclic antipsy-
chotics and antidepressants it is known that there is a
relationship between the folding of the tricyclic moiety
and biological activity. If the sulfur atom of neuroleptic
phenothiazine drugs is replaced by an ethylene bridge it
results in dibenzazepine derivatives, which have an anti-
depressant activity.48 In contrast, replacement of the sul-
fur atom of phenothiazine analogue 10 into an ethylene
bridge, resulting in the tricyclic moiety of dibenzazepine
analogue 8, did not result in any change in affinity or
potency on US28. Additionally, introduction of the
more rigid and planar carbazole ring system in analogue
7 did not change the affinity for the receptor, as was also
shown for compound 2. The introduction of a chloro or
acetyl group in one of the aromatic rings in phenothia-
zine analogues 11 and 12 resulted in a decrease in bind-
ing affinity, so these substitutions are not preferred in
the phenothiazine ring.


Replacement of one of the phenyl rings by a bulky sat-
urated cyclohexyl ring in 14 is allowed. Previously, we
found that introduction of a bulky phenyl substituent
at the 4-position of one of the phenyl rings was not
allowed to maintain binding affinity.29 In contrast, the

bulky tert-butyl group in compound 15 is permitted at
this position. Interestingly, replacement of the diphenyl-
acetonitrile group by a benzothiazole ring in compound
16 caused a 3.5-fold drop in binding affinity to the recep-
tor. Taken together, the structural modifications indi-
cate that changes in this part of the molecule are well
tolerated and that the conformation of the two phenyl
rings does not seem to be important.


Furthermore, the importance of the propyl linker be-
tween the diphenylacetonitrile group and the piperidine
moiety was investigated by the introduction of different
structural modifications in this part of the structure (Ta-
ble 2). First, we studied the effect of varying the chain
length of the linker. Compound 1 has been previously
reported as a potent antagonist acting on the human
CCR1 chemokine receptor.34 Interestingly, we recently
demonstrated that the SAR of compound 1 and its ana-
logues is completely different on the viral-encoded recep-
tor US28 compared to that of the human chemokine
receptor CCR1.29 Now, the shortening of the propyl
spacer with one methylene group in 17 caused a small
decrease in affinity on US28, while the addition of one
methylene group in the structure of 1, resulting in com-
pound 18, did not change the affinity or efficacy. In con-
trast, for the human CCR1 chemokine receptor it was
shown that shortening of the propyl chain with one
methylene group caused a large decrease in Ki value,
while addition of one or two methylene groups in the
structure of 1, resulting in, respectively, a butyl and a
pentyl chain, did not change the affinity on the CCR1
chemokine receptor.31


In compounds 19–21 one of the phenyl rings was re-
moved and this series of compounds showed a similar
trend as demonstrated for compounds 1, 17, and 18,
namely that removal of one methylene group in 19
resulted in a decrease of binding affinity, while com-
pounds 20 and 21 have binding affinities comparable
to compounds 1 and 18. Interestingly, the introduction
of a more rigid chain in unsaturated analogue 22 result-
ed in a 3-fold increase in binding affinity compared to
lead compound 1. However, in the functional assay both
compounds were equipotent. In our previous study it
was shown that removal of a phenyl ring as in 20 result-
ed in a binding affinity comparable to compound 1, but
this is not true for the more rigid and unsaturated ana-
logues 22 and 23. Compound 23 has a binding affinity
that is more than 10-fold reduced compared to com-
pound 22.







Table 1. Chemical structures and pharmacological properties of compounds 1–12 and 14–16 for the HCMV-encoded receptor US28


N
OH


ClR


R


Compound VUF R IC50
a (lM) EC50


b (lM)


1 2274
CN


4.9 (4.4–5.5) 3.2 (2.5–4.0)


2 10004


CN
6.0 (5.5–6.5) 5.7 (4.3–7.1)


3 5713


CN
6.6 (4.8–8.3) 5.7 (3.0–8.5)


4 5727


S


CN


6.1 (4.6–7.6) 5.4 (4.0–6.9)


5 10007


O


CN


7.7 (5.9–9.3) 6.2 (3.4–8.9)


6 10003


CN
6.0 (4.7–7.4) 5.1 (2.5–7.8)


7 5932
N


8.4 (6.2–10.7) 4.5 (2.8–6.2)


8 5982
N


6.4 (4.6–8.3) 7.1 (3.0–11.2)


9 5983
N


6.9 (3.5–10.2) 4.4 (2.4–6.3)


10 10005


S


N
6.4 (5.2–7.6) 6.8 (5.2–8.3)


11 10006


S


N Cl
10.5 (6.5–14.5) n.d.


12 6902


S


N
O 11.0 (5.5–16.6) 10.7 (6.9–14.5)


14 5892


CN
7.7 (5.5–10.0) 5.2 (3.2–7.1)


15 (±) 5937 5.9 (4.6–7.2) 7.6 (3.2–12.0)


16 5933
N S


18.0 (13.2–22.9) n.d.


The values are represented as means and the interval of the IC50 and EC50 values of at least three independent experiments.
a [125I]CCL5 displacement.
b Inhibition of [3H]inositol phosphate production. n.d., not determined.
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Table 2. Chemical structures and pharmacological properties of compounds 1 and 17–23 for the HCMV-encoded receptor US28


N
OH


Cl


Compound VUF R IC50
a (lM) EC50


b (lM)


17 5742
Ph


Ph


CN
9.2 (7.9–10.5) 4.1 (1.5–6.6)


1 2274
Ph


Ph
CN


4.9 (4.4–5.5) 3.2 (2.5–4.0)


18 5743


Ph


Ph


CN


4.6 (3.6–5.5) 5.5 (1.9–9.1)


19 5745
Ph


21.1 (15.8–26.3) n.d.


20 5746
Ph


7.8 (6.8–8.9) n.d.


21 5752


Ph


6.6 (4.6–8.7) n.d.


22 6869
Ph


Ph


1.7 (1.1–2.3) 4.8 (1.3–8.3)


23 (E/Z) 6870
Ph


20.0 (19.5–20.4) n.d.


The values are represented as means and the interval of the IC50 and EC50 values of at least three independent experiments.
a [125I]CCL5 displacement.
b Inhibition of [3H]inositol phosphate production. n.d., not determined.


J. W. Hulshof et al. / Bioorg. Med. Chem. 14 (2006) 7213–7230 7219

Next, the influence of the substitution pattern at the
4-position of the piperidine ring was investigated to
further define the structure–activity relationships on
US28 (Tables 3 and 4). We previously showed that
a phenyl ring at this position is important,29 so this
was maintained in the structure. In compounds 33–
38 the aromatic ring is incorporated in a heterocyclic
system, while in compounds 30–32 an additional car-
bon atom is present between the piperidine ring and
the phenyl ring. Both the replacement of the 4-chloro
atom in the phenyl ring by a 3-trifluoromethyl group
in 29 as well as the introduction of a bulky diphenyl-
methanol group in compound 30 did not influence the
potency of the compounds. In compound 31 a 4-fluoro-
phenylmethanone group was introduced at the 4-posi-
tion of the piperidine ring and reduction of the
carbonyl group resulted in analogue 32. The introduc-
tion of both the 4-fluorophenylmethanone group in
compound 31 as well as the 4-fluorophenylmethanol
group in analogue 32 did not influence the affinity
for US28.


Different fused and nonfused ring systems (heterocyclic-
substituted piperidine analogues or bicyclic heterocyclic
groups) were introduced at the 4-position of the piperi-
dine ring, because these structural motifs appear
frequently in CC chemokine receptor antagonists.
Additionally, the heterocyclic groups contain different

functional groups, which can act as hydrogen bond
acceptor or donor groups. Both compounds 33 and 34
contain a spiropiperidine amide group, but compound
34 was not synthesized with a diphenylacetonitrile group
as in compound 33, but with a ortho methyl-substituted
diphenyl group, because recently it was demonstrated
that there was a slight preference for this structural mo-
tif.29 However, in this series of compounds the binding
affinities of 33 and 34 were comparable and in the same
order as lead compound 1. Additionally, the introduc-
tion of the spiropiperidine moieties in both compounds
35 and 37 was allowed to maintain affinity for US28.
The benzimidazolone piperidine moiety of 36 is often
seen in ligands acting on various G-protein coupled
receptors, such as serotonergic and dopaminergic recep-
tors.43 Interestingly, the introduction of an indolin-2-
one group in compound 38 resulted in a compound with
an activity compared to 1, while the introduction of the
benzimidazolone piperidine moiety of 36 made the affin-
ity drop slightly.


Moreover, the 4-hydroxy group was replaced by other
substituents (Table 4), because a hydroxy group at this
position of a piperidine ring is suggested to be a site of
potential metabolic toxicity.49 The introduction of an es-
ter group in 43, an acetyl group in 44, an acetate group
in 45 or a hydroxy methyl group in 46 did not result in
compounds with a higher affinity.







Table 3. Chemical structures and pharmacological properties of compounds 1 and 29–38 for the HCMV-encoded receptor US28


R2


R3


R1


Compound VUF R1 R2 R3 IC50
a (lM) EC50


b (lM)


1 2274 H CN N
OH


Cl 4.9 (4.4–5.5) 3.2 (2.5–4.0)


29 6984 H CN
N


OH


CF3


5.2 (4.2–6.3) 4.3 (2.5–6.2)


30 5729 H CN N OH 4.8 (4.3–5.4) 6.1 (2.3–10.0)


31 6868 H H


O


F


N


4.8 (3.9–5.6) n.d.


32 (±) 10010 H H


N


F


OH


6.4 (4.6–8.3) 3.0 (2.8–3.2)


33 5893 H CN
N


N


NH


O


3.7 (3.5–4.0) 2.0 (1.3–2.8)


34 (±) 5997 Me H
N


N


NH


O


2.6 (1.2–3.9) 4.2 (1.1–7.4)


35 6967 H CN N NH
O


O


7.6 (6.0–9.1) n.d.


36 6985 H CN
N N


NH


O


Cl


7.1 (6.3–7.9) n.d.


37 6047 H CN


O
N


O


11.9 (10.0–13.8) n.d.


38 6048 H H N N


O


5.5 (4.9–6.2) 7.3 (2.2–12.3)


The values are represented as means and the interval of the IC50 and EC50 values of at least three independent experiments.
a [125I]CCL5 displacement.
b Inhibition of [3H]inositol phosphate production. n.d., not determined.
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Table 4. Chemical structures and pharmacological properties of compounds 1 and 43–52 for the HCMV-encoded receptor US28


N
R2


R1


X


Compound VUF R1 R2 X IC50
a (lM) EC50


b (lM)


1 2274 CN OH Cl 4.9 (4.4–5.5) 3.2 (2.5–4.0)


43 5934 CN (C@O)OCH3 H 8.0 (6.0–10.0) n.d.


44 5984 CN (C@O)CH3 H 7.9 (6.3–9.5) n.d.


45 5936 CN O(C@O)CH3 Cl 8.6 (7.4–9.8) n.d.


46 6881 H –CH2OH H 7.5 (5.6–9.3) n.d.


47 6046 H –CH2NH2 H 1.6 (1.1–2.0) 3.1 (1.7–4.6)


48 6987 H –CH2NHC(@O)H H 2.5 (2.0–3.0) n.d.


49 6989 H –CH2NHCH3 H 1.3 (1.1–1.5) 3.1 (1.2–4.9)


50 6966 H –CH2NH2 Cl 0.8 (0.7–1.0) 3.6 (2.6–4.6)


51 6981 H –NHC(@O)CH3 Cl 2.2 (2.0–2.5) 4.1 (1.0–7.1)


52 6993 H –NH2 Cl 1.4 (1.3–1.4) 5.7 (2.5–8.9)


The values are represented as means and the interval of the IC50 and EC50 values of at least three independent experiments.
a [125I]CCL5 displacement.
b Inhibition of [3H]inositol phosphate production. n.d., not determined.
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Furthermore, amine analogue 47 was synthesized to
investigate the influence of a primary amine group at
the 4-position of the piperidine ring. It was demonstrat-
ed earlier that a nitrile group at the 4-position of the
piperidine ring was detrimental for both affinity and
activity.29 However, the reduction of this group into a
methylamine group of derivative 47 resulted in a 3-fold
increase in binding affinity compared to lead compound
1, while the efficacy of both compounds was compara-
ble. From previous studies28,29 it was known that
removal of the p-chloro substituent resulted in a de-
crease in binding affinity. Thus, a chloro atom was intro-
duced at the 4-position of the phenyl ring in compound
50, which resulted in a further 2-fold increase of binding
affinity compared to unsubstituted analogue 47. The
amine group of compound 47 was substituted, resulting
in compounds 48 and 49. Unfortunately, these substitu-
tions did not cause an increase in the binding affinity on
US28. Compound 51 was synthesized to investigate the
importance of the position of the amine group and this
amine was synthesized starting from compound 52, in
which the amine group is substituted with an acetyl
group. Both compounds have an affinity higher than
lead compound 1, but slightly lower than that of our
novel lead compound 50.

4. Conclusion


In summary, we described the synthesis and structure–
activity relationships of inverse agonists acting on the
viral-encoded GPCR US28. These molecules are consid-
ered as valuable tools to investigate the (patho)physio-
logical role of US28 during viral infection.
Replacement of the 4-hydroxy group of lead compound
1 into a methylamine group as in compound 50 resulted
in the, to our knowledge, highest affinity inverse agonist
acting on US28 currently known. Interestingly, the
introduction of a double bond in the propyl linker

between the diphenyl group and the piperidine moiety
in compound 22 caused a significant increase in binding
affinity to US28. Currently, these molecules are being
used as tools to further investigate the role of constitu-
tive signaling of US28 in the pathogenesis of viral infec-
tion. In the future, potent and selective inverse agonists
acting on constitutively active viral GPCRs may have
therapeutical potential in the treatment of pathologies
caused by viral infections.

5. Materials and methods


5.1. General procedures


The solvents were dried according to standard proce-
dures. All reactions were performed under an atmo-
sphere of dry nitrogen. Microwave reactions were
performed in a CEM Explorer single mode MW reactor
equipped with auto sampler. 1H NMR and 13C NMR
spectra were recorded on a Bruker AC-200 (200 MHz)
spectrometer. J. T. Baker silica gel was used for flash
chromatography. HRMS mass spectra were recorded
on a Finnigan MAT 900 mass spectrometer. Melting
points were measured on a MPA100 OptiMelt Auto-
mated Melting Point System apparatus and are uncor-
rected. Analytical HPLC-MS analyses were conducted
using a Shimadzu LC-8A preparative liquid chromato-
graph pump system with a Shimadzu SPD-10AV UV–
VIS detector set at 254 nm, with the MS detection
performed with a Shimadzu LCMS-2010 liquid chro-
matograph mass spectrometer. The analyses were per-
formed using the following conditions; condition I: an
Alltima(C18)5u column (150 mm · 4.6 mm) with 70%
MeOH–30% H2O–0.1% formic acid (method Ia); 60%
MeOH–40% H2O–0.1% formic acid (method Ib) or
50% MeOH–50% H2O–0.1% formic acid (method Ic).
Flow rate = 1.0 mL/min. Total run time 15 min unless
otherwise stated. Condition II: an Alltima(C18)5u
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column (150 mm · 4.6 mm) with 50% CH3CN–50%
H2O–0.1% formic acid (method IIa); 40% CH3CN–
60% H2O–0.1% formic acid (method IIb) or 30%
CH3CN–70% H2O–0.1% formic acid (method IIc). Flow
rate = 1.0 mL/min. Total run time 20 min. Compounds
that were isolated as fumaric acid salts all showed a
fumaric acid peak around 2 min. Purities calculated
are based on RP HPLC–UV peak surface area using
the condition that showed the highest level of impurities
(disregarding the fumaric acid peak). Reference com-
pounds 1 and 20 have been described previously and
taken from stock.29 Compounds 3–6, 14, 17, 18, 43,
and 46 were synthesized as previously described in the
literature31 and the characterization data confirmed that
the desired compounds had been formed. Compounds
15, 32, and 34 were tested as racemic mixtures.


5.2. General method A. 5-(4-Hydroxy-4-(3-(trifluoro-
methyl)phenyl)piperidin-1-yl)-2,2-diphenylpentanenitrile
fumarate (29)


4-(3-(Trifluoromethyl)phenyl)piperidine-4-ol (0.51 g, 2.07
mmol), 5-chloro-2,2-diphenylpentanenitrile34 (0.54 g,
2.00 mmol), NaI (0.30 g, 2.00 mmol), Na2CO3 (0.42 g,
2.00 mmol) and 3 mL CH3CN were added in a 10 mL
microwave and this mixture was reacted during
15 min in the microwave at a temperature of 160 �C
(settings: ramp time 5 min, hold time 15 min, power
200 W, pressure 17.2 bar). The solvent was removed
in vacuo and the residue was diluted with water
(20 mL), followed by an extraction with DCM (3·
15 mL). The combined organic layers were washed with
water (3· 40 mL) and brine (40 mL), dried over anhy-
drous MgSO4, filtered, and evaporated in vacuo. Puri-
fication by flash chromatography (0–50% EtOAc in
DCM) gave 772 mg (81%) of oil. This was dissolved
in EtOH and converted to the corresponding fumaric
salt by the addition of fumaric acid (0.19 g, 1.6 mmol).
The fumaric salt was isolated by evaporation in vacuo
and recrystallized from EtOH/Et2O to give 803 mg
(68%) of 29 as a white solid. Mp: 123.7–125.3 �C
(dec). 1H NMR (DMSO-d6): d 1.47–1.78 (m, 5H),
1.98–2.20 (m, 2H), 2.35–2.91 (m, 8H), 6.57 (s, 2H),
7.33–7.81 (m, 14H). 13C NMR (CDCl3): d 30.74,
35.31, 36.14, 47.91, 51.18, 55.68, 68.78, 121.49,
121.85, 123.64, 126.44, 127.89, 128.20, 128.69, 128.84,
134.72, 134.91, 139.22, 148.43, 169.59. Anal. RP-HPLC
Ib: tR = 6.64 min (purity 100%), IIb: tR = 11.69 min
(purity 100%). HRMS (EI) m/z calcd for
C29H29F3N2O: 478.2232; found: 478.22249.


5.3. General method B. 5-(4-(Hydroxydiphenylmeth-
yl)piperidin-1-yl)-2,2-diphenylpentanenitrile (30)


A solution of 4-bromo-2,2-diphenylbutanitrile31 (0.31 g,
1.00 mmol), diphenyl(piperidin-4-yl)methanol (0.36 g,
1.20 mmol), NaI (0.45 g, 3.00 mmol), and Na2CO3


(0.64 g, 6.00 mmol) in CH3CN (30 mL) was refluxed
overnight. The solvent was removed in vacuo, the resi-
due was diluted with water (50 mL) and extracted with
DCM (3· 30 mL). The combined organic layers were
washed with water (3· 50 mL) and brine (50 mL), dried
over anhydrous MgSO4, filtered, and evaporated in vac-

uo. Purification by flash chromatography (EtOAc) and
recrystallization from EtOAc gave 293 mg (59%) of 30
as a white solid. Mp: 77.9–78.5 �C. 1H NMR (CDCl3):
d 1.34–1.69 (m, 5H), 1.85–2.20 (m, 4H) 2.30–2.50 (m,
5H), 2.79–2.99 (m, 2H), 7.11–7.47 (m, 20H). 13C NMR
(CDCl3): 22.80, 26.03, 37.25, 43.85, 51.47, 53.71,
57.60, 79.32, 122.22, 125.57, 126.39, 126.69, 127.69,
128.04, 128.71, 129.23, 139.94, 145.70. Anal. RP-HPLC
Ib: tR = 9.48 min (purity 98%), IIa: tR = 6.11 min (purity
98%). HRMS (EI) m/z calcd for C35H36N2O: 500.2828;
found: 500.28170.


5.4. General method C. 1-(3-(9H-Carbazol-9-yl)propyl)-
4-(4-chlorophenyl)piperidin-4-ol (7)


(i) A solution of 9H-carbazole (0.84 g, 5.01 mmol) in
DMF (20 mL) was cooled to 0 �C and NaH (0.22 g,
5.58 mmol) was added in small portions. After stirring
for 1 h at room temperature, the reaction mixture was
cooled to 0 �C and 1-bromo-3-chloropropane (0.5 mL,
5.06 mmol) was added. The reaction mixture was al-
lowed to warm to room temperature and stirred over-
night. Water (50 mL) was added and the water layer
was extracted with EtOAc (3· 25 mL). The combined
organic extracts were washed with water (3· 25 mL)
and brine (25 mL), dried over anhydrous Na2SO4, and
filtered. After evaporation under reduced pressure, the
residue was purified by flash chromatography (0–15%
DCM in hexane) to give 853 mg (70%) of 9-(3-chloro-
propyl)-9H-carbazole. 1H NMR (CDCl3): d 2.28–2.49
(m, 2H), 3.51 (t, J = 6.0 Hz, 2H), 4.50 (t, J = 6.4 Hz,
2H), 7.21–7.31 (m, 2H), 7.40–7.48 (m, 4H), 8.11 (d,
J = 7.7 Hz, 2H).


(ii) Following method B using 9-(3-chloropropyl)-9H-
carbazole (0.57 g, 2.34 mmol) gave 727 mg (75%) of 7
as a light yellow solid after recrystallization in EtOAc.
Mp: 130.1–131.4 �C. 1H NMR (CDCl3): d 1.54–1.72
(m, 3H), 2.01–2.14 (m, 4H), 2.28–2.41 (m, 4H), 2.68–
2.73 (m, 2H), 4.41 (t, J = 6.6 Hz, 2H), 7.17–7.49 (m,
10H), 8.09 (d, J = 7.7 Hz, 2H). 13C NMR (CDCl3): d
25.91, 38.24, 40.54, 49.17, 55.20, 70.92, 108.62, 118.64,
120.17, 122.67, 125.40, 125.97, 128.27, 132.66, 140.33,
146.60. Anal. RP-HPLC Ib: tR = 9.37 min (purity
100%), IIb: tR = 10.33 min (purity 100%). HRMS (EI)
m/z calcd for C26H27ClN2O: 418.1812; found:
418.18153.


5.5. 9-(3-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-
propyl)- 9H-fluorene-9-carbonitrile hydrochloride (2)


(i) 9H-Fluorene-9-carbonitrile33 (1.03 g, 5.39 mmol) was
dissolved in DMF (25 mL) and NaH (0.22 g, 5.58 mmol)
was added in small portions. The reaction mixture was
heated to 70 �C and after 2 h 1-bromo-3-chloropropane
(2.75 mL, 27.8 mmol) was added in one portion. The
reaction mixture was allowed to cool to room tempera-
ture and stirred overnight. Water (50 mL) was added
and the water layer was extracted with Et2O (3·
50 mL). The combined organic extracts were washed
with water (3· 50 mL) and brine (50 mL), dried over
anhydrous MgSO4, filtered, and evaporated in vacuo
to give 1.06 g of 9-(3-chloropropyl)-9H-fluorene-9-car-
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bonitrile as a yellow solid. The crude product was used
without further purification.


(ii) Following method A using crude 9-(3-chloropropyl)-
9H-fluorene-9-carbonitrile (0.49 g, 2.16 mmol) gave
445 mg of oil. This was dissolved in Et2O and dry hydro-
chloride gas was bubbled through the solution. Isolation
of the hydrochloride salt by filtration and recrystalliza-
tion from MeOH/Et2O gave 201 mg (17%) of 2 as a
white solid. Mp: 156.2–158.1 �C. 1H NMR (CDCl3): d
1.55–1.94 (m, 5H), 2.33–2.54 (m, 2H), 2.77–3.18 (m,
6H), 3.26–3.40 (m, 2H), 7.35–7.60 (m, 8H), 7.66–7.88
(m, 4H). 13C NMR (CDCl3/DMSO-d6): d 18.52, 34.88,
36.00, 47.29, 48.64, 56.16, 68.26, 120.45, 120.68,
124.08, 126.17, 128.22, 128.57, 129.67, 132.92, 139.93,
141.57, 145.12. Anal. RP-HPLC Ib: tR = 5.10 min (puri-
ty 99%), IIb: tR = 8.39 min (purity 99%). HRMS (EI)
m/z calcd for C28H27ClN2O: 442.1812; found: 442.18072.


5.6. 4-(4-Chlorophenyl)-1-(3-(10,11-dihydro-5H-
dibenzo[b,f]azepin-5-yl)propyl)piperidin-4-ol (8)


(i) NaH (0.40 g, 10.03 mmol) was added portionwise to
a solution of 10,11-dihydro-5H-dibenzo[b,f]azepine
(1.95 g, 9.99 mmol) in di-n-butylether (30 mL). The reac-
tion mixture was heated, refluxed for 3.5 h, and 1-bro-
mo-3-chloropropane (4.00 mL, 40.5 mmol) was added
at 100 �C. The reaction mixture was refluxed overnight,
water was added (50 mL) and the water layer was
extracted with toluene (3· 75 mL). The combined organ-
ic extracts were washed with water (3· 100 mL) and
brine (100 mL), dried over anhydrous Na2SO4, and fil-
tered. After evaporation in vacuo, the residue was puri-
fied by flash chromatography (5% DCM in hexane) to
give 737 mg (27%) of 5-(3-chloropropyl)-10,11-dihy-
dro-5H-dibenzo[b,f]azepine as a colorless oil. 1H NMR
(CDCl3): d 1.99–2.16 (m, 2H), 3.18 (s, 4H), 3.57 (t,
J = 6.4 Hz, 2H), 3.91 (t, J = 6.5 Hz, 2H), 6.91–6.99 (m,
2H), 7.08–7.24 (m, 6H).


(ii) Following method A using 5-(3-chloropropyl)-10,11-
dihydro-5H-dibenzo[b,f]azepine (0.42 g, 1.55 mmol)
gave 494 mg (71%) of 8 as white crystals after recrystal-
lization from EtOAc. Mp: 116.0–117.6 �C. 1H NMR
(CDCl3): d 1.61–1.84 (m, 5 H), 1.96–2.11 (m, 2H),
2.26–2.47 (m, 4H), 2.62–2.78 (m, 2H), 3.15 (s, 4H), 3.76
(t, J = 6.8 Hz, 2H), 6.85–6.93 (m, 2H), 7.06–7.15 (m,
6H), 7.24–7.41 (m, 4H). 13C NMR (CDCl3): d 25.74,
32.63, 38.67, 49.33, 49.83, 56.95, 71.40, 120.35, 122.86,
126.48, 126.77, 128.79, 130.22, 133.18, 134.64, 147.17,
148.65. Anal. RP-HPLC Ib (total run time 20 min):
tR = 12.71 min (purity 99%), IIa: tR = 4.76 min (purity
100%), IIb: tR = 15.55 min (purity 99%). HRMS (EI)
m/z calcd for C28H31ClN2O: 446.2125; found: 446.21311.


5.7. 4-(4-Chlorophenyl)-1-(3-(diphenylamino)propyl)pip-
eridin-4-ol (9)


(i) This was synthesized as described for 8 starting with
diphenylamine (1.69 g, 10.00 mmol) to give 683 mg (16%
over two steps) of 9 as a white solid after recrystalliza-
tion from EtOAc. Mp: 109.9–111.9 �C. 1H NMR
(CDCl3): d 1.50–1.95 (m, 5H), 2.03–2.22 (m, 2H),

2.32–2.47 (m, 4H), 2.69–2.87 (m, 2H), 3.77 (t,
J = 7.3 Hz, 2H), 6.88–7.03 (m, 4H), 7.21–7.45 (m,
10H). 13C NMR (CDCl3): d 25.33, 38.84, 49.86, 50.54,
56.20, 71.47, 121.38, 121.60, 126.49, 128.83, 129.64,
133.23, 136.18, 148.43. Anal. RP-HPLC Ib:
tR = 8.62 min (purity 100%), IIb: tR = 11.11 min (purity
99%). HRMS (EI) m/z calcd for C26H29ClN2O:
420.1968; found: 420.19699.


5.8. 1-(3-(10H-Phenothiazin-10-yl)propyl)-4-(4-chloro-
phenyl)piperidine-4-ol (10)


Following method C starting with 10H-phenothiazine
gave 462 mg (34% over two steps) of 10 as a light yellow
solid. Mp: 59.0–60.6 �C. 1H NMR (CDCl3): d 1.51–2.11
(m, 7H), 2.21–2.56 (m, 4H), 2.63–2.89 (m, 2H), 3.93 (t,
J = 6.7 Hz, 2H), 6.87–7.41 (m, 12H). 13C NMR
(CDCl3): d 25.34, 38.86, 45.61, 49.84, 55.99, 71.28,
115.97, 117.14, 122.90, 125.64, 126.47, 127.63, 127.89,
128.82, 133.26, 145.58. Anal. RP-HPLC Ia:
tR = 3.45 min (purity 97%), Ib (total run time 20 min):
tR = 13.93 min (purity 98%), IIb: tR = 13.46 min (purity
99%). HRMS (EI) m/z calcd for C26H27ClN2OS:
450.1533; found: 450.15394.


5.9. 1-(3-(2-Chloro-10H-phenothiazin-10-yl)propyl)-4-(4-
chlorophenyl)piperidin-4-ol (11)


Following method C starting with 2-chloro-10H-pheno-
thiazine gave 376 mg (24% over two steps) of 11 as a
light yellow solid. Mp: 66.1–66.7 �C. 1H NMR (CDCl3):
d 1.49–1.80 (m, 3H), 1.87–2.18 (m, 4H), 2.30–2.58 (m,
4H), 2.68–2.85 (m, 2H), 3.91 (t, J = 6.8 Hz, 2H), 6.84–
7.42 (m, 11H). 13C NMR (CDCl3): d 24.12, 38.33,
45.62, 49.84, 55.71, 71.01, 116.31, 116.33, 122.76,
123.42, 124.08, 125.35, 126.48, 127.87, 127.97, 128.34,
128.83, 133.30, 133.68, 144.77, 146.89. Anal. RP-HPLC
Ib: tR = 4.27 min (purity 97%), IIa: tR = 6.45 min (purity
98%). HRMS (EI) m/z calcd for C26H26Cl2N2OS:
484.1143; found: 484.11331.


5.10. 1-(10-(3-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-
yl)propyl)-10H-phenothiazin-2-yl)ethanone (12)


Following method C starting with 1-(10H-phenothiazin-
2-yl)ethanone gave 410 mg (22% over two steps) of 12 as
a light yellow solid. Mp: 108.9–110.6 �C. 1H NMR
(CDCl3): d 1.39–1.68 (m, 5H), 1.81–2.12 (m, 4H),
2.22–2.81 (m, 4H), 2.50 (s, 3H), 3.96 (t, J = 6.7 Hz,
2H), 6.79–6.92 (m, 2H), 7.01–7.42 (m, 9H). 13C NMR
(CDCl3): d 23.71, 26.47, 37.90, 45.11, 49.22, 55.29,
70.70, 113.81, 115.76, 122.75, 123.00, 123.71, 125.92,
126.89, 127.33, 127.54, 128.24, 132.13, 132.65, 136.10,
144.19, 145.33, 197.31. Anal. RP-HPLC Ib:
tR = 10.46 min (purity 100%), IIb: tR = 10.90 min (puri-
ty 100%). HRMS (EI) m/z calcd for C28H29ClN2O2S:
492.1638; found: 492.16307.


5.11. 1-(4-(4-tert-Butylphenyl)-4-phenylbutyl)-4-(4-chloro-
phenyl)piperidin-4-ol (15)


This was synthesized following a method previously
described29 starting with 4-tert-butylbenzophenone
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(1.43 g, 6.01 mmol) to give 801 mg (28% over three
steps) of 15 as white crystals after recrystallization from
hexane/EtOAc. Mp: 104.0–105.3 �C. 1H NMR (CDCl3):
d 1.26 (s, 9H), 1.48–1.72 (m, 5H), 2.02–2.14 (m, 4H),
2.28–2.44 (m, 4H), 2.64–2.79 (m, 2H), 3.85 (t,
J = 7.8 Hz, 1H), 7.12–7.43 (m, 13H). 13C NMR
(CDCl3): d 27.14, 31.21, 33.15, 34.17, 37.31, 49.08,
50.62, 58.24, 70.45, 125.19, 125.89, 125.99, 127.13,
127.66, 128.30, 128.33, 132.91, 135.46, 141.59, 144.64,
148.71. Anal. RP-HPLC Ib: tR = 5.24 min (purity
100%), IIa: tR = 9.46 min (purity 99%). HRMS (EI) m/
z calcd for C31H38ClN2O: 475.2642; found: 475.26301.


5.12. (1-(3-Benzo[d]thiazol-2-yl)propyl)-4-(4-chlorophe-
nyl)piperidin-4-ol (16)


Following method B using 2-(3-chloropropyl)benzo-
[d]thiazole (0.636 g, 3.00 mmol), which was synthesized
according to literature procedure,37 gave 306 mg
(26 %) of 16 as a light yellow solid after recrystallization
from EtOAc. Mp: 109.3–110.8 �C. 1H NMR (CDCl3): d
1.61–1.76 (m, 3H), 2.21–2.39 (m, 4H), 2.50–2.79
(m, 4H), 2.93–3.08 (m, 2H), 3.18 (t, J = 7.3 Hz, 2H),
7.24–7.48 (m, 6H), 7.82–7.96 (m, 2H). 13C NMR
(CDCl3): d 25.76, 31.85, 37.48, 49.11, 57.13, 70.51,
121.41, 122.36, 124.68, 125.86, 125.90, 128.34, 132.83,
134.98, 146.01, 152.97, 170.99. Anal. RP-HPLC Ic:
tR = 8.42 min (purity 99%), IIc: tR = 10.70 min (purity
99%). HRMS (EI) m/z calcd for C21H23ClN2OS:
386.1220; found: 386.12301.


5.13. 4-(4-Chlorophenyl)-1-(3-phenylpropyl)piperidin-4-ol
(19)


Following method B using 1-bromo-3-phenylpropane
(0.60 g, 3.03 mmol) afforded 729 mg (73%) of 19 as a
light yellow solid. Mp: 95.7–96.8 �C. 1H NMR (CDCl3):
d 1.60–1.95 (m, 5H), 2.03–2.21 (m, 2H), 2.36–2.49 (m,
4H), 2.64 (t, J = 7.7 Hz, 2H), 2.80–2.86 (m, 2H), 7.16–
7.31 (m, 7H), 7.42 (d, J = 8.7 Hz, 2H). 13C NMR
(CDCl3): d 28.80, 34.12, 38.61, 49.76, 58.44, 71.39,
126.25, 126.49, 128.75, 128.77, 128.83, 133.26, 142.27,
147.06. Anal. RP-HPLC Ic: tR = 6.17 min (purity
100%), IIc: tR = 10.14 min (purity 100%). HRMS (EI)
m/z calcd for C20H24ClNO: 329.1546; found: 329.15489.


5.14. 4-(4-Chlorophenyl)-1-(5-phenylpentyl)piperidin-4-ol
(21)


(i) PBr3 (0.22 mL, 2.34 mmol) was added to a solution
of 5-phenyl-1-pentanol (0.82 g, 5.02 mmol) in Et2O
(25 mL) and this was stirred for 24 h at room tempera-
ture. Water (50 mL) was added and the solution was
basified with K2CO3 followed by an extraction with
Et2O (3· 30 mL). The combined organic extracts were
washed with water (100 mL) and brine (100 mL), dried
over anhydrous MgSO4 and filtered. Evaporation in
vacuo and purification by flash chromatography (hex-
ane) gave 555 mg (49%) of 1-bromo-5-phenylpentane
as a colorless oil. 1H NMR (CDCl3): d 1.36–1.54 (m,
2H), 1.58–1.75 (m, 2H), 1.82–1.98 (m, 2H), 2.61 (t,
J = 7.5 Hz, 2H), 3.38 (t, J = 6.8 Hz, 2H), 7.13–7.38 (m,
5H).

(ii) This was synthesized according to method B
using 1-bromo-5-phenylpentane (0.55 g, 2.44 mmol)
to give 666 mg (77%) of 21 as white crystals after
recrystallization from EtOAc. Mp: 103.4–105.2 �C.
1H NMR (CDCl3): d 1.30–1.42 (m, 2H), 1.50–1.73
(m, 7H), 2.02–2.19 (m, 2H), 2.34–2.42 (m, 4H),
2.60 (t, J = 7.7 Hz, 2H), 2.78–2.84 (m, 2H), 7.15–
7.45 (m, 9H). 13C NMR (CDCl3): d 27.07, 27.66,
31.72, 36.25, 38.66, 49.82, 59.10, 71.41, 126.05,
126.50, 128.65, 128.78, 128.82, 133.22, 142.98,
147.15. Anal. RP-HPLC Ib: tR = 4.57 min (purity
100%), IIb: tR = 6.49 min (purity 100%). HRMS
(EI) m/z calcd for C22H28ClNO: 357.1859; found:
357.18617.


5.15. 4-(4-Chlorophenyl)-1-(4,4-diphenylbut-3-enyl)pip-
eridin-4-ol (22)


Following method B using 25 (1.00 g, 3.00 mmol),
which was synthesized according to literature proce-
dure,38,39 followed by recrystallization from EtOAc/
hexane gave 611 mg (49%) of 22 as a white solid. Mp
117.6–118.6 �C. 1H NMR (CDCl3): d 1.48–1.79 (m,
3H), 1.98–2.20 (m, 2H), 2.29–2.62 (m, 6H), 2.67–2.89
(m, 2H), 6.07 (t, J = 7.2 Hz, 1H), 7.15–7.44 (m, 14H).
13C NMR (CDCl3): d 27.44, 38.27, 49.13, 58.43,
70.88, 125.97, 126.06, 126.83, 126.89, 127.03, 127.08,
127.96, 128.09, 128.25, 129.66, 132.58, 139.86, 142.40,
142.55, 146.80. Anal. RP-HPLC Ib: tR = 10.43 min
(purity 100%), IIb: tR = 13.29 min (purity 100%).
HRMS (EI) m/z calcd for C27H28ClNO: 417.1859;
found: 417.18446.


5.16. 4-(4-Chlorophenyl)-1-(4-phenylbut-3-enyl)piperidin-
4-ol (23)


(i) A solution of HCl (6 mL) and 27 (0.55 g,
2.98 mmol), which was synthesized as previously
described,40 was heated and refluxed for 4.5 h. The
reaction mixture was allowed to cool to room temper-
ature, slowly basified with a saturated solution of
Na2CO3, and the water layer was extracted with
EtOAc (3· 25 mL). The combined organic extracts
were washed with water (3· 50 mL) and brine
(50 mL), and dried over anhydrous MgSO4. Evapora-
tion in vacuo and purification by flash chromatogra-
phy (hexane) gave 99 mg (20%) of 28 as a colorless
oil. 1H NMR (CDCl3): d 2.61–2.72 (m, 2H), 3.61 (t,
J = 6.9 Hz, 2H), 6.12–6.26 (dt, J = 6.9 Hz, 1H), 6.48
(d, J = 15.9 Hz, 1H), 7.19–7.38 (m, 5H).


(ii) Following method A using 28 (0.10 g, 0.59 mmol)
gave 101 mg (50%) of 23 as white needles after
recrystallization from EtOAc. Mp: 136.3–137.2 �C.
1H NMR (CDCl3): d 1.51–1.82 (m, 3H), 2.02–2.30
(m, 2H), 2.38–2.70 (m, 6H), 2.79–3.00 (m, 2H),
6.12–6.29 (dt, J = 6.6 Hz, 1H), 6.44 (d, J = 16.0 Hz,
1H), 7.18–7.46 (m, 9H). 13C NMR (CDCl3): d
30.66, 38.30, 49.21, 58.21, 70.96, 125.83, 125.95,
126.89, 128.27, 128.36, 130.89, 133.01, 137.79. Anal.
RP-HPLC Ic: tR = 8.94 min (purity 100%), IIb:
tR = 4.79 min (purity 99%). HRMS (EI) m/z calcd
for C21H24ClNO: 341.1546; found: 341.15600.
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5.17. [1-(4,4-Diphenylbutyl)-piperidin-4-yl]-(4-fluorophe-
nyl)methanone (31)


This was synthesized according to method B using 4-
chloro-1,1-diphenylbutane44 (1.59 g, 6.50 mmol) and 4-
(4-fluorobenzoyl)piperidine toluenesulfonate (2.28 g,
6.00 mmol) to give 1.25 g (50%) of 31 as white crystals
after recrystallization from EtOAc. Mp: 88.9–90.6 �C.
1H NMR (CDCl3): d 1.38–1.53 (m, 2H), 1.69–2.12
(m, 8H), 2.36 (t, J = 7.5 Hz, 2H), 2.80–2.99 (m, 2H),
3.06–3.23 (m, 1H), 3.88 (t, J = 7.8 Hz, 1H), 6.98–7.34
(m, 12H), 7.80–8.00 (m, 2H). 13C NMR (CDCl3): d
25.34, 28.59, 33.48, 43.64, 51.17, 53.12, 58.61,
115.36, 115.80, 125.94, 127.68, 128.27, 130.61,
130.79, 144.89, 162.90, 167.96, 200.92. Anal. RP-
HPLC Ib: tR = 8.30 min (purity 100%), IIa:
tR = 5.13 min (purity 100%), IIb: tR = 16.06 min (puri-
ty 100%). HRMS (EI) m/z calcd for C28H30FNO:
415.2311; found: 415.23053.


5.18. (1-(4,4-Diphenylbutyl)piperidin-4-yl)(4-fluorophe-
nyl)methanol fumarate (32)


A solution of 31 (0.16 g, 0.38 mmol) and NaBH4


(0.05 g, 1.32 mmol) in MeOH (20 mL) was stirred
overnight at room temperature. The reaction mixture
was evaporated in vacuo, water was added (15 mL),
and the water layer was extracted with DCM (3·
10 mL). The combined organic extracts were washed
with water (3· 25 mL) and brine (25 mL), dried over
anhydrous MgSO4, filtered, and evaporated in vacuo
to give 149 mg of oil. This was dissolved in EtOAc
and acidified by the addition of a saturated solution
of fumaric acid in Et2O. The fumaric salt was isolated
by filtration and recrystallized from IPA/Et2O to give
161 mg (79%) of 32 as a white solid. Mp: 77.4–
79.3 �C. 1H NMR (CDCl3/DMSO-d6): d 1.29–1.79
(m, 7H), 1.91–2.40 (m, 5H), 2.61–2.83 (m, 2H), 3.08–
3.40 (m, 2H), 3.77 (t, J = 7.9 Hz, 1H), 4.12–4.30 (m,
1H), 6.64 (s, 2H), 6.89 (t, J = 8.7 Hz, 2H), 7.05–7.24
(m, 12H). 13C NMR (CDCl3): d 22.03, 25.75, 32.32,
41.46, 50.48, 56.29, 77.08, 114.81, 115.23, 126.25,
127.51, 127.85, 128.00, 128.45, 135.12, 138.56, 143.89,
159.51, 170.43. Anal. RP-HPLC Ib: tR = 6.38 min
(purity 100%), IIb: tR = 10.26 min (purity 96%).
HRMS (EI) m/z calcd for C28H32FNO: 417.2468;
found: 417.24489.


5.19. 5-(4-Oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-8-
yl)-2,2-diphenylpentanenitrile (33)


Following method B using 1-phenyl-1,3,8-triaza-spi-
ro[4.5]decan-4-one (0.83 g, 3.61 mmol) afforded 842 mg
(60%) of 33 after recrystallization from CHCl3. Mp:
204.1–206.0 �C. 1H NMR (CDCl3): d 1.60–1.76 (m,
4H), 2.38–2.68 (m, 10H), 4.70 (s, 2H), 6.45 (s, 1H),
6.80–6.92 (m, 3H), 7.24–7.42 (m, 12H). 13C NMR
(CDCl3): d 23.22, 28.84, 37.34, 49.58, 51.49, 57.38,
59.14, 115.11, 118.75, 122.23, 126.70, 127.71, 128.74,
129.11, 140.07, 142.92, 177.93. Anal. RP-HPLC Ib:
tR = 5.41 min (purity 100%), IIb: tR = 8.17 min (purity
100%). HRMS (EI) m/z calcd for C30H32N4O:
464.2576; found: 464.25859.

5.20. 1-Phenyl-8-(4-phenyl-4-o-tolylbutyl)-1,3,8-triaza-
spiro[4.5]decan-4-one (34)


Following method A using 1-(4-chloro-1-phenylbutyl)-
2-methylbenzene29 (0.16 g, 0.52 mmol) and 1-phenyl-
1,3,8-triaza-spiro[4.5]decan-4-one (0.14 g, 0.62 mmol)
gave 188 mg (80%) of 34 as white crystals after recrystal-
lization from hexane/CHCl3. Mp: 184.3–186.0 �C. 1H
NMR (CDCl3): d 1.39–1.83 (m, 4H), 1.93–2.11 (m,
2H), 2.19 (s, 3H), 2.33–2.81 (m, 8H), 4.11 (t,
J = 7.7 Hz, 1H), 4.80 (s, 2H), 6.61 (br s, 1H), 6.86–
6.92 (m, 2H), 7.00–7.38 (m, 12H). 13C NMR (CDCl3):
d 19.78, 29.00, 33.97, 41.28, 46.59, 49.57, 58.24, 58.89,
115.36, 118.89, 125.76, 125.85, 126.41, 128.04, 128.15,
129.12, 130.34, 136.14, 177.56. Anal. RP-HPLC Ib:
tR = 8.12 min (purity 100%), IIb: tR = 11.45 min (purity
100%). HRMS (EI) m/z calcd for C30H35N3O: 453.2780;
found: 453.27945.


5.21. 5-(2-Oxo-1,2-dihydrospiro[benzo[d][1,3]oxazine-
4,4 0-piperidine]-1 0-yl)-2,2-diphenylpentanenitrile (35)


Following method A using spiro[benzo[d][1,3]oxazine-
4,4 0-piperidin]-2(1H)one (0.41 g, 1.62 mmol), which
was synthesized according to literature procedure,41


afforded 416 mg (57%) of 35 as a white solid. Mp:
172.7–174.3 �C. 1H NMR (CDCl3): d 1.56–1.78 (m,
2H), 1.96–2.21 (m, 4H), 2.34–2.83 (m, 8H), 6.83 (d,
J = 9.0 Hz, 2H), 6.98–7.56 (m, 12H), 8.89 (br s, 1H).
13C NMR (CDCl3): d 23.65, 35.76, 37.83, 48.59, 52.04,
58.08, 81.91, 114.97, 122.71, 123.66, 124.08, 127.27,
128.28, 129.28, 129.44, 124.71, 140.57, 152.52. Anal.
RP-HPLC Ic: tR = 9.84 min (purity 100%), IIb:
tR = 4.58 min (purity 99%). HRMS (EI) m/z calcd for
C29H29N3O2: 451.2260; found: 451.22625.


5.22. 5-(4-(5-Chloro-2-oxo-2,3-dihydro-1H-benzo[d]imi-
dazol-1-yl)piperidin-1-yl)-2,2-diphenylpentanenitrile (36)


Following method A using 5-chloro-1-(piperidin-4-yl)-
1H-benzo[d]imidazol-2(3H)-one (0.50 g, 2.00 mmol)
gave 734 mg (76%) of 36 as a white solid. Mp: 203.1–
204.6 �C. 1H NMR (DMSO-d6): d 1.35–1.68 (m, 4H),
1.82–2.09 (m, 2H), 2.20–2.59 (m, 6H), 2.77–2.98 (m,
2H), 4.02–4.23 (m, 1H), 6.98–7.04 (m, 2H), 7.20–7.45
(m, 11H), 11.05 (br s, 1H). 13C NMR (CDCl3): d
23.23, 29.02, 37.27, 50.85, 51.49, 52.98, 57.51, 110.21,
120.87, 122.21, 126.66, 126.72, 127.52, 127.77, 128.61,
128.75, 128.82, 139.99, 155.03. Anal. RP-HPLC Ib:
tR = 5.81 min (purity 100%), IIb: tR = 8.83 min (purity
100%). HRMS (EI) m/z calcd for C29H29ClN4O:
484.2030; found: 484.20548.


5.23. 5-(3-Oxo)-3H-spiro[isobenzofuran-1,4 0-piperidine]-
1 0-yl-2,2-diphenylpentanenitrile hydrochloride (37)


A solution of o-bromobenzoic acid (0.76 g, 3.76 mmol)
in THF (20 mL) was cooled to �78 �C and n-BuLi
(4.7 mL, 1.6 M in hexane, 7.52 mmol) was added slowly
in a period of 20 min. The solution was stirred for 2 h at
�78 �C and 39 (1.5 g, 4.51 mmol), which was synthe-
sized according to literature procedure,31 was added
slowly in a period of 30 min. The reaction mixture was
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allowed to warm to room temperature and water
(30 mL) was added. The water layer was extracted with
Et2O (5· 10 mL) and acidified with HCl until a pH of 2.
The solution was heated to reflux temperature for 1 h,
cooled to room temperature, and stirred overnight. A
10% NaOH solution was added to a pH of 10, and the
water layer was rapidly extracted with CHCl3 (5·
20 mL). The combined organic extracts were washed
with water (3· 10 mL), brine (20 mL), dried over anhy-
drous MgSO4, filtered and evaporated in vacuo to afford
1.01 g of a white solid. This was converted to the hydro-
chloride salt as described for 2 to give 516 mg (31%) of
37 after recrystallization from MeOH/Et2O. Mp: 129.8–
131.5 �C. 1H NMR (CDCl3): d 1.68–1.92 (m, 4H), 2.48–
2.91 (m, 8H), 2.98–3.21 (m, 2H), 7.18–7.60 (m, 12H),
7.66 (d, J = 9.0 Hz, 1H), 7.86 (d, J = 9.0 Hz, 1H). 13C
NMR (CDCl3): d 21.60, 34.28, 36.80, 49.27, 51.40,
57.08, 82.78, 121.26, 121.94, 125.00, 125.88, 126.56,
127.86, 128.91, 129.63, 134.49, 139.51, 152.25, 169.01.
Anal. RP-HPLC Ic: tR = 9.86 min (purity 98%), IIb:
tR = 5.64 min (purity 95%). HRMS (EI) m/z calcd for
C29H28N2O2: 436.2151; found: 436.21533.


5.24. 1-(1-(4,4-Diphenylbutyl)piperidin-4-yl)indolin-2-one
(38)


(i) NaH (1.96 g, 49.00 mmol) was added in 5 min to a
solution of di-t-butyl malonate (10 mL, 44.61 mmol) in
DMF (250 mL) and this was stirred for 15 min. Subse-
quently, 2-fluoro-nitrobenzene (4.95 mL, 46.83 mmol)
was added in one portion and the reaction mixture
was stirred for 8 h at 90 �C and two days at room tem-
perature. Water (300 mL) was added and the water layer
was extracted with Et2O (3· 200 mL). The combined
organic extracts were washed with water (4· 150 mL)
and brine (150 mL), dried over Na2SO4 and filtered.
After evaporation in vacuo, the residue was purified
by flash chromatography (20% EtOAc in hexane) to give
3.0 g (20%) of di-t-butyl 2-(2-nitrophenyl)malonate as a
light brown solid. 1H NMR (CDCl3): d 1.48 (s, 18H),
5.09 (s, 1H), 7.39–7.78 (m, 3H), 8.01 (d, J = 9.1 Hz, 1H).


(ii) This was dissolved in EtOAc (100 mL) and 10% Pd/
C (0.35 g) was added. The reaction mixture was hydro-
genated with H2 (5 bar) overnight, filtrated over Hyflo,
and washed with EtOAc. After evaporation in vacuo,
the residue was purified by recrystallization (Et2O/hex-
ane) to give 915 mg (34%) of 41 as purple crystals. 1H
NMR (CDCl3): d 1.43 (s, 18H), 4.48 (s, 1H), 6.62–6.78
(m, 2H), 7.03–7.19 (m, 2H).


(iii) Both 41 (0.31 g, 1.00 mmol) and 40 (0.31 g,
1.00 mmol), which was synthesized following literature
procedures,29,31 were dissolved in 1,2-dichloroethane
(10 mL). Next, molsieves (4 Å) and AcOH (0.06 mL,
1.00 mmol) were added. The reaction mixture was stir-
red for 30 min, NaBH(OAc)3 (0.30 g, 1.42 mmol) was
added, and this was stirred for another 24 h. A saturated
solution of NaHCO3 (15 mL) was added and the water
layer was extracted with Et2O (3· 20 mL). The com-
bined organic extracts were washed with water (3·
25 mL) and brine (25 mL), dried over MgSO4, filtered,
and evaporated in vacuo to give 520 mg of 42 as a white

solid. The crude product was used without further
purification.


(iv) This was dissolved in toluene (20 mL) and p-toluene
sulfonic acid (0.19 g, 9.99 mmol) was added. The reac-
tion mixture was refluxed for 3 h, quenched with a satu-
rated solution of NaHCO3 (25 mL), and the water layer
was extracted with Et2O (3· 15 mL). The combined
organic extracts were washed with water (3· 20 mL)
and brine (20 mL), dried over anhydrous MgSO4, and
filtered. After evaporation in vacuo, the residue was
purified by flash chromatography (0–50% EtOAc in
DCM) and recrystallized from Et2O to give 112 mg
(26%) of 38 as white crystals. Mp: 139.2–140.8 �C. 1H
NMR (CDCl3): d 1.31–1.78 (m, 4H), 1.91–2.19 (m,
4H), 2.22–2.50 (m, 4H), 2.95 (m, 2H), 3.48 (s, 2H),
3.89 (t, J = 7.7 Hz, 1H), 4.19-4.35 (m, 1H), 7.02–7.31
(m, 14H). 13C NMR (CDCl3): d 26.04, 28.45, 31.30,
34.01, 36.25, 50.27, 51.73, 53.69, 58.81, 110.91, 122.19,
124.89, 125.19, 126.52, 127.92, 128.24, 128.83, 144.07,
145.42, 175.25. Anal. RP-HPLC Ib: tR = 5.58 min (puri-
ty 99%), IIb: tR = 9.11 min (purity 99%). HRMS (EI)
m/z calcd for C29H32N2O: 424.2515; found: 424.25005.


5.25. 5-(4-Acetyl-4-phenylpiperidin-1-yl)-2,2-diphenyl-
pentanenitrile hydrochloride (44)


Following method A using 1-(4-phenylpiperidin-4-
yl)ethanone (0.48 g, 2.00 mmol) gave 728 mg of an oil.
This was converted to the hydrochloride salt as de-
scribed for 2 and recrystallized from MeOH/Et2O to
give 552 mg (54 %) of 44 as a white solid. Mp: 247.1–
249.0 �C. 1H NMR (CDCl3): d 1.75–2.02 (m, 2H), 1.91
(s, 3H), 2.42–3.08 (m, 10H), 3.29–3.51 (m, 2H), 7.11–
7.56 (m, 15H), 12.44 (br s, 1H). 13C NMR (CDCl3):
d 20.11, 25.13, 27.23, 28.92, 29.61, 34.87, 48.43,
49.59, 51.17, 121.72, 125.25, 125.53, 126.19, 127.39,
127.85, 139.05, 139.42, 207.72. Anal. RP-HPLC Ib:
tR = 4.84 min (purity 100%), IIb: tR = 10.56 min (purity
100%). HRMS (EI) m/z calcd for C30H32N2O: 436.2515;
found: 436.25253.


5.26. 4-(4-Chlorophenyl)-1-(4-cyano-4,4-diphenyl-
butyl)piperidin-4- yl acetate fumarate (45)


Et3N (0.12 mL, 0.9 mmol) and acetyl chloride (0.02 mL,
0.28 mmol) were added to a solution of 1 (0.13 g,
0.30 mmol) in DCM (5 mL) at 0 �C. The reaction mix-
ture was stirred at 0 �C for 30 min and 1 h at room tem-
perature. Water (10 mL) was added and the water layer
was extracted with DCM (3· 10 mL). The combined
organic extracts were washed with water (3· 15 mL)
and brine (15 mL), dried over anhydrous MgSO4, and
filtered. After evaporation in vacuo, the residue was
purified by flash chromatography (0–25% EtOAc in
DCM) to afford 89 mg of a thick oil. This was converted
to the fumaric salt as described for 32 and recrystallized
from MeOH/Et2O to give 75 mg (41%) of 45 as white
crystals. Mp: 176.4–177.3 �C. 1H NMR (CDCl3/
DMSO-d6): d 1.42–1.69 (m, 2H), 1.81–2.07 (m, 5H),
2.16–2.56 (m, 8H), 2.65–2.83 (m, 2H), 6.59 (s, 2H),
7.11–7.24 (m, 14H). 13C NMR (DMSO-d6): d 21.46,
34.51, 35.57, 48.27, 51.19, 56.18, 64.70, 78.96, 122.21,
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126.21, 126.38, 127.68, 127.94, 128.82, 131.37, 133.92,
139.79, 143.16, 166.01, 168.76. Anal. RP-HPLC Ib:
tR = 6.42 min (purity 100%), IIa: tR = 5.39 min (purity
100%), IIb: tR = 17.41 min (purity 100%). HRMS (EI)
m/z calcd for C30H31ClNO2: 486.2074; found:
486.20619.


5.27. (1-(4,4-Diphenylbutyl)-4-phenylpiperidin-4-yl)meth-
anamine (47)


(i) Following method B using 4-chloro-1,1-diphenylbu-
tane44 (1.22 g, 4.98 mmol) and 53 (0.92 g, 4.15 mmol)
gave 1.59 g (81%) of 55 as a white solid. 1H NMR
(CDCl3): d 1.36–1.71 (m, 2H), 1.99–2.21 (m, 6H),
2.30–2.56 (m, 4H), 2.88–3.05 (m, 2H), 3.88 (t, 1H,
J = 7.8 Hz), 7.09–7.51 (m, 15H).


(ii) A suspension of AlCl3 (0.93 g, 6.98 mmol) in THF
(10 mL) was added to a suspension of LiAlH4 (0.26 g,
6.85 mmol) in THF (10 mL) at 0 �C and this was stirred
for 5 min followed by the dropwise addition of a solu-
tion of 55 (1.36 g, 3.45 mmol) in THF (15 mL). The
reaction mixture was allowed to warm to room temper-
ature, stirred overnight, cooled with an ice bath, and
quenched with a saturated solution of Na2CO3 in water
until the foaming stopped. Subsequently, the suspension
was filtered, and the filtrate was dried over anhydrous
MgSO4. Filtration, evaporation in vacuo, and purifica-
tion by flash chromatography (5% Et3N in EtOAc)
afforded 863 mg (63%) of 47 as a white solid. Mp:
228.2–230.2 �C. 1H NMR (MeOH-d4): d 1.53–1.72 (m,
2H), 1.98–2.21 (m, 4H), 2.42–2.99 (m, 6H), 3.15 (s,
2H), 3.21–3.40 (m, 2H), 3.94 (t, J = 7.9 Hz, 1H), 7.02–
7.54 (m, 15H). 13C NMR (DMSO-d6): d 22.45, 29.81,
31.80, 47.69, 49.87, 55.33, 64.70, 125.87, 126.70,
126.98, 127.31, 127.48, 128.21, 128.79, 144.60. Anal.
RP-HPLC Ic: tR = 3.91 min (purity 100%), IIc:
tR = 4.44 min (purity 100%). HRMS (EI) m/z calcd for
C28H34N2: 398.2722; found: 398.27414.


5.28. N-((1-(4,4-Diphenylbutyl)-4-phenylpiperidin-4-
yl)methyl)formamide hydrochloride (48)


Compound 47 (0.11 g, 0.23 mmol) and formic acid
(2 mL) were added in a 10 mL microwave vessel and this
was reacted during 5 min in the microwave at a temper-
ature of 200 �C (settings: ramp time 5 min, hold time
5 min, power 200 watt, pressure 17.2 bar). The reaction
mixture was quenched with a saturated solution of
Na2CO3 (2 mL), and the water layer was extracted with
DCM (3 · 5 mL). The combined organic extracts were
dried over MgSO4 and filtered. After evaporation in
vacuo, the residue was purified by flash chromatography
(5% Et3N in EtOAc) and the free base was converted to
the hydrochloride salt as described for 2 to give 100 mg
(94%) of 48 as a white solid. Mp: 52.2–52.8 �C. 1H
NMR (CDCl3): d 1.42–1.74 (m, 2H), 1.86–2.42 (m,
8H), 2.50–2.89 (m, 2H), 3.10–3.29 (m, 2H), 3.39
(d, J = 7.6 Hz, 2H), 3.87 (t, J = 7.8 Hz, 1H), 5.05
(br s, 1H), 7.01–7.61 (m, 15H), 8.03 (s 1H). 13C
NMR (CDCl3): d 24.62, 31.69, 32.24, 33.72, 49.83,
51.45, 58.51, 126.65, 127.42, 128.14, 128.87, 129.00,
129.60, 144.51, 144.96, 161.78. Anal. RP-HPLC Ib:

tR = 5.20 min (purity 100%), IIb: tR = 6.08 min (purity
93%). HRMS (EI) m/z calcd for C29H34N2O: 426.2671;
found: 426.26775.


5.29. 1-(1-(4,4-Diphenylbutyl)-4-phenylpiperidin-4-yl-
methyl)-N- methylmethanamine dihydrochloride (49)


LiAlH4 (0.75 g, 19.76 mmol) was added to a solution of
48 (0.20 g, 0.47 mmol) in THF (10 mL) at 0 �C. The
reaction mixture was refluxed for 6 h, quenched with a
saturated solution of Na2CO3 and the water layer was
extracted with DCM (3· 10 mL). The combined organic
extracts were dried over anhydrous MgSO4 and evapo-
rated in vacuo. The residue was purified by flash chro-
matography (5% Et3N in EtOAc) to give 150 mg of a
white solid. This was converted to the corresponding
hydrochloride salt as described for 2 to give 104 mg
(46%) of 49 as a white solid. Mp: 50.9–52.5 �C. 1H
NMR (MeOH-d4): d 1.57–1.79 (m, 2H), 1.98–2.27 (m,
4H), 2.59 (s, 3H), 2.60–2.82 (m, 4H), 2.92–3.06 (m,
2H), 3.18–3.30 (m, 2H), 3.40–3.57 (m, 2H), 3.88–4.09
(m, 1H), 7.10–7.33 (m, 10H), 7.36–7.61 (m, 5H). 13C
NMR (CDCl3): d 22.66, 30.45, 35.42, 40.00, 49.34,
51.01, 55.53, 57.59, 61.17, 127.33, 128.08, 128.27,
128.98, 129.03, 130.66, 137.48, 144.28. Anal. RP-HPLC
Ic: tR = 3.52 min (purity 100%), IIc: tR = 4.63 min (puri-
ty 100%). HRMS (EI) m/z calcd for C29H36N2:
412.2878; found: 412.28610.


5.30. (4-(4-Chlorophenyl)-1-(4,4-diphenylbutyl)piperidin-
4-yl)methanamine dihydrochloride (50)


(i) Et3N (20 mL) was added to a solution of bis-(2-chlo-
roethyl)amine hydrochloride (8.17 g, 45.77 mmol) in
DCM (75 mL) and this was stirred for 15 min. After
the addition of di-tert-butyl dicarbonate (10.00 g,
45.82 mmol) in DCM (50 mL), the reaction mixture
was stirred for 20 h and quenched with water
(200 mL). The water layer was extracted with DCM
(4· 100 mL) and the combined organic extracts were
dried over anhydrous Na2SO4 and filtered. After evapo-
ration in vacuo, the residue was purified by flash chro-
matography (30% hexane in DCM) to give 3.90 g
(35%) of 57 as a light yellow oil. 1H NMR (CDCl3): d
1.48 (s, 9H), 3.49–3.70 (m, 8H).


(ii) A suspension of NaNH2 (0.80 g, 20.51 mmol) in tolu-
ene (10 mL) was added to a solution of 2-(4-chlorophe-
nyl)acetonitrile in toluene (10 mL) at 0 �C. The reaction
mixture was stirred for 30 min at 0 �C and added drop
wise to a solution of 57 (2.78 g, 10.01 mmol) in toluene
(50 mL) at 0 �C. This was heated to 70 �C, stirred over-
night, and quenched with water (100 mL). The organic
layer was separated and the water layer was extracted
with DCM (3· 50 mL). The combined organic extracts
were dried over anhydrous Na2SO4 and filtered. Evapora-
tion in vacuo and purification by flash chromatography
(DCM) gave 600 mg (19%) of 58 as a light yellow oil.
1H NMR (CDCl3): d 1.44 (s, 9H), 1.72–2.11 (m, 4H),
3.04–3.29 (m, 2H), 4.13–4.35 (m, 2H), 7.31–7.49 (m, 4H).


(iii) This was dissolved in EtOH (30 mL), which was
saturated with hydrochloride gas, and the resulting
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reaction mixture was stirred for 5 min. Evaporation in
vacuo gave a quantitative yield of 54 as a white solid.
1H NMR (DMSO-d6): d 2.31–2.44 (m, 4H), 2.99–3.20
(m, 2H), 3.39–3.48 (m, 2H), 7.49–7.62 (m, 4H).


(iv) Following method B using 4-chloro-1,1-diphenylbu-
tane44 (0.56 g, 2.28 mmol) and 54 (0.49 g, 1.90 mmol)
afforded 500 mg of 56 as a white solid (62%). 1H
NMR (CDCl3): 1.32–1.72 (m, 2H), 1.90–2.08 (m, 6H),
2.23–2.59 (m, 4H), 2.72–3.02 (m, 2H), 3.91 (t,
J = 7.8 Hz, 1H), 6.99–7.52 (m, 14H).


(v) This was synthesized as described for 47 starting
from 56 (0.30 g, 0.47 mmol) to give 130 mg of oil. This
was converted to the hydrochloride salt as described
for 2 to give 100 mg (42%) of 50 as a white solid. Mp:
257.3–258.9 �C (dec). 1H NMR (MeOH-d4): d 1.57–
1.80 (m, 2H), 2.01–2.29 (m, 6H), 2.56–2.81 (m, 2H),
2.92–3.20 (m, 4H), 3.32–3.54 (m, 2H), 3.82–4.00 (m,
1H), 7.09–7.59 (m, 14H). 13C NMR (DMSO-d6): d
21.80, 29.23, 30.48, 31.64, 47.21, 49.80, 54.98, 60.16,
125.92, 127.30, 128.23, 128.80, 131.97, 135.28, 144.46.
Anal. RP-HPLC Ic: tR = 6.07 min (purity 100%), IIc:
tR = 7.57 min (purity 100%). HRMS (EI) m/z calcd for
C28H33ClN2: 432.2332; found: 432.23193.


5.31. N-(4-(4-Chlorophenyl)-1-(4,4-diphenylbutyl)-piperi-
din-4-yl)acetamide (51)


A solution of 95% H2SO4 (3.3 mL, 12.4 mmol) was add-
ed dropwise to a solution of 59 (1.37 g, 3.26 mmol) in
CH3CN (16 mL), while the temperature was maintained
between 25 �C and 30 �C. The reaction mixture was stir-
red overnight at room temperature, poured into ice, and
neutralized with a 30% solution of NaOH. Water was
added (20 mL) and the water layer was extracted with
DCM (3· 30 mL). The combined organic layers were
washed with water (3· 30 mL) and brine (20 mL), dried
over anhydrous Na2SO4, and filtered. After evaporation
in vacuo, the residue was purified by flash chromatogra-
phy (0–50% MeOH in EtOAc) and recrystallized from
EtOH/Et2O to give 655 mg (75%) of 51 as a white solid.
Mp: 189.1–190.4 �C. 1H NMR (CDCl3): d 1.39–1.83 (m,
6H), 1.89–2.50 (m, 6H), 1.98 (s, 3H), 2.67–2.88 (m, 2H),
3.88 (t, J = 7.8 Hz, 1H), 5.52 (br s, 1H), 7.13–7.27 (m,
14H). 13C NMR (CDCl3): d 24.02, 24.52, 33.14, 34.32,
49.21, 50.97, 55.54, 57.82, 126.14, 126.47, 127.30,
127.59, 128.38, 132.51, 143.40, 144.45, 169.58. Anal.
RP-HPLC Ib: tR = 5.66 min (purity 100%), IIb:
tR = 8.20 min (purity 100%). HRMS (EI) m/z calcd for
C29H33ClN2O: 460.2281; found: 460.22991.


5.32. 4-(4-Chlorophenyl)-1-(4,4-diphenylbutyl)piperidin-
4-amine fumarate (52)


A solution of 51 (0.66 g, 1.42 mmol) in 8% HCl
(240 mL) was refluxed for three days. Water was added
(40 mL), the water layer was basified with a 20% solu-
tion of NaOH and extracted with DCM (3· 30 mL).
The combined organic layers were dried over anhydrous
Na2SO4 and filtered. After evaporation in vacuo, the
residue was purified by flash chromatography (5%
MeOH and 1% Et3N in EtOAc) to give 290 mg of a

white solid. This was converted to the fumaric salt as
described for 29 to give 110 mg (19%) of 52 as white
crystals after recrystallization from MeOH/Et2O. Mp:
189.9–190.7 �C. 1H NMR (MeOH-d4): d 1.57–1.68 (m,
2H), 1.98–2.08 (m, 2H), 2.08–2.18 (m, 2H), 2.13–2.18
(s, 2H), 2.31–2.42 (m, 2H), 1.82–2.95 (m, 4H), 3.15–
3.24 (m, 2H), 3.96 (t, J = 7.8 Hz, 1H), 7.11–7.19 (m,
2H) 7.23–7.32 (m, 8H) 7.44 (d, J = 8.7 Hz, 2H), 7.52
(d, J = 8.8 Hz, 2H). 13C NMR (DMSO-d6): d 23.88,
35.02, 48.17, 50.04, 52.48, 56.42, 125.78, 127.32,
127.79, 127.90, 128.16, 131.43, 134.70, 144.85, 167.23.
Anal. RP-HPLC Ic: tR = 5.85 min (purity 100%), IIc:
tR = 6.63 min (purity 100%). HRMS (EI) m/z calcd for
C27H31ClN2: 418.2176; found: 418.21760.


5.33. Pharmacology


5.33.1. Transient and stable expression of US28. COS-7
cells were grown as described previously.50 Transient
transfection of COS-7 cells was performed by DEAE–
dextran, using 2 lg of US28-pcDEF3 DNA per million
cells.50 SVEC4-10 (ATCC CRL2181) is a cell line de-
rived by SV40 transformation of endothelial cells from
the murine axillary lymph node vessels. SVEC4-10 cells
were grown as described previously.50 SVEC4-10 cells
were transfected with US28-pTJE8 using 25 kDa linear
polyethylenimine (PEI; Polysciences, Inc.). ‘Empty’ vec-
tor was used for mock transfections. Briefly, 10 lg DNA
and 50 lg PEI were separately diluted into 250 lL of
150 mM NaCl solution. The PEI solution was added
to the DNA solution, vortexed and incubated for
15 min at room temperature. One million SVEC4-10
cells were seeded in a 10-cm dish the day before transfec-
tion. Culture medium was replaced by 6 mL DMEM
and the DNA/PEI solution was added dropwise to the
cells. The solution was mixed by gently shaking and
the dish was incubated at 37 �C for 5 h. The transfection
solution was replaced by culture medium and incubated
O/N. SVEC4-10 cells stably expressing US28 were
selected in culture medium containing 500 lg/mL neo-
mycin G418. Clones were selected based on US28-med-
iated constitutive IPx accumulation and chemokine
binding analysis.


5.33.2. [125I]CCL5 binding experiments. Radioiodination
[125I] of CCL5 (Peprotech, Rocky Hill, NJ) was per-
formed using iodogen (Pierce Chemical Co., Rockford,
IL) as described previously.51 Displacement binding
experiments were performed on US28-expressing COS-
7 cell membranes. Two days after transfection, COS-7
cells were homogenized in ice-cold buffer A (i.e.,
15 mM Tris–HCl, pH 7.5, 2 mM MgCl2, 0.3 mM
EDTA, and 1 mM EGTA) and centrifuged at 200g for
10 min. Supernatant was collected and centrifuged at
48,000g for 30 min. The pellet was resuspended in buffer
B (i.e., 7.5 mM Tris–HCl, pH 7.5, 12,5 mM MgCl2,
0.3 mM EDTA, 1 mM EGTA, and 250 mM sucrose),
aliquoted, and stored at �80 �C until use. Cell mem-
branes (approximately 0.2 lg/sample) were incubated
with 0.3 nM [125I]CCL5 in binding buffer (i.e., 50 mM
Hepes, pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 100 mM
NaCl, and 0.2% bovine serum albumin) in the absence
or presence of various concentrations of nonpeptidergic
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ligands at 37 �C for 1 h. Incubations were terminated by
filtration through a UniFilter-96 GF/C filter plate (Per-
kin-Elmer Life Sciences, Wellesley, MA) presoaked in
0.3% PEI, followed by three rapid washes with ice-cold
binding washing buffer (i.e., 50 mM Hepes, pH 7.4,
1 mM CaCl2, 5 mM MgCl2, and 500 mM NaCl) using
a MicroBeta FilterMate-96 Harvester (PerkinElmer).
Non-specific binding was determined on membranes
from mock-transfected cells. Radioactivity was quanti-
fied with a liquid scintillation using a Wallac MicroBeta
TriLux (PerkinElmer).


5.33.3. [3H]inositol phosphate accumulation. SVEC4-10
cells (approximately 4 · 105 cells/well) were seeded into
poly-LL-lysine-coated 96-well plates in 200 lL culture
medium. After approximately 24 h, medium was re-
placed with 100 lL/well inositol-free Dulbecco’s modi-
fied Eagle’s medium supplemented with 10 lCi/mL
myo-[2-3H]-inositol (PerkinElmer) and the cells were
further incubated. The next day, cells swere washed
and preincubated for 10 min with assay buffer (i.e., Dul-
becco’s modified Eagle’s medium containing 10 mM
LiCl). Next, cells were incubated in assay buffer in the
absence or presence of various concentrations of nonp-
eptidergic ligands at 37 �C for 2 h. Inositol phosphates
were extracted using 10 mM formic acid and quantified
using 0.5 mg/well Ysi-RNA-binding SPA beads (Amer-
sham Biosciences), in white clear-bottomed 96-well
isoplates (PerkinElmer) using a Wallac MicroBeta
TriLux, essentially as previously described.52
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Abstract—Treatment of phenols with ninhydrin in acidic medium afforded 2-hydroxy-2-(ortho-hydroxy-phenyl/naphthyl)-1,3-dioxo-
indanes, which being unstable were isolated in their hemiketal forms. These synthesized compounds were subjected to TLC screen-
ing for radical scavenging and in vitro lipoxgenase and cycloxygenase enzyme inhibition assays. The best compound was identified
and studied in detail for steady-state and time-resolved free radical kinetics, viz., DPPH, ABTS��, �OH and rate constants for these
reactions were evaluated. The best compound was also subjected to in vivo anti-inflammatory and analgesic activities in which the
compound showed good promise for further structural optimization.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


A serendipitous observation while identifying one of the
plant constituents using ninhydrin as chromogenic re-
agent resulted in a compound with potential free radical
scavenging properties (Data unpublished). This led us to
synthesize and screen alternate analogues with ninhy-
drin as one of the substrate. It is reported that the C-2
position of the ninhydrin is more reactive towards nitro-
gen, sulfur, oxygen and carbon based nucleophiles.1,2


The acetic acid catalyzed reaction of ninhydrin with
amino, C-alkyl, hydroxy, and alkoxy phenols has been
studied and their mechanism of action has also been
postulated.3 The acid catalyzed reaction of ninhydrin
with various aromatic and non-aromatic substrates
using mild and micro oven reaction enhanced (MORE)
conditions has been reported.4 We thought of exploring
and screening the monoarylated adducts formed by the
reaction of ninhydrin with polyhydroxy benzenes and

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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a-naphthol toward free radical scavenging activity.
The most promising molecule from the set of synthe-
sized compounds was identified using in situ DPPH
scavenging on TLC. The structures of the compounds
were also screened on-line using PASS (prediction of
activity spectra for substances) software.5,6 Further,
the best compound was screened for detailed free radical
scavenging ability in steady-state and kinetic conditions;
in vitro lipoxgenase and cycloxygenase inhibition stud-
ies; in vivo anti-inflammatory and analgesic activities.

2. Results and discussion


2.1. Chemistry


Ninhydrin was made to react with phenols, viz., catechol
(2a), resorcinol (2b), orcinol (2c), pyrogallol (2d), and a-
naphthol (2e) in acetic acid medium at 40 �C by stirring
on a magnetic stirrer for varying periods from 15 to
30 min to yield monoarylated adducts (Scheme 1). All
the adducts formed (4a–e) were recrystallized by using
appropriate solvents and DSC, IR, 1H NMR spectra
were recorded, and the peaks were matched with those
reported in the literature.4 The 2-hydroxy-2-(ortho-
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hydroxy-phenyl/naphthyl)-1,3-dioxoindanes (3) formed
arereportedtobe instable intramolecularhemi-ketal form
4, which is also supported by the reported X-ray studies.4


2.2. TLC screening for free radical scavengers


All the synthesized compounds (4a–e) along with ninhy-
drin (1) were developed on a TLC plate and sprayed
with DPPH solution, air-dried, and observed visually
for scavenging of DPPH. The rapid scavenging of
DPPH was observed with the compound 4e in just few
seconds compared to all others.


2.3. 5-Lipoxygenase (5-LOX) and cycloxygenase (COX)
inhibition


The 5-LOX inhibitory activities of 4a–e were determined
using enzyme isolated from potato and by the method of
Shimizu et al. The compound 4e alone was found to pos-
sess an IC50 of 17.2 lM toward inhibition of 5-LOX but
none of the other tested compounds show any inhibitory
activity. Lipoxygenases (LOXs) constitute a heteroge-
neous family of lipid peroxidizing enzymes, capable of
oxygenating polyunsaturated fatty acids to their corre-
sponding hydroperoxy derivatives. Leukotrienes (LTs)
are potent mediators of inflammation derived from ara-
chidonic acid through the action of 5-LOX.7 Several
peptidoleukotrienes are powerful spasmogens and are
implicated in inflammation and several allergic process-
es.8 Thus, inhibition of leukotriene synthesis through
inhibition of 5-LOX is considered as one of the new po-
tential targets for the treatment of asthma and rheuma-
toid arthritis.9 Inhibitors of 5-LOX are classified as
redox inhibitors, iron-ligand inhibitors, and non-redox
inhibitors.10 Compound 4e shows very good free radical
scavenging properties, thus it may probably act as redox
inhibitor of 5-LOX and could be a good hit for further
studies as 5-LOX inhibitors.

The COX1 and COX2 inhibitory activities were studied
by using the method described by Reddanna et al. None
of the compounds screened, however, showed any inhib-
itory activity.


Based on the results of TLC screening and 5-LOX inhi-
bition studies, 4e, which showed maximum activity, was
chosen as a potential candidate for further investiga-
tions such as free radical scavenging and in vivo analge-
sic and anti-inflammatory studies.


2.4. Free radical reactions


2.4.1. Reaction with stable DPPH radical. The Scaveng-
ing ability of 4e toward the stable DPPH (50 lM) free
radical was studied and found to scavenge with an
IC50 of 32.82 lM. The scavenging ability of standard
ascorbic acid under the same experimental conditions
was found to be 15.74 lM, suggesting 4e to possess
one half-hydrogen donor capacity as that of ascorbic
acid (Fig. 1).


The rate of decay of DPPH radical by various concen-
trations of 4e with time (100 s) was determined by
stopped-flow method and the decay trace was fitted to
an exponential function using an in-built software and
resulting first order rate constant was measured
(k(obs)). This k(obs) was then plotted against various con-
centrations of 4e (Inset Fig. 1) and from the slope, the
bimolecular rate constant was determined to be
38.2 ± 1.3 M�1 s�1. The bimolecular rate constant of
ascorbic acid under same experimental conditions was
found to be 140 ± 10 M�1 s�1.


2.4.2. Reaction with ABTS•�. The electron transfer
capability of 4e was studied by using ABTS�� decay,
as measured by the decrease in absorbance at 635 nm.
Compound 4e was found to possess an IC50 of







Figure 1. Percentage DPPH (50 lM) scavenging by different concen-


trations of 4e; Inset: Linear plot of observed bimolecular rate constant


against different concentrations of 4e.
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11.7 lM, which was comparable to ascorbic acid IC50 of
8.07 lM (Fig. 2).


The kinetics of the reaction between equivmolar concen-
trations of ABTS�� and 4e in a timescale of 10 s was
studied using stopped-flow technique as described
above. The bimolecular rate constant for this reaction
was calculated by using (k(obs)) obtained by fitting the
decay trace to second order kinetics (as the concentra-
tions of 4e and ABTS�� are similar), repeating the exper-
iment with different concentrations and using an
extinction coefficient of 1.35·104 M�1 cm�1 for ABTS��


at 635 nm. From this the rate constant was found to be
3.0 ± 0.8 · 104 M�1 s�1. A specimen decay curve of the
reaction is shown as inset of Figure 2.


2.4.3. Reaction with
�


OH. The ability of 4e to scavenge
�OH generated through Fenton reaction was estimated

Figure 2. Percentage ABTS�� (100 lM) scavenging by different con-


centrations of 4e; Inset: Absorption-time plot showing the decay of


ABTS�� at 635 nm in presence of 100 lM 4e.

by the degradation of Deoxy-DD-ribose yielding MDA,
measured as TBARS. The compound 4e possessed an
IC50 of 31.12 lM in scavenging these �OH (Fig. 3A).
Mannitol was used as a standard in this assay.


The reaction of 4e with the �OH generated by using pulse
radiolysis with an absorbed dose of 19.5 Gy was also
studied. The transient spectrum obtained after pulse
radiolysing N2O saturated aqueous solution of 150 lM
4e is given in Figure 3B, a. This spectrum shows one
sharp peak at 330 nm and a broad featureless absorp-
tion at 400 nm region. Since �OH reactions are non-
specific, direct one-electron oxidation of 4e is studied
with sulfate ðSO4


��Þ radical and the transient spectrum
of the reaction of 4e (200 lM) with SO4


�� is given in Fig-
ure 3B, b. It can be seen that the two spectra are signif-
icantly different indicating that �OH does not react by
oxidation and reacts probably by addition to one of
the aromatic rings and this reaction is represented in
Scheme 2. The bimolecular rate constant for this reac-
tion was determined by following the rate of formation

Figure 3. (A) �OH (generated by Fenton reaction) scavenging by


different concentrations of 4e as assessed by deoxyribose degradation;


(B) difference absorption spectra of the transient produced by the


reaction of (a) �OH with 4e and SO4
�� with 4e at pH 7. Inset:


absorption-time plots showing the decay of the transient produced by


the reaction of �OH with 4e at 330 nm (c) in N2O-saturated solutions


and (d) in N2O- and oxygen (80:20)-saturated solutions.
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of the transient at 330 nm as a function of concentration
(40–150 lM) and found to be 1.7 · 108 M�1 s�1. The
transient �OH reaction decays by kinetics with a rate
constant of 5.4 · 103 s�1. In presence of oxygen it decays
with a rate constant of <1.9 · 104 s�1, indicating a rad-
ical adduct formation with �OH.


Reactive oxygen species (ROS), which includes superox-
ide anion, hydrogen peroxide, and �OH, mediate cell
damage in a variety of pathophysiological conditions
and are responsible for oxidative injury of enzymes, lipid
membranes, and DNA in living cells and tissues.11 Dur-
ing the inflammatory process, phagocytes generate the
superoxide anion radical at the inflammed site, which
in turn leads to the formation of highly reactive �OH
which further causes lipid peroxidation; prostaglandins
linked with such lipid peroxidation may amplify the
inflammatory response. Compound 4e with reasonably
good rate constant for reaction with �OH is expected
to protect cells from oxidative damage.


2.4.4. In vitro lipid peroxidation assay. The ability of 4e
to inhibit iron-induced lipid peroxidation was studied
using phosphatidylcholine liposomes with Trolox as a
reference standard. Compound 4e was found to possess
an IC50 of 2.6 mM, while that of Trolox was found to be
18.6 lM (Fig. 4). As discussed above, lipid peroxidation
is one of the important contributing factors for inflam-
matory response. Lipid peroxidation is also reported
to increase phospholipase A2 activity, which further
contributes to cell injury.12 Compound 4e is found to

Figure 4. Inhibition of lipid peroxidation in egg phosphatidylcholine


liposomes by different concentrations of 4e.

inhibit lipid peroxidation thereby probably contributing
to its overall anti-inflammatory activity.


2.5. Pharmacology


2.5.1. Acute toxicity studies. Compound 4e did not pro-
duce any death at 1200 mg/kg bw ip whereas 50% death
occurred within 24 h at 1800 mg/kg bw ip. No animal
survived beyond 24 h at a dose of 2000 mg/kg bw. In
all dose groups, the animals, which did not die within
72 h, survived up to 30 days without any apparent ad-
verse symptoms. The LD50 for 30 days was calculated
to be 1621.8 mg/kg bw.


2.5.2. Analgesic and anti-inflammatory studies. The effect
of 4e and Diclofenac as standard on Carrageenan-
induced edema at different time intervals is depicted in
Figure 5A. Acute inflammation is due to the release of
chemical mediators, which cause edema as a result of
extravasations of fluid and proteins from the local
microvasculature and accumulation of polymorphonu-
clear leukocytes at the inflammatory site. Carrageenan-
induced inflammation is a non-specific inflammation
resulting from a complex of diverse mediators.13 This
model is conventional, sensitive, and accepted for
screening of newer anti-inflammatory agents.14 Further,
this model reliably predicts the anti-inflammatory effica-

Figure 5. Analgesic and anti-inflammatory studies of 4e (A). Effect of


different concentrations of 4e in carrageenan-induced rat paw edema


measured at different time intervals, ap < 0.05; bp < 0.01 compared to


control, n = 5; (B) effect of different concentrations of 4e in oxazolone


induced ear edema in mice; ap < 0.001 compared to control, n = 5; (C)


effect of different concentrations of 4e in acetic acid induced writhings


in mice; ap < 0.001 compared to control, bp < 0.01 compared to


aspirin; n = 5.
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cy based on inhibition of prostaglandin amplification.15


Compound 4e showed concentration dependent signifi-
cant decrease in the paw edema compared to control
after 1 h of carrageenan challenge. At a dose of
100 mg/kg bw, 4e showed edema volume of 25%, while
at 200 mg/kg bw it showed edema of only 15%. Similar-
ly, control and standard diclofenac group showed 33%
and 26% edema, respectively. An increase in edema
was observed in all groups at 2 and 3 h. A similar trend
of activity was observed for 4e at 1, 2, and 3 h time inter-
vals. At a dose of 200 mg/kg bw, 4e showed activity
comparable to Diclofenac (10 mg/kg bw) at all the ob-
served time intervals, indicating it to be a good candi-
date for anti-inflammatory activity.


The effect of 4e was also studied on oxazolone-induced
ear edema, which is a simple method for screening sys-
temic and topical anti-inflammatory agents. At a dose
of 100 and 200 mg/kg, 4e showed an edema volume of
only 7% and 6%, respectively, compared to control,
which showed an edema of 17% (Fig. 5B).


Since most of the anti-inflammatory compounds possess
analgesic properties, effect of 4e on acetic acid-induced
writhing in mice was studied using aspirin as positive
standard and the results are depicted in Figure 5C. At
a dose of 100 and 200 mg/kg bw, 4e showed 45 and 12
acetic acid-induced writhings in 20 min compared to
control and aspirin, which showed 82 and 17 wri-
things/20 min, respectively. Both the tested doses of 4e
showed significant (p < 0.001) decrease in writhings
compared to control. At a dose of 200 mg/kg bw, 4e
was superior to aspirin in reducing writhings indicating
a good potential for analgesic activity.

3. Conclusions


Synthesis of ninhydrin adducts with phenols as reported
was achieved and the best compound, 4e, possessing free
radical scavenging and 5-LOX inhibition was identified.
Further studies on 4e showed it to possess good rate
constant toward various free radicals, viz., DPPH,
ABTS��, and �OH. It was also found to be a potent
inhibitor of lipid peroxidation, anti-inflammatory, and
analgesic. All these warrant further structural optimiza-
tion of 4e for optimum anti-inflammatory and analgesic
activity.

4. Experimental


4.1. General


Melting points were determined using Shimadzu Differ-
ential Scanning Calorimeter (DSC-60). IR spectra were
recorded on a Shimadzu FT-IR 8300 infrared spectro-
photometer. Mass spectra were measured on a GCMS-
QP5050A spectrometer at 70 eV using direct insertion
probe. Elemental analysis was carried out at Central
Drug Research Institute, Lucknow, India. The IUPAC
names for the structures were obtained using the
ACD/I-Lab Web service (ACD/IUPAC Name 8.05).

Linoleic acid, arachidonic acid, 2,2-di (4-tert-octylphe-
nyl)-1-picrylhydrazyl (DPPH), 2,2 0-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS), N,N,N 0,N 0,-
tetramethyl-p-phenylenediamine (TMPD), oxazolone
and carrageenan were purchased from Sigma (St. Louis,
MO, USA). All the other chemicals were purchased from
Qualigens Fine chemicals and were of analytical grade.


4.2. Synthesis


The substrates 2a–e (4.0 mmol) were added to the solu-
tion of ninhydrin (250 mg) in 10 ml acetic acid and the
mixtures were stirred at 40 �C for 15–30 min and kept
at room temperature for 30–60 min, until the solid prod-
uct separated.4 The products were filtered, washed with
acetic acid and water. The crude products were then
recrystallized using petroleum ether–acetone as solvent
to yield the following pure analogues.


4.2.1. 4b,6,9b-Trihydroxy-4b,9b-dihydro-10H-benzo[b]in-
deno[2,1-d]furan-10-one (4a)4. Off white solid (0.79 g,
68%); mp 274 �C; IR (KBr) mmax/cm�1 3332, 1701; 1H
NMR (400 MHz in acetone-d6): d 8.08 (2H, m), 7.95
(2H, m), 6.81 (1H, t, J = 6.9 Hz), 6.59 (1H,
d,J = 8.4 Hz), 6.56 (1H, d, J = 8.4 Hz); Anal. Calcd for
C15H10O5: C, 66.67; H, 3.73; Found: C, 64.89; H, 3.52.


4.2.2. 4b,7,9b-Trihydroxy-4b,9b-dihydro-10H-benzo[b]in-
deno[2,1-d]furan-10-one (4b)4. Off white solid (0.67 g,
69%); mp 237 �C; IR (KBr) mmax/cm�1 3224, 1704; 1H
NMR (400 MHz in acetone-d6): d 7.96 (1H, br d), 7.84
(1H, br t), 7.73 (1H, br d), 7.64 (1H, br t), 7.25 (1H,
d, J = 8.4 Hz), 6.43 (1H, dd, J = 8.4, 1.9 Hz), 6.25 (1H,
d, J = 1.9 Hz); Anal. Calcd for C15H10O5: C, 66.67; H,
3.73; Found: C, 65.29; H, 3.68.


4.2.3. 4b,7,9b-trihydroxy-8-methyl-4b,9b-dihydro-10H-
benzo[b]indeno[2,1-d]furan-10-one (4c)4. White solid
(0.87 g, 72%); mp 248 �C; IR (KBr) mmax/cm�1 3376,
3324, 1712; 1H NMR (400 MHz in acetone-d6): d 7.89
(1H, d, J = 7.8 Hz), 7.81 (1H, t,J = 7.2 Hz), 7.67 (1H, d,
J = 7.4 Hz), 7.57 (1H, t, J = 7.6 Hz), 6.18 (1H, s), 5.98
(1H,d,J = 1.9 Hz),4.14(2H,brs),2.35(3H,s);Anal.Calcd
for C16H12O5: C, 67.60; H, 4.25; Found: C, 66.92; H, 4.13.


4.2.4. 4b,6,7,9b-tetrahydroxy-4b,9b-dihydro-10H-benzo-
[b]indeno[2,1-d]furan-10-one (4d)4. Off white solid
(0.85 g, 71%); mp 257 �C; IR (KBr) mmax/cm�1 3554,
3452, 1702; 1H NMR (400 MHz in MeOH-d4): d 7.84
(2H, br s), 7.70 (2H, br s), 6.78 (1H, d, J = 8.4 Hz),
6.40 (1H, d, J = 8.4 Hz); Anal. Calcd for C15H10O6: C,
62.94; H, 3.52; Found: C, 61.94; H, 3.51.


4.2.5. 4b,11b-dihydroxy-4b,11b-dihydro-12H-indeno[1,2-
b]naphtho[2,3-d]furan-12-one(4e)4. Light green solid
(0.535 g, 42%); mp 214 �C; IR (KBr) mmax/cm�1 3450,
3398, 1695;1H NMR (400 MHz in acetone-d6): d 8.10
(1H, d, J = 6.6 Hz), 7.96 (1H, d, J = 5.4 Hz), 7.84–7.80
(2H, m), 7.73 (1H, d, J = 6.6 Hz), 7.56 (2H, m), 7.45
(3H, m); MS m/z (%) 275 (6.50), 258 (12.84), 247
(3.71), 231 (10.10), 218 (0.87), 202 (16.64), 189 (4.30),
171 (100.0), 165 (1.81), 143 (14.68), 126 (4.95), 115
(23.88), 107 (0.14), 88 (6.77), 77 (8.75), 63 (2.54), 51
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(3.98). Anal. Calcd for C19H12O4: C, 74.99; H, 3.97;
Found: C, 75.12; H, 3.91.

5. Free radical reactions


5.1. TLC screening for free radical scavengers


TLC was used for screening the synthesized compounds
4a–4e as radical scavengers. The compounds were dis-
solved in methanol and spotted onto a Silica gel G
F254 precoated plates and were developed using 0.5%
MeOH and 95% CHCl3 as developing solvent. The
plates after development were air-dried and sprayed with
DPPH solution (15 mg of DPPH dissolved in 50 ml
MeOH) for detecting the compounds with rapid scav-
enging properties.16 The compounds that show white
spots on a purple background most rapidly were consid-
ered as active and were chosen for further investigations.


5.2. 5-Lipoxygenase (5-LOX) and cycloxygenase (COX)
inhibition


For lipoxygenase inhibition assay, the 5-LOX was iso-
lated and purified from potato tubers as described by
Redanna et al.17


The assay was carried out according to the protocol de-
scribed by Shimizu et al.18 Briefly, final reaction mixture
containing 0.1 mM potassium phosphate buffer, 5-LOX,
and the inhibitors (4a–e) at various concentrations (1–
100 lM) was incubated for 5 min. The reaction was
started by the addition of 100 lM linoleic acid and the
conjugated dienes formed were measured spectrophoto-
metrically at 235 nm. The IC50 for the inhibition of 5-
LOX was evaluated.


Protocols as described by Madhava Reddy et al.19 and
Copeland et al.20 were followed for the preparation
and purification of COX I and COX II enzyme, and as-
say for their inhibition. Briefly, the assay mixture con-
tained Tris–HCl buffer (pH 8.0, 100 mM), hematin
(15 mM), EDTA (3 mM), enzyme (COX-1 OR COX-2,
100 mg), and test compounds 4a–e (1–100 mM). The
mixture was then preincubated at 25 �C for 15 min and
then the reaction was initiated by the addition of arachi-
donic acid (100 mM in 5 ml of ethanol) and TMPD
(120 mM in 3 ml of ethanol) in a total volume of
1.0 ml. The enzyme activity was measured by estimating
the initial velocity of TMPD oxidation for the first 25 s of
the reaction following the increase in absorbance at
603 nm. A low rate of non-enzymatic oxidation observed
in the absence of COX-1 and COX-2 was subtracted
from the experimental value while calculating the percent
inhibition. The effect of different concentrations of indo-
methacin, celecoxib, and rofecoxib (known inhibitors of
COX-1 and COX-2) under the same experimental condi-
tions was also employed for comparative evaluation.


5.3. Reaction with stable DPPH radical


The reaction of DPPH with 4e was followed by steady-
state and time-resolved methods. For steady-state mea-

surements, 100 lM DPPH in methanol was mixed with
4e (20–220 lM) in methanol and kept in dark for
20 min. The absorbance at 517 nm was monitored both
in the presence and absence of 4e.21


5.4. Reaction with ABTS
��


The reaction of ABTS�� with 4e was also followed by
steady-state and time-resolved methods. For steady-
state measurements, 100 lM ABTS�� [Produced by the
reaction of 2 mM ABTS with potassium persulfate
(0.17 mM) in phosphate buffer (pH 7.4, 20 mM)] was
mixed with 4e (2–20 lM), mixed well and the absor-
bance at 734 nm was monitored in the presence and in
the absence of 4e.21


Time resolved studies were carried out using stopped-
flow spectrometer using single mixing stopped flow reac-
tion analyzer Model SX 18 MV (Applied Photo Physics,
UK) with absorption detection. The dead time of the
instrument is 1.3 ms. The solutions of 4e (300–
2800 lM) were mixed with methanolic solution of DPPH
(100 lM) or equivmolar concentrations of ABTS�� (50–
360 lM) and the time-dependent absorbance changes
were monitored at 517 and 635 nm, respectively, for
DPPH and ABTS��. The analysis of the kinetic traces
was carried out with an exponential function using
built-in software. The observed rate constant was plotted
against molar concentrations of 4e and the bimolecular
rate constant was evaluated from the slope.22


5.5. Reaction with
�


OH


Steady-state hydroxyl radical scavenging as measured
by degradation of Deoxy-DD-ribose method was per-
formed on the aqueous solution of 4e (2–20 lM) as de-
scribed by Elizabeth Kunchandy et al.23 Briefly, Final
reaction mixture containing deoxyribose (3 mM), ferric
chloride (0.1 mM), EDTA (0.1 mM), hydrogen peroxide
(2 mM) in phosphate buffer, pH 7.8 (20 mM) was added
with different concentrations of 4e (2–20 lM) to give a
final volume of 3 ml. After incubation for 30 min at
ambient temperature, trichloroacetic acid (0.5 ml, 5%)
and thiobarbituric acid (0.5 ml, 1%) were added. The
reaction mixture was then kept in a boiling water bath
for 30 min, cooled, and absorbance was measured at
534 nm. The % inhibition of �OH scavenging with re-
spect to control was calculated and was plotted as a lin-
ear plot against different concentrations of 4e and from
the regression equation IC50 was calculated.


Hydroxyl radical reactions of different concentrations of
4e (0.5–5 lM) were also carried out using pulse radioly-
sis technique employing high-energy electron pulses
(50 ns, 7 MeV) obtained from a linear electron accelera-
tor and the transients detected by kinetic spectrometry.
Detailed description of the pulse radiolysis setup is given
in references.24 The radiation dosimetry was done using
aerated aqueous solution of 0.01 M potassium thiocya-
nate (KSCN). The dose per pulse was fixed at 19.5 Gy.
Radiolysis of water leads to the formation of three high-
ly reactive species namely hydrogen atom (H�), hydroxyl
radical (�OH) and hydrated electron ðe�aqÞ. In N2O-satu-
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rated water, the e�aq is quantitatively converted into �OH.
SO4


�� radicals were generated by the reaction of 0.08 M
S2O8


�2 with e�aq at pH 7 and �OH radicals were scav-
enged by using 0.1 M tert-butanol.


5.6. In vitro lipid peroxidation assay


Egg phosphatidylcholine (20 mg) in chloroform (2 ml)
was dried under vacuum in a rotary evaporator to give
a thin homogeneous film, and further dispersed in normal
saline (5 ml) with a vortex mixer. The mixture was soni-
cated to get a homogeneous suspension of liposomes.


Lipid peroxidation was initiated by adding 0.05 mM
ascorbic acid to a mixture containing liposome
(0.1 ml), 150 mM potassium chloride, 0.2 mM ferric
chloride, and 4e (0.75–4.5 mM) in a total volume of
0.4 ml. The reaction mixture was incubated for 40 min
at 37 �C. After incubation, the reaction was terminated
by adding 1 ml of ice-cold 0.25 M hydrochloric acid
containing 20% w/v trichloroacetic acid, 0.4% w/v of
thiobarbituric acid, and 0.05% w/v butylated hydroxy-
toluene. After heating at 80 �C for 20 min, the samples
were cooled and the pink chromogen was extracted with
a constant amount of butan-1-ol, and the absorbance of
the upper organic layer was measured at 532 nm.25

6. Pharmacology


6.1. General


All experiments were carried out on inbred Swiss albino
mice and Wister rats of both sexes from the animal col-
ony of Kasturba Medical College, Manipal. The colony
was maintained under controlled conditions of tempera-
ture (23 ± 2 �C) and humidity (50 ± 5%) and a 12-h
light–dark cycle. The animals were housed in sanitized
polypropylene cages containing sterile paddy husk as
bedding. They had free access to standard mouse food
and water. All the studies conducted were approved by
the Institutional Ethical Committee, Kasturba Medical
College, Manipal, according to prescribed guidelines of
Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), Government of
India. Different doses of 4e, Aspirin, and Diclofenac
were prepared as suspension using 0.5% CMC.


6.2. Acute toxicity studies


Graded doses (1200–2000 mg/kg bw) of 4e were adminis-
tered orally to various groups each containing ten mice.
On the first day, the animals were evaluated every
10 min for 4 h followed by 24, 48, and 72 h for any changes
in spontaneous motor activity, gait, respiration, writhing,
piloerection, etc., and up to 30 days for any mortality. The
percentage mortality at 24, 72 h, and 30th day was con-
verted into probit values and the LD50 was calculated.26


6.3. Analgesic and anti-inflammatory studies


6.3.1. Paw edema method. The initial hind paw volume
of rats was determined volumetrically by using manual

plethysmometer. One percent solution of carrageenan
in saline (0.1 ml/rat) was injected subcutaneously into
the right hind paw 30 min after 4e (100 and 200 mg/kg
bw) had been administered orally. The animals in the
control group received vehicle only. Paw volumes were
measured up to 3 h at intervals of 60 min and percent in-
crease in edema between the control and treated groups
were compared. Diclofenac (10 mg/kg bw) was used as
positive control.27


6.3.2. Ear edema method. Different doses of 4e (100 and
200 mg/kg bw), Diclofenac (10 mg/kg bw), and 0.5%
CMC alone (Vehicle control) were administered 1 h prior
to the application of oxazolone. Mice were anesthetized
using anesthetic ether and the initial thickness of the
right ear-lobe was measured using screw gauze and then
0.01 ml of oxazolone (2% solution in acetone) was ap-
plied to the inside of the right ear-lobe of both control
and treated groups. After 24 h, the mice were again anes-
thetized and the increase in the thickness of the right ear
lobe was measured. The percent increase in edema be-
tween the control and treated groups was compared.28


6.3.3. Writhing test. The acetic acid-induced abdominal
writhing test was performed as described by Whittle.29


Vehicle, aspirin (100 mg/kg bw), and 4e (100 and
200 mg/kg bw) were orally administered to mice
30 min before injecting 0.1 ml/10 g of 0.7% acetic acid–
saline. The frequency of writhing in mice was counted
for the next 20 min.


6.4. Statistics


All data are expressed as means ± SEM. The level of sta-
tistical significance was determined by one-way ANO-
VA between the groups followed by Tukey’s test using
Graph PAD Instat, Software, USA.
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Abstract—A series of ester derivatives of annulated tetrahydroazocines, namely 2,3,6,11-tetrahydro-1H-azocino[4,5-b]indoles
(5–10), 2,3,6,7-tetrahydro-1H-azocino[5,4-b]indoles (11–14), and 4,7,8,9-tetrahydro-1H-pyrrolo[2,3-d]azocines (15–18), synthesized
through an efficient 6! 8 membered ring expansion procedure, were investigated for their acetylcholinesterase (AChE) inhibitory
activities. Most of the compounds acted as AChE inhibitors in vitro, with IC50 values ranging from 5 to 40 lM. The most potent
compounds 11 and 15, both as racemic mixtures, proved selective toward AChE, exhibiting selectivity ratios versus butyrylcholin-
esterase (BuChE) of ca. 15 and more than 20, respectively. Structure–activity studies highlighted, among other factors, lipophilicity
as a property modulating the AChE inhibition potency, as shown by a reasonable parabolic correlation between pIC50 and exper-
imental 1-octanol/water partition coefficient (logP), which described the prevailing behavior of the examined compounds
(r2 = 0.665). Molecular docking simulations using the X-ray crystal structure of AChE from Torpedo californica suggested possible
binding modes of the tetrahydroazocine ester derivatives 11 and 15.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Medium-sized N-heterocycles, in particular eight-mem-
bered azocines, are key structures occurring in many
natural products.1,2 Despite their bioactivity,3 azocine
fused ring systems are not sufficiently investigated, one
barrier to their achievement generally being unsatisfac-
tory synthetic procedures.4


The efficient construction of medium-sized cycles has
attracted considerable attention during the past years,
and recently some of us have reported a tandem Michael
addition–nucleophilic substitution sequence involving
dimethylacetylene dicarboxylate (DMAD) and 4,5,6,7-
tetrahydro-1H-pyrrolo[3,2-c]pyridines (THPPs), which

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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affords the 4,7,8,9-tetrahydro-1H-pyrrolo[2,3-d]azocine
(THPA) system.5 In further studies, different activated
alkynes have been tested for their ability to promote
6! 8 ring enlargement on several tetrahydropyridine
(THP) substrates, and the results gave ground to attri-
bute this method to the family of general methods.
Two years ago, we have reported on a new efficient syn-
thesis of 2,3,6,11-tetrahydro-1H-azocino[4,5-b]indole
and the isomeric 2,3,6,7-tetrahydro-1H-azocino[5,4-
b]indole (THAI) derivatives, starting from hydrogenated
b- and c-carbolines, respectively, and the serendipitous
discovery that some of the newly synthesized THAI
derivatives inhibit acetylcholinesterase (AChE) in vitro.6


AChE inhibition is well recognized as a major pharma-
cological approach to the treatment of Alzheimer’s
disease (AD).7 Current approaches to the treatment of
cognitive and behavioral symptoms of AD make use
of structurally diverse cholinesterase inhibitors (ChEIs)
showing distinct modes of action (Fig. 1). Available
ChEI drugs are tacrine (Cognex, 1),8 rivastigmine
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(Exelon, 2),9 donepezil (Aricept, 3),10 and galanthamine
(Reminyl, 4).11 Compounds 1, 3, and 4 are reversible
inhibitors, whereas 2 acts as a pseudo-irreversible ChEI;
they also differ in selectivity toward AChE and butyr-
ylcholinesterase (BuChE).


Two major evidences highlight the central role of AChE
in AD: (i) AChE induces the expression of the b-amy-
loid (Ab) precursor protein in glia and activates glial
cells;12 (ii) AChE inhibitors, which increase synaptic lev-
els of available acetylcholine (ACh) by preventing its
degradation and temporarily slow loss of cognitive func-
tion, remain the only approved drugs for the symptom-
atic treatment of AD.11 Recent research has revealed
that in severe AD brains the levels of AChE are consid-
erably reduced, whereas BuChE activity increases.
BuChE may then act as a compensatory mechanism
for ACh metabolism,13 aggravating the toxicity of Ab.


In a previous study we proved in particular the
THA[4,5-b]I derivative 5 (Fig. 1) as in vitro AChE inhib-
itor of moderate potency (IC50 = 8.7 lM).6 With the aim
of gaining insights into the structure–activity relation-
ships and possibly identifying new lead/s in AChE
inhibitors, in the present work we synthesized some
new ester-containing THAI compounds, including [5,4-
b] ring fusion isomers, and assayed them, as well as a
number of other previously synthesized annulated tetra-
hydroazocines (Chart 1), for their in vitro AChE inhibi-
tion. For selected inhibitors we assayed BuChE
inhibitory activity, in order to assess the respective
ChE selectivity profile, and in vitro monoamine oxidase
(MAO) inhibition, which could have neuroprotective
benefit in combination with ChE inhibition.14,15

2. Results and discussion


2.1. Chemistry


Most of the annulated tetrahydroazocines (THA) inves-
tigated in this study (Chart 1) have been previously
described.5,6,16,17 The 2,3,6,11-tetrahydro-1H-azocin-
o[4,5-b]indole (THA[4,5-b]I) derivatives (5–8, 10) had
been synthesized following the procedures developed

by some of us.6 Chemoselective reduction by sodium
cyanoborohydride of the enamino derivative 8 afforded
the amino compound 9.


The 2,3,6,7-tetrahydro-1H-azocino[5,4-b]indole (THA[5,4-
b]I) derivatives 11 and 12 were synthesized following the
synthetic route outlined in Scheme 1. The b-carboline
derivative 1-benzyl-2-ethyl-1,2,3,4-tetrahydro-1H-pyri-
do[3,4-b]indole, upon treatment with DMAD or ethyl
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propiolate (EP) at room temperature in acetonitrile,
provided the target THA[5,4-b]I derivatives 11 and 12,
respectively.


Similar to compound 12, the monoester derivative of
4,7,8,9-tetrahydro-1H-pyrrolo[2,3-d]azocine (THPA) 18
was synthesized by reacting 2-trifluoroacetyl-5-benzyl-
4,5,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridine5a with EP
in dry methanol. A number of already synthesized
THPA congeners 15–17,5,16 bearing 4-CH3 and 9-CH3


in cis-position, and the 2-phenyl-pyrimidin-4-ol analog
1917 have been also included in the molecular dataset
in order to extend our investigation of SARs. Chiral
compounds 9 and 11–17 were synthesized and tested
as racemic mixtures, the investigation of enantioselective
effects being out of the scope of this work.


2.2. Biological studies


The AChE inhibitory activity of the mono- and diester
THA derivatives was assayed by the method of Ellman
et al.18 on AChE from bovine erythrocytes. All com-

Table 1. Cholinesterase (ChE) and monoamine oxidase (MAO) inhibition act


derivatives 5–19 (Chart 1)


Compound ChE inhibition, IC50 (lM)a %


AChE BuChE MAO


5 8.7 ± 1.1b 5 ±


6 >100 (32%)


7 26 ± 1.4


8 15 ± 1.4


9 >100 (42%)


10 8.4 ± 1.1 100 d 21 ±


11 5.2 ± 1.7 75d 5 ±


12 >20 (22%)c 23 ±


13 42 ± 1.4


14 37 ± 1.5


15 5.2 ± 1.5 >100 (34%) 2 ±


16 >100 (34%)


17 >100 (31%)


18 11 ± 2.5 26 ±


19 22 ± 1.3


a IC50: 50% inhibitory concentration (means ± SEM of three to five exper


butyrylcholinesterase (BuChE, from equine serum), or % inhibition (avera
b Value from Ref. 6.
c Percent inhibition at the maximum solubility of compound 12.
d Approximated average values, determined by interpolating % inhibitions m
e Percent of MAO-A and -B inhibitory activity as measured at 20 lM co


inhibition).
f Ionization constant (pKa) and 1-octanol/water partition coefficient (logP) d


five experiments.

pounds were tested in at least five concentrations cover-
ing the range producing less than 20% and greater than
80% inhibition, but limited to 100 lM. Concentration-
inhibition curves were obtained for most of them and
their inhibitory concentration (IC50) calculated by non-
linear regression (Table 1). The most active compounds
were assayed with the same method for the inhibitory
activity of equine serum BuChE in order to assess the
ChE selectivity profiles. It is worth noting that bovine
AChE and equine BuChE display more than 90%
homology with the corresponding human enzymes.19,20


For comparison, tacrine (1) was tested in the same assay
conditions, showing mean IC50 values of 0.12 and
0.049 lM in the AChE and BuChE inhibition assays,
respectively.


The highest AChE inhibitory potency was displayed by
compounds 11 and 15, whose mean IC50 values (5.2 lM)
are close to that measured by others for galanthamine
(GAL) 4 (ca. 3 lM),21 but one magnitude order lower
than the IC50 value of tacrine (1). More than half test
compounds, belonging to THAI, irrespective of the ring

ivities, and physicochemical parameters of annulated tetrahydroazocine


MAO inhibitione pKa
f logPf


-A MAO-B


0.5 n.i. 6.12 ± 0.04 2.23 ± 0.10


6.71 ± 0.07 2.54 ± 0.05


8.89 ± 0.01 2.60 ± 0.04


8.25 ± 0.03 2.31 ± 0.07


0.8 5 ± 0.7 8.15 ± 0.11 2.79 ± 0.09


0.4 n.i. 7.30 ± 0.01 3.15 ± 0.02


0.9 n.i. 8.50 ± 0.19 4.53 ± 0.09


9.00 ± 0.15 3.99 ± 0.09


8.76 ± 0.12 3.07 ± 0.08


0.4 n.i. 5.94 ± 0.01 1.35 ± 0.07


6.48 ± 0.02 0.90 ± 0.07


0.5 n.i. 6.29 ± 0.03 0.99 ± 0.08


iments) of acetylcholinesterase (AChE, from bovine erythrocytes) or


ge value of three measures in parentheses) at 100 lM concentration.


easured at two inhibitor concentrations.


ncentration; values are means ± SEM of three experiments (n.i. , no


etermined by pH-metric technique; values are means ± SD of three to







A


B


C


Figure 2. Representations of compounds 11 (A), in R configuration,


and 15 (B), in 4R,9R configuration, docked into the binding site of


TcAChE, compared with the crystallographic structure of the complex


(C) between (�)-GAL 4 and TcAChE (PDB entry: 1DX6). The


inhibitors are displayed as ball-and-stick models colored by atom type.


The protein residues in a distance of 5 Å from the inhibitor are


rendered as green-colored stick models with hydrogen bonds in


evidence.
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fusion isomerism, and THPA subsets inhibited AChE
activity with IC50 values in the 10–50 lM range.
THA[4,5-b]Is 6 and 9, the low soluble THA[5,4-b]I
derivative 12, and THPAs 16 and 17 achieved less than
50% inhibition at the highest concentration tested.


The most active compounds 10, 11, and 15, one for each
subset, were chosen for testing in the BuChE assay.
They displayed approximate BuChE IC50 of 75 lM
(11) or attained less than 50% inhibition at 100 lM con-
centration (15), whereas compound 10 achieved about
50% inhibition at the highest test concentration
(100 lM). All three test compounds proved selective
toward AChE with selectivity ratios ranging from about
10 (10) to more than 20 (15).


Finally, we evaluated the potential MAO inhibition of
the azocine derivatives, since this activity could become
beneficial in combination with ChE inhibition in treat-
ing neurodegenerative diseases.14,15 The search for new
compounds endowed with MAO and dual AChE/
MAO inhibition activity constitutes a major purpose
of our general research.22 We measured the MAO inhib-
itory activity of the most potent AChE inhibitors, two
for each subset, at 20 lM concentration. Most of the
test compounds exhibited negligible (5, 11, and 15) or
weak activity (10, 12, and 18), mostly toward MAO-A
isoform. A common trait is that within each subset the
monoester derivatives showed MAO-A percent inhibi-
tion higher compared to the diester congeners.


2.3. Modeling and structure–activity relationship studies


In order to gain insight into binding modes of the most
active derivatives 11 and 15 into the active site of AChE,
preliminary docking calculations were performed by the
QXP software,23 and the results compared with 3D
coordinates of (�)-galanthamine (GAL) 4, a low-micro-
molar inhibitor complexed with Torpedo californica
AChE (TcAChE).24 The ligand-free TcAChE (PDB
entry: 1DX6) was used as the ligate, whereas as starting
geometries of the ligands we used a 3D model of 11 (R
configuration), built up on the crystal structure of com-
pound 136 using fragments from the SYBYL (Ver. 7.1)
standard library (Tripos Assoc., St. Louis, MO, USA),
and the X-ray 3D structure of 15 (4R,9R configura-
tion).5a Docking calculations were carried out using
the MCDOCK module of QXP.25


As shown in Figure 2, the diester THA[5,4-b]I deriva-
tive 11 and the THPA derivative 15 could bind at the
base of the active site gorge of TcAChE, interacting
with the choline-binding site (Trp84) and the acyl-
binding pocket. In both cases, docking models suggest
that the double bond a to the azocine tertiary amine
group could stack against the Trp84 indole ring,
whereas the carbonyl oxygen of the COOMe groups,
b and a to azocine nitrogen in 11 and 15, respectively,
could form hydrogen bond (HB) with Ser122. Further-
more, the binding affinity of compound 11 may en-
hance due to aromatic interactions of the 6-benzyl
group with aromatic residues close to the acyl-binding
pocket (in particular, p-stacking with Tyr334). The

carbonyl oxygen of the 2-COCF3 group in the THPA
derivative 15 could form a strong HB with Ser200 and
two additional HBs with the backbone NHs of Gly118
and Gly119.
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Figure 3. Scatter plots of AChE pIC50 versus (A) pKa and (B) logP of


the tetrahydroazocine derivatives. In plot (B), when omitting com-


pound 16, the data fit a parabolic relationship with r2 = 0.665.
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In connection with the AChE inhibitory activity, within
each subset the test compounds span about the same
range of IC50 values, suggesting that the AChE inhibition
activity does not strictly depend either on the fused N-het-
erocycle (i.e., pyrrole or indole) or on ring fusion isomer-
ism (i.e., [4,5-b] or [5,4-b]) for the indole-containing
derivatives. Even though the most potent inhibitors 11
and 15 are both diesters, the presence of two COOMe
groups does not appear as a requisite for enhancing AChE
inhibitory activity. Notable inhibition potencies were in-
deed shown by compounds bearing only one COOEt
group b to azocine nitrogen, which are equipotent to
(10), more potent (8) or less potent (12) than the corre-
sponding diester derivatives (5, 6, and 11, respectively).


Examining AChE inhibition data suggested the follow-
ing qualitative SARs: (i) the introduction of a fluorine
atom at position 8 in THA[4,5-b]I subset (R1 on the
indole substructure) results in enhancing inhibition
potency (compare 5 with 6, and 8 with 10); (ii) even
slightly increasing steric hindrance of the alkyl group
on the azocine nitrogen results in decreasing the inhibito-
ry potency, as proven by the about threefold increase of
IC50 value (compare the N3-ethyl derivative 5 with the
N3-isopropyl derivative 7); (iii) reduction of the 4,5-dou-
ble bond, which should in principle enhance basicity of
the amino group and decrease lipophilicity, results in
decreased potency (compare compounds 8 and 9); (iv)
lipophilicity of the R4 alkyl groups in THA[5,4-b]I subset
and the R1 substituents at position 2 of the THPA scaf-
fold seems to play a role. Indeed, activity increases with
decreasing lipophilicity of the R4 alkyl groups in
THA[5,4-b]I derivatives 12–14 and with increasing lipo-
philicity of the R1 substituents in THPA derivatives
15–17, suggesting a parabolic or bilinear relationship
between AChE inhibition data and lipophilicity, with
the less lipophilic THPA derivatives on the ascending
side and more lipophilic THA[5,4-b]I derivatives on the
descending side of the curve.


With the aim of investigating such a possible relation,
we measured 1-octanol/water partition coefficients
(log P) of the compounds having finite AChE IC50 val-
ues, using a reliable pH-metric technique.26 Due to the
low solubility in water, the aqueous pKa values of the
THA derivatives were assessed from at least three mea-
surements carried out in water/methanol mixtures
through Yasuda–Shedlovsky extrapolation.27 logP val-
ues were obtained, after additional titrations in 1-octa-
nol/water mixtures (Table 1).


In the examined series, the variation of the ionization
constants depends mainly upon the presence of the
methyl (or ethyl) carboxylate groups, the monoester
derivatives spanning the pKa range 8.15–9.00 and the
diester derivatives spanning the pKa range 5.94–7.30,
meaning that the fraction of protonated THA at pH
8.0 should vary as between ca. 1% and 15% for the dies-
ter derivatives and between ca. 60% and 90% for the
monoester derivatives.


To retain SAR information, AChE pIC50s of com-
pounds 12 and 16 were estimated by extrapolation at

3.80 and 3.60, respectively, and included in the dataset.
Inspection of the plots of pIC50 against pKa (Fig. 3A)
did not reveal any relation of significance, suggesting
that the AChE inhibition potency of the THA deriva-
tives is not significantly affected by the degree of proton-
ation of the azocine amino group. In contrast, the plot
of pIC50 against logP (Fig. 3B), even showing a certain
spread of the data, suggested a trend. A reasonable par-
abolic correlation was indeed obtained between pIC50


and logP (r2 = 0.665), when omitting compound 16 as
the strongest outlier with respect to the prevailing
behavior. These results pointed out that, albeit insuffi-
cient alone for effective activity prediction, logP is some-
how related to the inhibition potency of the annulated
THA derivatives studied.


The most active derivative 11 showed an inhibition
potency higher than that expected from the parabolic
relationship, most likely due to the additional (not
accounted for by the logP parameter) aromatic interac-
tions of the 6-benzyl group, as highlighted by docking
results.

3. Conclusions


A number of ester derivatives of annulated 1,2,3,6-tetra-
hydroazocines described herein, which can be efficiently
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synthesized through 6! 8 ring expansion of THP-
containing substrates under the action of DMAD or
EP, exhibited AChE inhibition in vitro. Dimethyl
3-ethyl-6-benzyl-2,3,6,7-tetrahydro-1H-azocino[5,4-b]in-
dole-4,5-dicarboxylate (11) and dimethyl 4,7,9-trimeth-
yl-2-(trifluoroacetyl)-4,7,8,9-tetrahydro-1H-pyrrolo[2,3-
d]azocine-5,6-dicarboxylate (15) proved the most potent
ones, both with IC50 value in the low-micromolar range,
and quite selective in inhibiting AChE as compared with
BuChE. None of the investigated compounds showed
appreciable in vitro MAO inhibitory activity.


A preliminary molecular modeling study based on
docking calculations between these compounds and
the 3D X-ray structure of TcAChE provided support
to the hypothesis that compounds 11 and 15 can bind
at the base of the active site gorge, interacting with
choline-binding site (Trp84), aromatic residues (com-
pound 11) close to the acyl-binding pocket and,
through HBs, with key Ser residues (Ser200 and
Ser122). Moreover, a likely parabolic relationship be-
tween pIC50 and logP (and not the degree of proton-
ation of azocine nitrogen), describing the prevailing
behavior of the studied annulated THA derivatives,
suggests that lipophilicity plays a role in modulating
the AChE inhibitory potency.

4. Experimental


4.1. Chemistry


All solvents were distilled and dried before use, DMAD
and EP were purchased from Lancaster Synthesis Ltd.
and were used without any additional purification. Col-
umn chromatography was performed with alumina oxide
60 from Fluka. 1H and 13C NMR spectra were recorded in
CDCl3 solutions, at 25 �C or in DMSO-d6 solutions at
40 �C, using a Bruker WM 400 NMR spectrometer
operating at 400 and 100 MHz correspondingly, peak
positions are given in parts per million (d) with tetrameth-
ylsilane used as the internal standard. The following
abbreviations were used: s, singlet; d, doublet; t, triplet;
q, quartet; dd, double doublet; m, multiplet; br, broad.
Mass spectra were obtained by ESI method (Agilent
1100 Series LC/MSD Trap System VL). Melting points
were determined in a capillary tube and are uncorrected.
Compounds 5–8, 10, 13 and 14,6 15,5a 16,16 17,5a and
1917 were synthesized according to previously reported
protocols.


4.2. Ethyl 3-ethyl-2,3,4,5,6,11-hexahydro-1H-azocino[4,5-b]-
indole-5-carboxylate (9)


To a vigorously stirred solution of 150 mg (0.5 mmol)
of tetrahydroazocine 8 in 10 mL of methanol, contain-
ing 0.2 mL of glacial acetic acid, 32 mg (0.5 mmol) of
NaCNBH3 was added in three portions. The reaction
mixture was refluxed for 2 h (TLC monitoring). After
the completion of the reaction, methanol was evaporat-
ed, the residue was worked up with 10 mL of water
and extracted with EtOAc (3· 50 mL). The organic ex-
tract was dried over MgSO4 and evaporated to dry-

ness. The oily residue (140 mg) was percolated
through a short column with Al2O3 (EtOAc/hexane
1:3), yielding 120 mg (80%) of 9 as a pale-yellow vis-
cous oil. 1H NMR (CDCl3) d 1.02 (t, 3H, J = 7.2 Hz,
CH3CH2N), 1.26 (t, 3H, J = 7.1 Hz, CH3CH2O), 2.52
(dd, 1H, J = 14.3, 4.3 Hz, H-4), 2.65–2.92 (m, 8H),
3.19 (dd, 1 H, J = 14.2, 5.2 Hz, H-6), 3.31 (dd, 1H,
J = 14.2, 8.3 Hz, H-6), 4.15 (q, 2H, J = 7.1 Hz,
CH3CH2O), 7.00–7.12 (m, 2H, H-8, H-9), 7.27 (dd,
1H, J = 7.9, 1.2 Hz, H-7), 7.55 (dd, 1H, J = 7.9,
1.2 Hz, H-10), 7.84 (br, 1H, NH). 13C NMR (CDCl3)
d 12.3, 15.1, 22.0, 23.8, 43.7, 50.0, 52.3, 56.5, 61.2,
108.3, 110.2, 117.6, 119.7, 124.2, 130.1, 135.2, 137.8,
165.7. ESI MS 301 (M++1). Anal. Calcd for
C18H24N2O2: C, 71.97; H, 8.05; N, 9.33. Found: C,
71.25; H, 8.58; N, 9.52.


4.3. General procedure for the preparation of derivatives
11 and 12


To a stirred solution of 1-benzyl-2-ethyl-1,2,3,4-
tetrahydro-1H-pyrido[3,4-b]indole (290 mg, 1 mmol) in
10 mL of acetonitrile 1.2 mmol of DMAD or EP was
added in one portion. Stirring was continued for addi-
tional 24 h (in the case of DMAD) or 5 h (in the case
of EP). After the completion of the reaction (TLC mon-
itoring) solvent was evaporated under reduced pressure.
The residue was purified by column chromatography (in
the case of DMAD) or by re-crystallization from ethyl
acetate (in the case of EP).


4.3.1. Dimethyl 3-ethyl-6-benzyl-2,3,6,7-tetrahydro-1H-
azocino[5,4-b]indole-4,5-dicarboxylate (11). 48%, yellow
crystals with mp 148–150 �C (ethyl acetate/hexane). 1H
NMR (CDCl3) d 1.12 (t, 3H, J = 7.0 Hz, CH3CH2),
2.74 (m, 2H, CH2-1), 3.01–3.21 (m, 2H, CH2–Ph), 3.25
(q, 2H, J = 7.0 Hz, CH2CH3), 3.65 (m, 2H, CH2-2),
3.70 (s, 3H, OMe), 3.78 (s, 3H, OMe), 4.53 (dd, 1H,
J = 10.1, 4.0 Hz, H-6), 6.93–7.82 (m, 9H, Ar), 8.01 (br,
1H, NH). 13C NMR (CDCl3) d 12.1, 27.2, 34.9, 35.1,
47.1, 55.2 (2 · C), 58.0, 108.2, 110.6, 114.5, 116.4,
119.2, 123.0, 125.1, 128.3 (2 · C), 128.5 (2 · C), 128.9,
131.2, 135.7, 138.8, 139.2, 165.1, 166.0. ESI MS 433
(M++1). Anal. Calcd for C26H28N2O4: C, 72.20; H,
6.53; N, 6.48. Found: C, 69.32; H, 6.12; N, 6.14.


4.3.2. Ethyl 3-ethyl-6-benzyl-2,3,6,7-tetrahydro-1H-azo-
cino[5,4-b]indole-5-carboxylate (12). 71%, pale-yellow
crystals with mp 246–248 �C (ethyl acetate/hexane). 1H
NMR (CDCl3) d 1.20 (t, 3H, J = 7.0 Hz, CH3CH2N),
1.28 (t, 3H, J=7.1 Hz, CH3CH2O), 3.11–3.27 (m, 4H,
CH2-1, CH2–Ph), 3.30–3.37 (m, 2H, CH3CH2N), 3.65
(dd, 1H, J = 14.0, 4.0 Hz, CH-2), 4.15 (q, 2H,
J = 7.1 Hz, CH3CH2O), 4.21 (dd, 1H, J = 14.0,
10.2 Hz, CH-2), 4.64 (dd, 1H, J = 10.2, 4.0 Hz, CH-6),
7.04–7.15 (m, 4H, Ar), 7.26 (s, 1H, 4-H), 7.45–7.47 (m,
5H, Ar), 7.67 (br, 1H, NH). 13C NMR (CDCl3) d
12.5, 15.2, 28.3, 29.4, 35.2, 51.3, 58.2, 60.0, 101.2,
107.3, 114.1, 118.2, 119.5, 125.0 (2 · C), 128.1, 130.0,
131.2 (2 · C), 132.0, 133.1, 136.2, 137.1, 145.1, 162.2.
ESI MS 389 (M++1). Anal. Calcd for C25H28N2O2: C,
77.29; H, 7.26; N, 7.21. Found: C, 77.21; H, 7.41; N,
7.42.
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4.4. Ethyl 7-benzyl-2-(2,2,2-trifluoroacetyl)-4,7,8,9-tetra-
hydro-1H-pyrrolo[2,3- d]azocine-5-carboxylate (18)


Eighty milligrams (0.75 mmol) of EP was added in
one portion to the solution of 230 mg (0.75 mmol)
of 2-trifluoroacetyl-5-benzyl-4,5,6,7-tetrahydro-1H-pyr-
rolo[3,2-c]pyridine5a in 5 mL of dry methanol and the
reaction mixture was stirred at room temperature for
72 h (TLC monitoring). The solvent was evaporated un-
der reduced pressure and the residue was recrystallized
from ethyl acetate/hexane mixture, providing 240 mg
(78%) of 18 as white crystals with mp 164–165 �C. 1H
NMR (CDCl3) d 1.29 (t, 3H, J = 7.3 Hz, CH3CH2),
2.87 (t, 2H, J = 5.8 Hz, CH2-9), 3.81 (s, 2H, 4-CH2),
3.90 (t, 2H, J = 5.8 Hz, CH2-8), 4.18 (q, 2H,
J = 7.3 Hz, OCH2), 4.35 (s, 2H, CH2–Ph), 6.99 (m,
1H, H-3), 7.20–7.35 (m, 5H, Ph), 7.56 (s, 1H, H-6),
9.04 (br, 1H, NH). ESI MS 407 (M++1). Anal. Calcd
for C21H21F3N2O3: C, 61.21; H, 4.85; N, 7.14. Found:
C, 61.25; H, 4.58; N, 6.88.


4.5. Determination of pKa and logP by the pH-metric
technique


The Sirius GLpKa (Sirius Analytical Instruments Ltd.,
Forest Row, East Sussex, UK) computerized titration
instrument was used to determine pKa and logP values
in n-octanol/water biphasic system at 25 ± 0.5 �C of a
number of fused azocine derivatives. All experiments
were carried out in triplicate under a slow argon flow.
Details about instrument and procedures can be found
elsewhere.26


To determine pKa value, a right amount of each
compounds was dissolved in 20 mL of ionic strength
adjusted water (0.15 M KCl), to achieve final sample
concentration of about 5 · 10�4 M. All titrations were
recorded in the pH range between 1.8 and 12 at
25 ± 0.5 �C, using standardized 0.5 M HCl and
0.5 M carbonate-free KOH as titrating agents. The
maximum titrant volume increment for one titration
step was limited to 0.25 mL. The pH change per ti-
trant addition was limited to 0.2 pH units and pH
value in each point was collected when the pH-drift
was lower than 0.002 pH per minute. Bjerrum plots26


were used to calculate precise pKa values. For
compounds with low aqueous solubility, methanol
ranging from 8% to 45% v/v was added as the
cosolvent, and aqueous pKa values were obtained
by extrapolation using the Yasuda–Shedlovsky
procedure.27


The logP values were determined by potentiometric
titrations carried out in the biphasic system constituted
by 0.15 M KCl aqueous solution and water-saturated
1-octanol. Titration curves were recorded in the pres-
ence of different volumes of 1-octanol (at least three
different 1-octanol/water v/v ratios depending upon
the compound lipophilicity) and the results plotted
against logarithm of phase ratio.28 All data were
processed by using RefinementPro software (Sirius
Analytical Instruments Ltd., Forest Row, East Sussex,
UK).

4.6. Cholinesterase inhibition assay


Compounds were evaluated using AChE from bovine
erythrocytes and BuChE from equine serum (Sigma) fol-
lowing the method of Ellman et al.18 The AChE activity
was determined in a reaction mixture containing 200 lL
of a solution of AChE (0.415 U/mL in 0.1 M phosphate
buffer, pH 8.0), 100 lL of a solution of 5,5 0-dithio-bis(2-
nitrobenzoic) acid (DTNB 3.3 mM in 0.1 M phosphate-
buffered solution, pH 7.0, containing NaHCO3 6 mM),
100 lL of a solution of the inhibitor (five to seven con-
centrations, ranging from 1 · 10�7 to 1 · 10�4 M), and
500 lL of phosphate buffer, pH 8.0. After incubation
for 20 min at 25 �C, acetylthiocholine iodide (100 lL
of 0.05 mM water solution) was added as the substrate,
and AChE activity was determined by UV spectropho-
tometry from the absorbance changes at 412 nm for
3.0 min at 25 �C. The concentration of compound which
produced 50% inhibition of the AChE activity (IC50)
was calculated by nonlinear regression of the re-
sponse–concentration (log) curve. BuChE inhibitory
activity determinations were carried out similarly using
butyrylthiocholine iodide (0.05 mM) as the substrate.
Results are reported as means ± SEM of IC50 obtained
from at least three independent measures.


4.7. Monoamine oxidase inhibition assay


MAO inhibitory activity of selected compounds (5,
10–12, 15, and 18) at 20 lM concentration was deter-
mined using a continuous spectrophotometric assay,29


monitoring the rate of oxidation of the nonselective
MAO substrate kynuramine to 4-hydroxyquinoline.
Briefly, male Sprague–Dawley rats (200–250 g) were sac-
rificed by decapitation. The brains were immediately re-
moved and washed in an ice-cold isotonic Na2HPO4/
KH2PO4 buffer (pH 7.4) containing sucrose. A crude
brain mitochondrial fraction was then prepared by dif-
ferential centrifugation and stored at �40 �C in an iso-
tonic Na2HPO4/KH2PO4 buffer (pH 7.4) containing
KCl. MAO-A and MAO-B activities in mitochondrial
preparations (1 mg/mL) were assayed using as selective
and irreversible inhibitors (�)LL-deprenyl (250 nM) and
clorgyline (250 nM), respectively.30 After a pre-incuba-
tion for 5 min with the assayed compound dissolved in
DMSO at a final concentration of 5% (v/v), kynuramine
was added at a concentration equal to the corresponding
KM value (90 lM for MAO-A and 60 lM for MAO-B),
and the rate of formation of 4-hydroxyquinoline was
monitored at 314 nm for 5 min.
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27. Takács-Novák, K.; Box, K. J.; Avdeev, A. Int. J. Pharm.
1997, 151, 235.


28. Kraemer, S. D.; Gautier, J.-C.; Saudemon, P. Pharm. Res.
1998, 15, 1310.
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Abstract—With annual death tolls in the millions and emerging resistance to existing drugs, novel therapies are needed against
malaria. Wiesner et al. recently developed a novel class of antimalarials derived from farnesyltransferase inhibitors based on a
2,5-diaminobenzophenone scaffold. The compounds displayed a wide range of activity, including submicromolar, against the
multi-drug resistant Plasmodium falciparum strain Dd2. In order to investigate quantitatively the local physicochemical properties
involved in the interaction between drug and biotarget, we used the 3D-QSAR methods CoMFA and CoMSIA to study some of the
series, including the screened lead compound 2,5-bis-acylaminobenzophenone, 28 cinnamic acid derivatives, 29 N-(3-benzoyl-4-
tolylacetylaminophenyl)-3-(5-aryl-2-furyl)acrylic acid amides, and 34 N-(4-substituted-amino-3-benzoylphenyl)-[5-(4-nitrophenyl)-
2-furyl]acrylic acid amides. We found that steric, electrostatic, and hydrophobic properties of substituent groups play key roles
in the bioactivity of the series of compounds, while hydrogen bonding interactions show no obvious impact. We built several highly
predictive 3D-QSAR models, including a CoMSIA one composed of steric, electrostatic, and hydrophobic fields, with r2 = 0.94,
q2 = 0.63, and r2


pred ¼ 0:63. The results provide insight for optimization of this class of antimalarials for better activity and may
prove helpful for further lead optimization.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Malaria is one of the most widespread and deadly infec-
tious diseases in the world, leading to more than 300
million cases and the death of over 1 million people
every year. Nearly 50% of the world population, partic-
ularly Africans, Latin Americans, and South-east
Asians, are at high risk of catching malaria (World
Health Organization, World Malaria Report, 2005).1,2


Out of the four species of the genus Plasmodium which
cause human malaria, Plasmodium falciparum3 is the
most vicious and lethal one. Due to the continuing
development of resistance of P. falciparum to conven-
tional antimalarial drugs,4–6 efforts to find new agents
against multi-drug resistant Plasmodium strains are
long-term and vital tasks for medicinal researchers.4,7,8
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Post-translational modification of proteins by
prenylation is an important mechanism of cellular
regulation. One of the key enzymes for this mechanism
is the heterodimeric zinc-containing protein farnesyl-
transferase.9,10 Inhibitors of this enzyme are under
development as anti-cancer agents.11–13 Several groups
have suggested that farnesyltransferase could be an
effective target for drug development against malaria
and other parasitic diseases such as trypanosomatid
infections, and have developed inhibitors with signifi-
cant in vitro and in some cases in vivo activity against
P. falciparum.5,8,14–32 We focus here on a series of partic-
ularly interesting compounds by Wiesner and Schlitzer
et al.8,17–25 based on a 2,5-diaminobenzophenone scaf-
fold. The lead compound was first developed as a farne-
syltransferase inhibitor, and then found to be active
in vitro against P. falciparum.18 During the development
of the compounds as antimalarials with unreported
mode of action18–24 they were also reported by Schlitzer
and co-workers. in a related series of papers as yeast
farnesyltransferase inhibitors (cf., e.g., Ref. 33). Mem-
bers of this novel class of antimalarials were only later
confirmed as killing P. falciparum by inhibiting farnesyl-
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transferase, and then also shown to be active in vivo
against P. falciparum.25 The compounds displayed a
considerable IC50 (50% inhibitory concentration) range
against the multi-drug resistant P. falciparum strain
Dd2, including some submicromolar activity. Now, as
pointed out by Wiesner/Schlitzer,25–28,32 lead optimiza-
tion is still needed to obtain compounds with the same
or improved in vitro and especially in vivo antimalarial
activity coupled with suitable solubility and membrane
penetrability, plus low toxicity or side effects (especially
since the target patient group includes a high proportion
of children and pregnant women).


We decided to investigate further the structure–activity
relationship of this series of compounds using quantita-
tive models in order to gain understanding and as a step
toward developing a rational strategy for further lead
optimization. We report here on several highly signifi-
cant and predictive 3D-QSAR models (quantitative
structure–activity relationships considering explicitly
the 3D-conformation of the ligands) based on many of
the reported compounds and their activities,18–24 using
the CoMFA (comparative molecular field analysis)34


and CoMSIA (comparative molecular similarity indices
analysis)35,36 methods. QSAR techniques have been suc-
cessfully applied to study the structural features of other
classes of antimalarials,6,37–40 of other farnesyltransfer-
ase inhibitors,41–46 and, in particular, of antimalarial
farnesyltransferase inhibitors.47 CoMFA calculates
steric and electrostatic properties in the space surround-
ing each of the aligned molecules in a data set according
to Lennard–Jones and Coulomb potentials, respective-
ly.34 The CoMSIA approach calculates similarity indices
around the molecules, with similarity expressed in terms
of five different physicochemical properties: steric occu-
pancy, electrostatic field, local hydrophobicity, and
hydrogen-bond donor and acceptor properties.35


Böhm’s study has shown that CoMSIA possesses better
predictive power and greater robustness compared to
CoMFA in some cases.36 Each of the methods leads
not only to a QSAR but also to a set of plots visualizing
regions around the ligands in which chemical modifica-
tions are suggested to improve or worsen the activity.
An additional strength of CoMSIA is that five different
contour maps can be generated and visualized, com-
pared to two for CoMFA.


For 3D-QSAR studies, the assumption is that all the
compounds adopt the same binding mode with the same
target,48 so usually compounds which target a protein
whose X-ray structure has been determined would be
expected to yield a robust model based on binding site
constrained alignment.49,50 Although the X-ray crystal
structures for rat51 and human52 farnesyltransferase
with inhibitors and a substrate analogue have been
determined, allowing the identification of the active site
residues, the structure for the P. falciparum homologue
of the enzyme remains unsolved.7 However, for com-
pounds whose target has not been verified or for which
no X-ray crystal structure is available, an alignment
based on a carefully selected template can also yield
enlightening models.37,39

2. Data set and computational methods


Molecular modeling and CoMFA and CoMSIA were
performed using SYBYL 7.0.53


2.1. Data set


Table 1 shows the structures of the 92 compounds used in
this study and their observed activities (pIC50). The
reported series of compounds includes the original
screened lead compound 2,5-bis-acylaminobenzophe-
none,18 28 cinnamic acid derivatives,19,20 29 N-(3-benzo-
yl-4-tolylacetylaminophenyl)-3-(5-aryl-2-furyl)acrylic
acid amides,21,24 and 34 N-(4-substituted-amino-3-ben-
zoylphenyl)-[5-(4-nitrophenyl)-2-furyl]acrylic acid amides.22,23


The compound selection and experimental activities
(IC50) against the multi-drug resistant P. falciparum
strain Dd2 all originated from the same laboratory.18–24


Figure 1 shows the distribution of pIC50 for the whole
data set, ranging from 4.37 to 7.43 with a variance of
0.47. The compounds fit roughly into three compound
clusters. We divided the data set, choosing 74 com-
pounds to be in the QSAR training set and 18
compounds in the test set. The compound number and
pIC50 values of the test set are given in bold in Table 1.
Care was taken to ensure a uniform distribution of struc-
turally different compounds from each cluster with a
wide range in pIC50 for both training and test sets.


2.2. Identification of bioactive conformation


The selection of the putative bioactive conformation
proceeded as follows: the three most active compounds
(18, 56, and 71) were extracted separately from the three
above-mentioned compound clusters and minimized.
For each compound, conformation searching was done
using simulated annealing and energy minimizations
using the MMFF94 force field. For comparison, the
final conformations of the three compounds were rigidly
aligned, by fitting all common atoms, in SYBYL, and
showed root-mean-squared deviation (rmsd) for the
common atoms of 0.0276 Å between 18 and 71,
0.0053 Å between 56 and 71, and 0.0301 Å between 18
and 56. This shows that the three compounds had very
similar conformations at the energy minima resulting
from simulated annealing. Because 71 is from the largest
compound cluster, and its activity is only marginally
lower than that of the most active compound 56, we
chose 71 as the alignment template.


2.3. Alignment


Once the putative binding conformation was determined
(for 71), the geometry of each of the other 91 structures
was minimized, adjusted manually to approximate the
template conformation, and then minimized again to
obtain the final geometry used for 3D-QSAR. For each
compound, the minimum corresponding to the putative
binding conformation was of lower energy than the orig-
inally minimized conformer. Finally, the minimized con-
formations were aligned to 71, using eight reference
atoms in the backbone of the 2,5-diaminobenzophenone







Table 1. Numbering, structure, and experimental activitya of the data


set


Compound Structure pIC50


1b


N
H


O O


N
H


O


5.57


N
H


OR O


N
H


O
Compound R pIC50


2 –H 5.24


3 –NO2 5.19


4 –CHO 4.40


5 –COOCH3 6.00


6 –CF3 5.24


7 –Cl 5.26


8 –Br 5.49


9 –NH2 5.26


10 –CH@C(CN)2 4.37


11 –CH3 5.85


12 –O–CH3 5.89


13 –CH2–CH3 5.92


14 –CH(CH3)2 5.92


15 –C(CH3)3 5.52


16 –O–CH2–CH3 6.07


17 –O–(CH2)3–CH3 5.96


18 –O–(CH2)2–CH3 6.47


N
H


O O


N
H


O
R


O


Compound R pIC50


19 5.05


20 5.47


21 5.60


22
O


5.89


23 5.62


24
Cl


6.46
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Table 1 (continued)


Compound R pIC50


25
Br


6.51
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Br


5.55


27
CF3


6.92


28 4.62


29


O


4.64


R
O
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H


O O
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H


O
Compound R pIC50


30 6.38


31 6.00


32 6.70


33 6.92


34 7.06


35 7.07


36 6.52


37
O


6.89


38
O


6.52


39
O


6.12


40
O


CF3 6.68
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Table 1 (continued)


Compound R pIC50


41
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7.08
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F


6.49


43
Cl


6.84


44
Br


6.90


45
NO2


7.12


46
NO2


6.23
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NO2


6.17
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CF3


7.11
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NH2


6.59
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CN


6.66
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O


7.17


52 O


O


6.77


53 NH2


O


6.25
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H


H


O


6.55
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N
H


O
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56 S


O


O
7.43


57 S


O


O
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58 S
NH2


O


O
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Table 1 (continued)


Compound Structure pIC50


O2N
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O


N
H


O
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O


Compound R pIC50


59 5.52


60
Cl


5.60


61 5.60


62 6.11


63 6.57


64
O


6.49


65 6.82


66 6.19


67
F


6.64


68
Cl


7.19


69
Br


7.15


70


Br


6.00


71
CF3


7.33


72


CF3


6.00


73
NO2


5.85


74 6.60
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Table 1 (continued)


Compound R pIC50


75 6.68


76 6.00


77 5.26


78 6.51


79


OH


5.48


80


O


5.89


81 6.36


82
CF3


7.21


83


CF3


6.20


84
CF3


5.96


85


F


6.36


86


Cl


6.89


87


Br


6.77


88
NO2


5.85


89
NH


O


O
6.05


90
NH2


5.92


91
NH


O


O
6.38


(continued on next page)


Table 1 (continued)


Compound R pIC50


92
NH2


6.24


a pIC50 against the multi-drug resistant Plasmodium falciparum strain


Dd2.
b The lead compound.


Figure 1. Distribution of pIC50 for the 2,5-diaminobenzophenones.
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scaffold (Fig. 2). The structural diversity of the aligned
compounds is shown in Figure 2.

3. Results and discussion


By thorough study we found that steric, electrostatic
and hydrophobic features are key factors that impact
the bioactivity of this series of compounds, whereas
the hydrogen-bond donor and acceptor fields have no
significant correlation with antimalarial activity.


3.1. 3D-QSAR models


Table 2 summarizes the full investigation based on the
training set of 74 compounds. Grubbs testing54 yielded
no outliers in the training set for any of the QSAR
models. For the CoMSIA models, statistical parameters
showed significance for steric, electrostatic, and hydro-
phobic features, but hydrogen-bond donor or acceptor
fields made insignificant contributions to the models
and hence such features are predicted not to be an influ-
ence on the activity of the compounds.


Reliable predictions only come from statistically valid
QSAR models. There are several statistical parameters,
such as r2, q2, r2


pred, and F, which can be used to evaluate
the robustness of a QSAR model. Consider first which
models are best based on high q2. Model 4, the CoMSIA







Figure 2. Alignment of the 74 compounds in the training set with


template compound 71. The regions of structural diversity, R1 and R2,


are highlighted. The eight reference atoms used for alignment with


template compound 71 are starred.
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model which contains only a hydrophobic field as
descriptor, is the most interpretive single field for the
SAR of this series of compounds, with q2 = 0.556 and
r2 = 0.867. Thus, it appears that hydrophobicity is the
most significant individual factor that impacts the
activity. For the models that were derived from both
steric and electrostatic features, the CoMFA model
(Model 1) is better than the CoMSIA model
(Model 7). The best model is CoMSIA Model 8, which
includes steric, electrostatic, and hydrophobic fields,
with q2 = 0.630 and r2 = 0.943.

Next consider which models are best based on high
r2


pred. Tropsha55 has emphasized that high q2 (>0.5) is
a necessary but not sufficient condition for a predictive
QSAR model. Once models with low r2 and q2 are ru-
led out, the best model should be chosen based on high
r2


pred.55 For each model, Tables 2 and 3 list r2
pred and the


residuals for each compound in the test set. Nearly all
the models performed well in the prediction of the
activity of the test compounds. In almost all cases,
the predicted pIC50 values are close to the observed
values, with residuals no larger than 1 log unit. From
the r2


pred of the CoMSIA models we can easily tell that
the main factors that impact the activity of the test set
are steric and hydrophobic fields. The r2


pred of Model 2
(only a steric field) and of Model 4 (only a hydropho-
bic field) are much higher than that of Model 3 (only
an electrostatic field). In fact, Model 4 has the highest
r2


pred of all the models we considered. For the models
containing only steric and electrostatic fields, r2


pred for
CoMFA (Model 1) is much higher than that for CoM-
SIA (Model 7), also suggesting that Model 1 is better
than Model 7. Considering the flexibility of all the mol-
ecules and the lack of target information, the predictive
qualities of the QSAR models are satisfying. Overall,
based on r2, q2, and r2


pred, as well as on the highest val-
ue on the Fisher F-test, the best model is Model 8. This
CoMSIA model, which includes steric, electrostatic,
and hydrophobic fields, is the one we use for graphical
analysis below, along with CoMFA Model 1. Either of
these could be selected as the final screening tool for
lead optimization.


3.2. Graphical interpretation of the results


The contribution maps obtained by CoMFA (Model 1)
and CoMSIA (Model 8) show how 3D-QSAR methods
can identify features important for the interaction
between ligands and the target protein. They allow iden-
tification of those positions that require a particular
physicochemical property to enhance the bioactivity of
a ligand.


In order to understand the CoMFA and CoMSIA maps
it is important to consider two factors regarding the
alignment, shown in Figure 2. First, the R1 substituents
adopt a different spatial orientation in the cinnamic acid
derivatives than in the other two compound clusters. In
Figure 2, they project straight vertically, whereas the R1


substituents of the acrylic acid amides are pointed
toward the upper left. A second factor is that R2 sub-
stituents also show two different orientations, in this
case based on the length of the carbon chain (linking
chain) which connects the substituent group to the scaf-
fold. Compounds with a one-carbon linking chain, as
found in 21–28 and 63–67, have R2 substituents pointing
away from the benzoyl group, while compounds with a
two-carbon linking chain, which is more flexible, as
found in 78–88, adopt an orientation with the R2 group
parallel to the benzoyl group. Therefore in the CoMFA
and CoMSIA contour maps below we positioned both
the template molecule 71 and representative compound
29, which is a cinnamic acid with a two-carbon linker,
in order to depict these two orientation factors.







Table 2. Statistical parameters of the CoMFA and CoMSIA models for the training set of 74 2,5-diaminobenzophenones


CoMFA CoMSIA


1 2 3 4 5 6 7 8


q2 0.565 0.474 0.453 0.556 0.086 �0.025 0.496 0.630


SPRESS 0.480 0.540 0.538 0.492 — — 0.513 0.449


r2 0.888 0.812 0.732 0.867 — — 0.786 0.943


SEE 0.244 0.323 0.371 0.270 — — 0.334 0.177


F 107.6 35.0 63.7 61.29 — — 63.39 155.2


N 5 8 3 7 — — 4 7


Fielda Contribution


S 0.567 1.00 — — — — 0.382 0.192


E 0.433 — 1.00 — — — 0.618 0.422


H — — — 1.00 — — — 0.386


A — — — — 1.00 — — —


D — — — — — 1.00 — —


r2
pred 0.512 0.533 0.138 0.722 — — 0.348 0.628


a S, steric; E, electrostatic; H, hydrophobic; D, hydrogen-bond donor; A, hydrogen-bond acceptor.


Table 3. Residuals of test set prediction for CoMFA and CoMSIA models


Compound pIC50
a Residuals from different models


1 2 3 4 7 8


2 5.24 0.33 0.02 0.25 0.04 0.21 0.15


9 5.26 0.41 0.09 0.64 0.24 0.61 0.36


20 5.47 0.16 0.07 0.19 0.18 0.12 0.05


22 5.89 0.04 0.05 0.10 0.41 0.04 0.57


30 6.38 0.22 0.24 0.44 0.41 0.19 0.42


36 6.52 0.53 0.80 0.60 0.44 0.47 0.59


41 7.08 �0.40 �0.34 0.73 �0.28 0.68 �0.37


46 6.23 0.26 0.15 �0.14 0.33 0.13 0.20


55 6.25 0.28 0.37 0.42 0.39 0.39 0.39


60 5.60 0.01 0.08 0.42 0.17 0.32 0.24


64 6.49 0.28 �0.10 0.19 �0.23 0.04 �0.45


68 7.19 �0.43 �0.57 0.83 �0.22 0.64 �0.26


70 6.00 0.00 0.00 0.35 �0.07 0.38 �0.17


80 5.89 0.50 0.44 0.15 �0.03 0.28 0.13


82 7.21 �0.87 �1.03 �1.20 �0.69 1.12 �0.57


86 6.89 �0.55 �0.59 0.77 �0.34 0.74 �0.29


88 5.85 0.50 0.39 0.35 0.05 0.26 0.36


90 5.92 0.68 0.08 0.82 0.36 0.62 0.47


Varianceb 0.18 0.17 0.32 0.10 0.24 0.14


a Experimental pIC50 against the multi-drug resistant P. falciparum strain Dd2.
b RSS/n, for n compounds.
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3.2.1. Steric field. Figure 3 shows the steric field contours
from CoMFA (a) and CoMSIA (b). Green represents
where more bulky groups are favorable for improving
bioactivity, while yellow means in those positions bulky
groups are unfavorable for improving activity. The two
contour maps are basically consistent with each other
except for differences in polyhedron volume. The steric
contours obtained through CoMFA Model 1 give more
localized and detailed polyhedra than those from CoM-
SIA Model 7, as is obvious from Figure 3.


R1 substitutions. The CoMSIA map shows that bulky
substituents anywhere on the terminal phenyl ring will
improve activity, while the CoMFA map shows that
only in the para and meta positions will bulky groups
be beneficial, while the ortho position does not tolerate
bulky substituents. Also, the para position needs bulky,
but not too bulky or long chain, groups, as indicated by
a small yellow CoMFA contour. This interpretation

matches with the structural features exhibited by
30–58. By contrast, comparing 30 with the less active
46 and 47 indicates that nitro group substitution at the
ortho or meta positions, respectively, was not favorable
for activity improvement. Though it is true that the nitro
group is bulkier than H, this behavior is best attributed
to the electrostatic and hydrophilic properties of the ni-
tro group (see below). The small yellow block in the
upper right side of the maps indicates that cinnamic acid
derivatives are less active relative to the clusters with a
furyl ring, since the bulk associated with their six-mem-
bered ring is indicated as detrimental to activity.


R2 substitutions. Among the compounds containing a
two-carbon linker, substituents at the ortho position of
the terminal phenyl ring will lead to an activity decre-
ment (e.g., 84 with ortho CF3 was less active than the
corresponding unsubstituted derivative, 78). For the
one-carbon linker compounds, 66, 70, and 72 with ortho







Figure 3. Steric field contour map (a, CoMFA; b, CoMSIA) around the template compound, 71, as well as 29, which are overlapped and both shown


in stick representation, with carbons colored orange in the end groups of 29. Green (yellow) regions show where bulky groups should increase


(decrease) the antimalarial activity.
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methyl, bromo, and trifluoromethyl groups, respective-
ly, had reduced activity. Both these effects correspond
to the small yellow block near the middle of the R2 circle
in the CoMFA map (Fig. 3a) and are included in the
large yellow polyhedron in the CoMSIA map
(Fig. 3b). There is a small green block (in both the CoM-
FA and CoMSIA maps) indicating enhanced activity for
bulky substituents at the meta position; 65, with a meta
methyl substituent, was an example of this. For the para
position, also, bulky groups improved the activity,
though the yellow blocks which are further away indi-
cate that long chains will not be beneficial. To illustrate
this, compounds with short bulky groups like 68, 69,
and 71 showed improved activity, while ones with a
longer chain substituent (such as 76) showed decreased
activity. The big yellow block (CoMSIA) or two smaller
yellow blocks (CoMFA) at the lower left of the Figure 3
images indicate that the position occupied by big R2


groups in structures such as 61, 62, and 77 (which have
no linker carbon chain) is sterically disfavored.
Compounds 64 and 73 do not match our conclusions
regarding steric effects of the data set, perhaps because
their relative activities were determined more by other
physicochemical properties (see below).

3.2.2. Electrostatic field. The electrostatic contour maps
of CoMFA (a) and CoMSIA (b) are shown in Figure 4.
Blue means an electronegative group will favor the
activity, while red represents regions where electronega-
tive groups will reduce the activity of the molecule.


R1 substitutions. An electronegative group at the para
position of the terminal phenyl of the arylfurylacryloyl
group will increase the activity. For example, 40,
42–45, 48, 50–52, and 56–58 all showed improved activ-
ities compared to the unsubstituted 30. In the CoMFA
map, there is a blue block close to the para position of
the phenyl ring, and a red block just a little further
away. This means para groups should have electron
withdrawing atoms attached close to the phenyl, and
electron donating groups further away from those atoms
in order to improve activity. This interpretation can be
verified by comparing the increasing trend of activity
of 30, 40, 37, 41, and 51. Wiesner et al.24 investigated
the role of hydrogen-bond acceptor properties at the
para position of 45 (which itself has a nitro group there),
and found that some of them (48: trifluoromethyl; 51:
acetyl) were equipotent and some (56: methylsulfonyl)
had improved antimalarial activity. Our study







Figure 4. Electrostatic field contour map (a, CoMFA; b, CoMSIA) around the template compound, 71, as well as 29, which are overlapped and both


shown in stick representation, with carbons colored orange in the end groups of 29. Blue (red) regions show where electronegative groups should


increase (decrease) the antimalarial activity.
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supplements this observation by indicating that this
should be mainly due to the electrostatic property of
the hydrogen-bond acceptor groups at the para position.
For cinnamic acid derivatives, at the para position of the
terminal ring, the substituent needs an appropriate com-
bination of electron withdrawing and donating atoms,
as shown clearly in the CoMSIA figure with a red block
close by and a blue block further away. This is illustrat-
ed by 16–18.


R2 substitutions. An electron withdrawing group at the
phenyl’s para position (24, 25, 27, 67, 68, 69, and 71)
increased the activity. However, 64, with an electron
donating methoxy group at the para position,
decreased the activity in spite of its favorable steric
profile. 73 was an outlier for both steric and electro-
static rules. It will be discussed in the hydrophobic
rule, below. The blue block at the lower left corner
of the CoMSIA map shows that an electron donating
group at this position (such as in 89, 91, and 92) will
decrease the activity.


3.2.3. Hydrophobic field. Figure 5 shows the hydropho-
bic contour from CoMSIA Model 8. Magenta means

that a hydrophobic group will increase antimalarial
activity, while cyan means that a hydrophobic group
will decrease the activity.


R1 substitutions. Magenta patches in Figure 5 indicate
that a hydrophobic group at the ortho or meta position
of the terminal phenyl of the arylfurylacryloyl group will
increase the activity. For example, 46 and 47 showed
that a polar nitro substituent at the meta or ortho posi-
tion, respectively, worsened the activity. The para posi-
tion needs a hydrophobic group with a hydrophilic
element close to the phenyl ring (such as in 56 and 57)
for increased activity. The big cyan block covering the
furyl ring (of template 71) or phenyl ring (of 29) presum-
ably comes from the interpretation of cinnamic acid
derivatives (such as 31, 32, 46, and 47) as follows: since
most of their R1 groups are hydrophobic, and most of
those compounds were relatively inactive, thus the
contour map shows that here hydrophilic groups should
increase activity.


R2 substitutions. The para position of the phenyl ring
needs a small hydrophobic group (71: CF3; 69: Br; 45:
CH3) to display good activity (pIC50 = 7.33, 7.15, and







Figure 5. CoMSIA hydrophobic field contour map around the


template compound, 71, as well as 29, which are overlapped and both


shown in stick representation, with carbons colored orange in the end


groups of 29. Magenta (cyan) regions show where hydrophobic groups


should increase (decrease) the antimalarial activity.
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7.12, respectively). In fact 71, which contains CF3, the
most hydrophobic substituent among those three, was
one of the most active compounds. The activity of 73,
with a polar nitro group on the para position, was rela-
tively low. On the other hand, the cyan blocks at the
lower right corner of the template structure indicate that
too large a hydrophobic group will decrease the antima-
larial activity. For example, 76 and 28 which each con-
tain a para phenyl ring were found to have relatively
low activity. For compounds containing a two-carbon
linker (29, 78–92), the small cyan patch at the lower left
indicates the activity trend of 77 and 89–92, which are all
branched sidechains, showing that branching at this
position lowered the activity. The magenta block at bot-
tom showing the phenyl para position of those ligands
also welcomes hydrophobic groups. For example,
compounds with hydrophobic para groups (81, 82, 85,
86, and 87) had better or nearly equipotent activity com-
pared to unsubstituted 78, while 79, 80, and 88 had para
hydrophilic groups and lower activity.

3.3. Discussion of related work


Gupta et al.47 published a 3D-QSAR model for 16 of the
Wiesner et al.18,19 diaminophenones, using thermody-
namic, electronic, and spatial descriptors. Their best
model had r2 = 0.69; q2 = 0.43, F = 9.47, r2


pred ¼ 0:61.
Note that their best model is for many fewer ligands
and is rather less reliable than our work, according to
the statistical measures r2, q2, and F. Their r2


pred is rela-
tively good for their small, 4-compound test set.


González et al.45 used multiple linear regression analysis
and nonlinear neural networks for 3D-QSAR using
farnesyltransferase (FT) inhibition data, including for
22 of the molecules in our work. They used radial distri-
bution function descriptors for their analysis. They
attempted to fit models to two classes of inhibitors, thiol
and nonthiol, together or for the individual classes. Note
that it is thought that the two classes have a different
binding mode. While it is advantageous to obtain a very
accurate model by such an approach which could then
be used for virtual screening, the resulting model is
not easy to interpret in terms of which chemical groups
and interactions are important for ligand binding, par-
ticularly since it is applied to diverse inhibitors which
most likely bind in different modes. Any comparison be-
tween our results and theirs should be qualified by the
consideration that their models were fit to FT inhibition
data, whereas ours were fit to antimalarial activity. The
ability to interpret QSAR data in terms of individual,
localized interactions and the role of chemical groups
is a strength of the CoMFA and CoMSIA methods used
in our work. Their interpretive conclusions instead focus
on overall qualities of FT inhibition. One of their con-
clusions is similar to ours, that steric and hydrophobic
interactions are crucial for FT inhibition. Contrary to
their other main conclusion, that electronegativity or
polarizability effects are unimportant for FT inhibition,
we have discussed above that there are some specific
contributions of electrostatics to improved activity at
least for the nonthiol inhibitors in our work, based on
the sort of detailed analysis possible with CoMFA and
CoMSIA, which goes beyond the whole-molecule topo-
logical descriptors they used.45


Wiesner/Schlichter et al. have gained considerable
knowledge about the active site through homology mod-
eling of P. falciparum farnesyltransferase based on the
X-ray structures of farnesyltransferase of rat and of
human, plus docking of farnesyltransferase inhibitors
into that model’s active site.26 The putative binding con-
formation adopted in our study is quite similar to their
docked conformation.26 Similarly, Glenn et al.30 have
also reported a homology model developed based on
rat farnesyltransferase, containing a deep hydrophobic
pocket for the active site. Though our 3D-QSAR con-
tour plots cannot be compared directly to the active site
of the protein as depicted in the reported homology
models,26,30 our observations about the hydrophobic
and steric profiles of the 2,5-diaminobenzophenone
farnesyltransferase inhibitors confirm the spacious
hydrophobic volume of the active site of those homolo-
gy models.
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4. Conclusion


For the 2,5-diaminobenzophenone scaffold based series
of novel antimalarials, though there is a high degree
of flexibility and no available X-ray crystal structure,
we have been able to obtain 3D-QSAR models with
good statistical significance and good predictive ability
using CoMFA and CoMSIA, based on a putative bio-
active conformation obtained from simulated anneal-
ing searching. Molecular surface property (steric,
electrostatic, and hydrophobic) mapping of these
models highlighted the features that affected bioactiv-
ity and provided explicit indications for lead com-
pound optimization. In this study, the CoMFA
model with steric and electrostatic fields (Model 1)
performed better than the corresponding CoMSIA
model (Model 7). However, the best CoMSIA model,
Model 8 composed of steric, electrostatic, and hydro-
phobic fields, was significantly more accurate than
other models, with r2 = 0.94, q2 = 0.63, and
r2


pred ¼ 0:63. In this study, the hydrophobic property
is the most significant factor that correlated with
activity. The strong impact of hydrophobicity on anti-
malarial activity—as exemplified by Model 4, contain-
ing only the hydrophobic field, with r2 = 0.87,
q2 = 0.56, and r2


pred ¼ 0:72, the highest r2
pred of any sin-


gle-field CoMSIA model—gives a clue for further
investigation of antimalarials. We also have found
that the activity of other series of antimalarials is
significantly correlated to their relative hydrophobici-
ty. We will continue studying this property of
antimalarials to see if it can be developed into a
criterion of antimalarial drug candidate screening.

5. Computational details


5.1. Conformational search


Conformation searching was done using simulated
annealing53 for 18, 56, and 71. Each annealing cycle
was commenced from an initially assigned temperature
of 1000 K (with initial velocities taken from a Boltz-
mann distribution), which was maintained for 1 ps to al-
low for exploration of conformational space, and then
followed by exponential quenching in 2 ps down to
200 K. The timestep used was 1 fs. Five hundred such
cycles generated 500 low-temperature conformations
which were then energy ranked. The 50 lowest energy
conformers were further minimized, at which point the
lowest energy conformation was selected as the putative
binding conformation. For minimization, the Powell
conjugate-gradient algorithm was used with a gradient
convergence criterion of 0.01 kcal mol�1 Å�1. Simulated
annealing and energy minimization both used the
MMFF94 force field, with partial atomic charges also
taken from MMFF94 and distance-dependent dielectric
constant = 1 to represent vacuum.


5.2. 3D-QSAR methodology


For CoMFA and CoMSIA, a 3D cubic lattice needs to
be created to encompass the aligned molecules.34,35

According to experience and the literature, a 2.0 Å grid
spacing is most appropriate for partial least squares
(PLS) analysis in order to extract sufficient field infor-
mation while avoiding excessive noise. Other CoMFA/
CoMSIA details are given as Supplementary data.


The CoMFA or CoMSIA descriptors were used as
independent variables, and pIC50 values were the
dependent variables in PLS analysis to derive QSAR
models using the standard implementation in the
SYBYL package.53 To evaluate the quality of the
QSAR models, we used three standard squared corre-
lation coefficients, r2, q2, and r2


pred. Following Leach
and Gillet’s description,56 each coefficient can be cal-
culated using the form 1 � (RSS/TSS), where TSS
(total sum of squares) is the sum of squared devia-
tions of the experimental activities from their mean
and RSS (residual sum of squares) is the sum of
squared deviations of the calculated activities from
their experimental counterparts. For r2 and q2, the
sum is over all the compounds in the training set,
whereas for r2


pred, the sum is rather over all of the test
set compounds. For r2, the calculated values are those
determined by the QSAR model as originally generat-
ed, whereas for q2, the calculated values are those
predicted through a leave-one-out procedure.57 Here
the SAMPLS (sample-distance PLS) algorithm53 was
used to determine the optimal number of components
(N, given in Table 2) in reference to the predictive
power, which is measured by how much q2 increases
as N is increased. Generally, robust statistical models
should have high r2, q2, and r2


pred. The optimal num-
ber of components was then used to derive the final
QSAR model. The predictive power was tested by cal-
culating r2


pred for all models with q2 more than 0.5.
The variance was calculated as RSS/n, for n com-
pounds. For each model we used the Grubbs test54


to check for outliers.


For each CoMFA or CoMSIA model, figures depicting
coefficient contour maps for particular fields—in which
the coefficients are scaled by the standard deviation in
order to be on a % scale—give insight into regions around
the aligned ligands in which functional group modifica-
tions will lead to improved or worsened activity.34 Here
we illustrate such properties by depicting regions having
scaled coefficients either greater than 80% (favored) or less
than 20% (disfavored).
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Abstract—Syntheses and physicochemical properties of N-aryl-substituted imidazo-, pyrimido-, and 1,3-diazepino[2,1-f]purinedi-
ones are described. These derivatives were synthesized by the cyclization of 7-haloalkyl-8-bromo-1,3-dimethyl- or 1,3-dipropyl-xan-
thine derivatives with corresponding arylamines. The obtained compounds (1–40), which can be envisaged as sterically fixed and
configurationally stable analogs of 8-styrylxanthines, were evaluated for their affinity to adenosine A1 and A2A receptors, the recep-
tor subtypes that are predominant in the brain. Selected compounds were additionally investigated for affinity to the A2B and A3


receptor subtypes. Many of the compounds showed adenosine A2A receptor affinity at micromolar or submicromolar concentrations
and were A2A-selective, for example, compound 23 with p-fluoro substituent displayed Ki value of 0.147 lM at the rat A2A receptor
and more than 170-fold-A2A selectivity, compound 17 with naphthyl substituent had Ki value of 0.219 lM and a more than 114-
fold-A2A selectivity. The compounds were somewhat weaker and less selective at the human receptor subtypes. Elongation of the
dimethyl substituent to dipropyl in xanthine moiety improved affinity but reduced selectivity. 1,3-Dimethylimidazo-, pyrimido-,
and diazepinopurinediones were evaluated in vivo as anticonvulsants in MES, ScMet, TTE tests and examined for neurotoxicity
in mice (ip). Substances with pyrimido ring displayed protective activity in ScMet or in MES and ScMet tests, showing also neuro-
toxicity. The pyrimidine annelated ring is beneficial for both receptor affinity and anticonvulsant activity.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Adenosine, an endogenous modulator of a wide range of
biological functions, interacts with four different (A1,
A2A, A2B, and A3) cell surface receptor subtypes,
belonging to the superfamily of G protein-coupled
receptors. Recent studies indicate widening role for
adenosine receptors (ARs) in many therapeutic areas,
including immunology, the cardiovascular system, and
various CNS-mediated events such as sleep, neuropro-
tection, and pain.1,2

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Adenosine A1-receptors, the first subtype identified, are
widely distributed in the central nervous system and in
peripheral tissues. The role of adenosine as neuroprotec-
tive agent during hypoxia and ischemic conditions seems
to be mediated by the A1 receptors. These receptors have
been shown to be involved in sedative, antiseizure, and
anxiolytic effects. A1 receptors mediate cardiac depres-
sion through negative chronotropic and inotropic
effects. In the kidney, activation of A1 receptors causes
vasoconstriction, inhibition of secretion, diuresis, and
natriuresis.3 A number of A1 antagonists have been
studied as novel potassium-sparing diuretics with kid-
ney-protecting properties; in dementia and for cardiac
therapy.1,4–6


The adenosine A2A receptor plays an important role in
regulating smooth and well-coordinated movement in
part by modulating the activity of dopamine sensitive
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neurons. Adenosine A2A receptors are located in brain
primarily in the striatum where they are co-localized
with dopamine D2 receptors. There is now accumulating
evidence that adenosine A2A receptor antagonists may
provide a novel therapy for the treatment of Parkinson’s
disease with a lower risk of dyskinesias.7,8


Studies have shown that A2B adenosine receptors pres-
ent in airway mast cells mediate the bronchoconstriction
response to adenosine (unique to the airways of asth-
matics) and also facilitate mast cell degranulation in
responses to allergen. Accordingly, selective A2B AR
antagonists have been suggested to be useful as potential
treatment of asthma.9 Additionally A2B AR antagonists
may have potential in the treatment of diabetic retinop-
athy, cancer, and Alzheimer’s disease.10,11


The A3 AR has been linked to several diseases such as
cardiac ischemia, cerebral ischemia, inflammation, can-
cer and hence has been a primary target for new ther-
peutics. A3 AR antagonists might be therapeutically
useful for the acute treatment of stroke, for glaucoma,
and also as antiasthmatic and antiallergic drugs.12,13


In the past 10 years, great efforts by medicinal chemists
and pharmacologists have been devoted to the design of
potent and selective ligands for adenosine recep-
tors.2,5,6,8,12 Annelated in various positions of the xan-
thine scaffold, derivatives of I (Fig. 1) were obtained.
They contained 1,2-14 2,3-14 3,9-15, and 1,6-16,17 fused
rings attached to the xanthine moiety, and frequently
additional aryl residues were present. Such compounds
were potent antagonists at the various AR subtypes.14


Adenosine A2A receptor antagonists are divided into
xanthine and non-xanthine derivatives (nitrogen poly-
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Figure 1. Xanthine (I), 8-styrylxanthines, and oxygen- or nitrogen-containin

heterocyclic systems).18 In the group of xanthine deriva-
tives it has been discovered that the introduction of a
styryl group in the 8-position was critical in obtaining
compounds endowed with selective A2A receptor antag-
onistic properties (Fig. 1).19,20 As a result, several 8-sty-
ryl xanthine derivatives were developed which have been
extensively studied for their pharmacological proper-
ties.21–24 KF 17837 and KW 6002 being chemical homo-
logs, despite having similar in vitro profiles, appeared to
have dramatically different in vivo potencies, as mea-
sured by the attenuation of haloperidol-induced catalep-
sy in mice, with KW 6002 being clearly more potent.25


This divergence in the in vivo activity may be due to
differences in pharmacokinetics, pharmacodynamics,
metabolism, and/or bioavailability. KW-6002 is now
undergoing phase II clinical trials for the treatment of
Parkinson’s disease and depression.26,27 Since the future
management of Parkinson’s disease (PD) requires phar-
macological agents that do not lose efficacy with disease
progression or induce dyskinesia and that are free of
other dopaminergic side effects, adenosine A2A receptor
antagonists are a novel approach to treat the illness both
as monotherapy and in combination with dopaminergic
drugs.28–30 Additionally, it was suggested that selective
A2A AR antagonists (e.g., KW-6002) possess neuropro-
tective properties.31 Adenosine A2A receptor antagonists
seem to be involved in the regulation of glutamatergic
transmission,32,33 and the hypothesis appeared that
blockade of A2A ARs produces anti-nociceptive
effects.34


A series of 3,7-dimethyl-1-propargyl 8-styrylxanthine
derivatives, potent and selective A2A ARs antagonists,
were developed by Müller et al. (e.g., BS-DMPX,
MSX-2).33–37 A major problem of A2A AR antagonists
is their usually low water solubility,38 which limited their
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usefulness especially for in vivo studies. Therefore,
Müller et al. developed water-soluble A2A-selective AR
antagonists (e.g., –MSX-3) useful as pharmacological
tools.36,37 MSX-2 has been also prepared in tritiated
form as radioligand for labeling A2A ARs.39 Several
A2A AR antagonists labeled with positron-emitting
radionuclides have been prepared for the visualization
and quantification of A2A ARs using PET (positron
emission tomography).40 The main drawback specific
for this class of compounds is their low stability. In
dilute solution they suffer from sensitivity to photoiso-
merization: the active (E)-configurated 8-styrylxanthines
form isomeric mixtures in which often the less active or
even inactive (Z)-isomer dominates.41,42 Furthermore, it
was described that solid 8-styrylxanthines can dimerize
upon exposition to daylight or irradiation with UV
light. The resulting dimeric cyclobutane derivatives
exhibited considerably lower A2A AR affinity than their
parent compounds.41


Our research efforts have been directed toward the study
of novel selective ligands for A1 and especially A2A ARs.
Various tricyclic xanthine derivatives, products of
xanthine 7,8 annelation (II), were obtained (Fig. 1). In
previous studies it was established that 7-N-methylxan-
thinyl analogs were more potent as adenosine A2A


receptor antagonists as well as inhibitors of MAO-B
than the corresponding 7H-xanthinyl analogs.31 There-
fore, substitution at the 7-position was advantageous
for biological activity. Based on that observation, we de-
signed compounds that can be envisaged as constrained
analogs of styrylxanthine derivatives. The new com-
pounds could be envisaged as bioisosteric analogs of
8-styrylxanthines fixed in a biologically active configura-
tion. However, in contrast to styrylxanthines, they can-
not isomerize in solution or in solid state due to their
sterically fixed structure. Thus oxygen- (IIa, IIb) and
nitrogen-containing (IIc) annelated theophylline deriva-
tives, products of xanthine-7,8-annelation of the general
structure II (Fig. 1), were obtained.14,43,44 Such tricyclic
structures exhibited A1 or A2A AR antagonistic proper-
ties, in some cases selectivity to one of the above-men-
tioned subtypes of receptors. The investigated
compounds showed anticonvulsant activity in the in vivo
(MES or ScMet) tests, however the mechanism of this
action was not clear. In the group of oxazolo[2,3-f]pur-
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Figure 2. Synthesis of 1,3-dimethyl and 1,3-dipropylperhydro imidazo-, pyri

inediones SAR and QSAR studies had indicated the
importance of lipophilic substituents of limited size for
both types of pharmacological activity.44


As a continuation of our research program we have now
synthesized and tested at ARs a set of nitrogen-contain-
ing tricyclic structures with N-aryl moiety. Thus, imi-
dazo-, pyrimido-, and diazepinopurinediones were
designed with the aim to examine the impact of the ring
size (5-, 6-, and 7-membered) and its spatial arrange-
ment on the biological activity. Various structural mod-
ifications on the aryl group were performed. The first
one was the introduction of different substituent(s) at
different positions of the phenyl moiety. Substituents
with hydrophilic properties (OH, OMe, and NHC-
OCH3) were included in order to improve the water sol-
ubility of the examined compounds. More voluminous
residues (naphthyl) and additional phenyl substituents
were also investigated. 1,3-Dimethyl derivatives were
compared with 1,3-dipropyl ones. The synthesized com-
pounds were evaluated in vitro for their affinity to ARs
and in vivo for anticonvulsant properties. Physicochem-
ical properties of tested compounds were estimated by
means of calculations as well as by experimental meth-
ods. In order to analyze three dimensional properties
of this group of compounds structure elucidation was
performed by means of molecular modeling and of
X-ray analysis for two selected compounds.

2. Chemistry


The synthesis of tricyclic 1,3-dimethylperhydro-imidazo-,
pyrimido-, and 1,3-diazepino 2,1-f]purinediones with
aromatic substituents in the 8-, 9-, or 10-position, respec-
tively, of the annelated ring was accomplished as shown in
Figure 2.


As starting material 7-(2-bromoethyl)-8-bromotheoph-
ylline was used, the preparation of which had been
described by Caccacae.45 In our laboratory a modified
procedure was developed using a two phase catalysis
method (see Section 10). The other starting compounds,
7-(3-chloropropyl)-8-bromotheophylline and 7-(4-bro-
mobutyl)-8-bromotheophylline, were obtained as previ-
ously described.46,47 They were cyclized with amines
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under various reaction conditions (excess of amine, sol-
vent, and reaction time). The data are summarized in
Table 1.


Unsubstituted compounds 1, 11, and 31 were synthe-
sized with methods developed previously48 and are
now used in pharmacological tests for comparison of
their biological activity with that of the substituted
derivatives. The synthesis of compound 12 without sub-
stituent at the phenyl ring has been described previous-
ly.49 1,3-Dipropyl-7-(3-chloropropyl)-8-bromoxanthine
was used as starting material for the synthesis of 1,3-di-
propylderivatives (39, 40).


The structures of the synthesized compounds were con-
firmed by UV, IR, and 1H NMR spectra. UV spectra
showed a bathochromic shift typical of 8-aminoxanthine
derivatives of kmax to about 300 nm.50 The IR absorp-
tion bands were typical of xanthine derivatives46,51 and
in 1H NMR adequate chemical shifts were recorded.
Spectroscopic data are presented in Table 2.

3. X-ray structure analysis of compounds 37 and 40


To obtain representative structural data for molecular
modeling studies, monocrystals suitable for X-ray
structure analysis have been obtained for diazepinopur-
inedione 37 (purine 7) with R1 = CH3 and pyrimido-
purinedione 40 with R1 = C3H7.


The two molecules (Fig. 3) had a different third ring,
which was 7- or 6-membered. Consequently significant
difference in purine 7 and purine 6 tricycle planarity
was observed (Fig. 4). As corresponding difference
descriptor, total puckering amplitude Q52,53 has been
applied. The value for the 14-membered tricycle (group
7) in 37 is much higher (Q = 1.123(4) Å) than the one for
the 13-membered cycle (group 6, subgroup +6) in 40
with Q = 0.506(6) Å. It has been evident consequence
of various puckering amplitudes that Q for rings ann-
elated to purine, equaled 0.664(4) Å for 7-membered
in 37 and 0.452(6) Å for 6-membered one in 40.


Beside ring dimensions, both molecules belong to two
purine families with other aliphatic groups R1. The
CH3 groups in 37 are in purine plane. But in 40, both
extended propyl chains—like propellers—are situated
on opposite sides of the purine skeleton. Hence the last
atoms of both chains (C1B for chain at N1 and C3B for
chain at N3) are placed in a distance of—1.76(1) Å and
1.66(1) Å from the purine plane, respectively, for chains
at N1 and N3.


Both molecules contain an aromatic substituent at
N10 (and N9, respectively) in 37 and 40. The phenyl
ring is not coplanar with the tricycle (Table 3). That
aromatic ring has no rotational restriction and its po-
sition in the molecule depends on the close crystal
packing. It should be noted that sum of the valence
angles around N9 and/or N10 atoms (Table 3) indicat-
ed a not exactly planar hybridization of those atoms
in 37 and 40.

In this study, intramolecular interactions are of
particular interest (Fig. 3). Theoretically, for both
molecules only weak H-bond with C(sp3)–H as pro-
ton donors can be expected. However, only in the
crystal of 37 have the weak H-bonds been observed
(Table 3). The frequent H-bond nets in the crystal
of 40 are dominated by the presence of water mole-
cule (Table 3). Thus, beside the strong water–water
bond, O1W–H2W� � �O4 interaction was present. It
should be pointed out that this bond was formed
with O4. Probably, the second oxygen O2 was shield-
ed by two propyl chains. In the crystal of 37, acidic
carbon atoms are positioned as the exact neighbor-
hood of electron-withdrawing nitrogens N5 and
N10. In this crystal between C6–H6B� � �O4 an
intermolecular H-bond was found. It is a conse-
quence of C6 pushing out of the purine plane by
0.152(5) Å (the corresponding C6 in 40 deviates by
0.023(5) Å only). Also C9 has shown acidic character
and C9–H9B� � �O2 interaction was identified. In those
crystals, an additional weak H-bond of C15–
H15� � �O2 has been observed (Table 3).


The X-ray structure analysis results constituted the
starting point for subsequent modeling of the remaining
molecules from this study. Moreover, interpretations of
the crystal and molecular structures’ architecture will be
useful for the later pharmacophore model constructions.

4. Lipophilicity


Parameters of lipophilicity (log Kw) were determined
experimentally by HPLC method on hydrocarbon
silica (Inertsil) and immobilized artificial membrane
(IAM) columns. Moreover logP values were calculated
using the programs HyperChem54 and CAChe;55 logP
and the distribution coefficient logD and pKa values
were calculated with PALLAS 3.1.56 Calculated and
experimental parameters describing physicochemical
properties of the examined compounds are collected in
Table 4.

5. Pharmacology


All compounds were tested in vitro in radioligand bind-
ing assays for affinity to A1 and A2A ARs in rat cortical
membrane and rat striatal membrane preparations,
respectively. Selected compounds were further tested
for their affinity to human A1, A2A, A2B, and A3


receptors recombinantly expressed in CHO cells. As
A1 AR radioligand [3H]2-chloro-N6-cyclopentyladeno-
sine ([3H]CCPA)57 was used and as A2A radioligand
[3H]1-propargyl-3-(3-hydroxypropyl)-7-methyl-8-(m-
methoxystyryl)xanthine ([3H]MSX-2) was used.58.
[3H]4-(2-[7-amino-2-(2-furyl)-[1,2,4]-triazolo[2,3-a]1,3,5-
triazin-5-4-(amino)-ethyl)phenol ([3H]ZM241385) was
used as a radioligand in A2B binding studies59 and
[3H]2-phenyl-8-ethyl-4-methyl-(8R)-4,5,7,8-tetrahydro-
1H-imidazo[2,1-i]purine-5-one ([3H]PSB-11) was used as
A3 adenosine selective receptor ligand.16. The results are
presented in Tables 5 and 6. The standard antagonists







Table 1. Physical data and reaction conditions of 8-, 9-, 10-aryloimidazo-, pyrimido-, and diazepino[2,1-f]purinediones
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1 CH3 H 1 Ref.46


2 CH3 H3C 1 C16H17N5O2, 311.34 285–287 66 MeDigol 2 5 Methoxy-


ethanol


0.74a


3 CH3 Cl 1 C15H14N5O2Cl, 331.76 308–309 71 MeDigol 2 5 DMF 0.74b


4 CH3


H3CO


H3CO


1 C17H19N5O2, 357.36 240–242 58 MeDigol 2 5 Methoxy-


ethanol


0.85c


5 CH3 1 C19H17N5O2, 347.37 285–287 65 MeDigol 2 5 MeDigol 0.68b


6 CH3 HO 1 C15H15N5O3, 313.31 295–297 72 MeDigol 2 5 Methoxy-


ethanol


0.83a


7 CH3 F 1 C15H14N5O2F, 315.3 301–302 62 MeDigol 2 5 MeDigol 0.77d


8 CH3 O 1 C17H19N6O3, 341.36 257–258 74 MeDigol 2 5 Methoxy-


ethanol


0.74b


9 CH3
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1 C15H14N5O2Cl, 333.76 252–253 50 MeDigol2 5 Methoxy-


ethanol


0.69b
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10 CH3


OCH3
1 C16H17N5O3, 327.34 295–297 60 MeDigol2 5 Methoxy-


ethanol


0.68b


11 CH3 H 2 Ref. 46


12 CH3 2 Ref. 47


13 CH3 H3C 2 C17H19N5O2, 325.36 260–262 76 MeDigol2 5 Butanol 0.78e


14 CH3 Cl 2 C16H16N5O2Cl, 345.79 285–287 67 MeDigol 2 5 Butanol 0.78e


15 CH3


Cl
2 C16H16N5O2Cl, 345.79 264–267 64 23 10 Butanol 0.72e


16 CH3 HO 2 C16H17N5O3, 327.33 277–279 66 MeDigol 2 5 70% Propanol 0.75e


17 CH3 2 C20H19N5O2, 361.39 270–272 72 MeDigol 2 5 Butanol 0.79e


18 CH3


CH3


Cl
2 C17H18N5O2Cl, 359.81 239–241 35 MeDigol 2 10 Propanol 0.74e


19 CH3 H  COCHN3 2 C18H20N6O3, 368.38 316–318 43 MeDigol 2 10 Ethanol 0.42e


20 CH3 O 2 C18H21N5O3, 355.38 253–254 71 MeDigol 2 5 Butanol 0.73e


21 CH3


H3CO


H3CO


2 C18H21N5O4, 371.38 223–226 55 MeDigol 2 10 Butanol 0.73e


22 CH3


Cl
2 C16H16N5O2Cl, 345.78 270–271 62 MeDigol 2 5 Methoxyethanol 0.62e


23 CH3 F 2 C16H16N5O2F, 329.33 288–290 74 MeDigol 2 6 MeDigol 0.75f


(continued on next page)
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Table 1 (continued)


Compound R1 R2 n Molecular


formula, Mw


Mp


(�C)


Yield


(%)


Reaction medium


excess of amine


Reaction


time


Crystal


solvent


TLC Rf


eluent


24 CH3 H  COCO3 2 C18H19N5O4, 369.37 275–278 92 Acetyl anhydride 5 DMF 0.54f


25 CH3 H  CO3 2 C17H19N5O3, 341.36 239–240 82 MeDigol 2 10 MeDigol 0.73f


26 CH3 2 C18H21N5O2, 339.39 211–212 59 MeDigol 2 5 Butanol 0.49f


27 CH3 2 C19H23N5O2, 353.41 168–170 54 MeDigol 2 5 Ethanol 0.48f


28 CH3


F3C
2 C17H16N5O2F3, 379.34 210–212 70 EtDigol 2 10 Propanol 0.45f


29 CH3 C6H5O 2 C22H21N5O3, 403.43 218–219 75 MeDigol 2 7 Methoxyethanol


30 CH3


OCH3
2 C17H19N5O3, 341.36 61 MeDigol2 10 1 propanol 0.72d


31 CH3 H 3 Ref. 46


32 CH3 H3C 3 C18H21N5O2, 339.39 193–195 57 DMF 2 5 70% ethanol 0.72f


33 CH3 C6H5O 3 C23H23N5O3, 417.45 172–173 43 MeDigol 2 5 Methoxyethanol 0.71f
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34 CH3 C2H5O 3 C19H23N5O3, 369.40 167–169 59 DMF 2 5 Propanol 0.65f


35 CH3 HO 3 C17H19N5O3, 341.36 293–295 59 DMF 2 5 Methoxyethanol 0.40f


36 CH3 H3COCO 3 C19H21N5O4, 383.39 191–192 97 Acetyl anhydride 5 Propanol 0.63f


37 CH3 H3CO 3 C18H21N5O3, 335.39 174–176 97 MeDigol 2 5 70% ethanol 0.60f


38 CH3 F 3 C17H18N5O2F x H2O, 361,37 194-196 73 DMF 2 5 Propanol 0.68f


39 2 C24H27N5O2, 417,49 174-176 81 DMF 2 5 Ethanol 0.68f


40 Cl 2 C20H24N5O2Cl, 401,89 146-148 83 DMF 2 5 Ethanol 0.74f


MeDigol, diethylene glycol monomethyl ether.
a Butanol/butyl acetate/CHCl3—5:1:1+two drops of 25% NH3 (aq).
b Butanol/butyl acetate/CHCl3—5:1:1.
c Acetone/methanol/butyl acetate—1:1:1+two drops of 25% NH3 (aq).
d Butanol/ethyl acetate/CH2Cl2—5:3:2.
e Butanol/butyl acetate/CH2Cl2—5:3:2.
f Benzene/acetone—7:3.
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Table 2. Spectral data of 8-, 9-, 10- aryloimidazo-, pyrimidyno-, and diazepino[2,1-f]purinediones


Compound UV kmax, loge IR m cm�1 1H NMR d (ppm)


1 Ref. 46


2 317.5, 4.36 1702-CO (pos. 2), 1650-CO (pos. 4) CDCl3, 2.35 (s, 3H, CH3 phenyl), 3.41 (s, 3H,


N3CH3), 3.63 (s, 3H, N1CH3), 4.43 (s, 4H,


CH2CH2), 7.49 (d, 2H, J = 8.53 Hz, H2,6-phenyl),


7.24 (d, 2H, J = 7.18 Hz, H3,5-phenyl)


3 317.5, 4.30 1700-CO (pos. 2), 1660-CO (pos. 4) CDCl3, 3.42 (s, 3H, N3CH3), 3.62 (s, 3H, N1CH3),


4.46 (s, 4H, CH2CH2), 7.37 (d, 2H, J = 9.00 Hz,


H2,6-phenyl), 7.57 (d, 2H, J = 9.02 Hz, H3,5-


phenyl)


4 317.5, 4.38 1702-CO (pos. 2), 1660-CO (pos. 4) CDCl3, 3.40 (s, 3H, N3CH3), 3.58 (s, 3H, N1CH3),


3.83 (s, 6H, 2OCH3), 4.40 (s, 4H, CH2CH2), 6.19


(t, 1H, J = 2.08 Hz, H4-phenyl), 6.82 (d, 2H,


J = 2.11 Hz, H2,6-phenyl)


5 319.5, 4.20 1705-CO (pos. 2), 1670-CO (pos. 4) CDCl3, 3.43 (s, 3H, N3CH3), 3.66 (s, 3H, N1CH3),


4.48 (s, 4H, CH2CH2), 7.40–7.91 (2m, 6H,


naphthyl), 8.22 (dd, J = 2.31 Hz, 1H, H1-


naphthyl)


6 318.5, 4.31 3200–3450-OH, 1702-CO (pos. 2), 1620-CO (pos. 4) DMSO, 3.34 (s, 3H, N3CH3), 3.41 (s, 3H,


N1CH3), 4.28–4.38 (m, 4H, CH2CH2), 6.81 (d, 2H,


J = 8.9 Hz, 2H, H3,5-phenyl), 7.44 (d, J = 8.9 Hz,


H2,6-phenyl), 9.2 (s, 1H, OH)


7 316.0, 4.16 1699-CO (pos. 2), 1651-CO (pos. 4) CDCl3, 3.43 (s, 3H, N3CH3), 3.63 (s, 3H, N1CH3),


4.47 (s, 4H, CH2CH2), 7.11–7.17 (m, 2H, H3,5-


phenyl), 7.58–7.62 (m, 2H, H2,6-phenyl)


8 319.5, 4.33 1698-CO (pos. 2), 1640-CO (pos. 4) CDCl3, 1.42 (t, 3H, J = 6.57 Hz, OCH2CH3), 3.39


(s, 3H, N3CH3), 3.58 (s, 3H, N1CH3), 4.03 (q, 2H,


J = 6.97 Hz, OCH2CH3), 4.38 (s, 4H, CH2CH2),


6.92–6.96 (m, 2H, H3,5-phenyl), 7.27–7.51 (m,


2H, H2,6-phenyl)


9 318.5, 4.39 1699-CO (pos. 2), 1649-CO (pos. 4) DMSO, 3.17 (s, 3H, N3CH3), 3.42 (s, 3H,


N1CH3), 4.28–4.48 (m, 4H, CH2CH2), 7.04 (d, 1H,


J = 6.92 Hz, H6-phenyl), 7.39 (t, 1H, J = 8.21 Hz,


H5-phenyl), 7.54 (d, J = 8.46 Hz, 1 H, H4-


phenyl), 7.70 (s, 1H, H2-phenyl)


10 307.7, 4.31 1708-CO (pos. 2), 1659-CO (pos. 4) CDCl3, 3.40 (s, 3H, N3CH3), 3.51 (s, 3H, N1CH3),


3.87 (s, 3H, OCH3), 4.32–4.46 (m, 4H, CH2CH2),


6.96–7.04 (m, 2H, H3,5-phenyl), 7.21–7.27 (m,


1H, H4-phenyl), 7.63 (d, J = 7.75 Hz, 1H, H6-


phenyl)


11 Ref. 46


12 Ref. 47


13 306.5, 4.47 1701-CO (pos. 2), 1654-CO (pos. 4) DMSO, 2.23–2.40 (m, 5H, CH3 + CH2CH2CH2),


3.36 (s, 3H, N3CH3), 3.42 (s, 3H, N1CH3), 3.83 (t,


2H, J = 6.05 Hz, N9CH2), 4.36 (t, 2H,


J = 7.08 Hz, N5CH2), 7.35 (d, J = 7.52 Hz, 2H,


H3,5-phenyl), 7.7 (d, 2H, J = 7.48 Hz, H2,6-


phenyl)


14 306.0, 4.34 1703-CO (pos. 2), 1661-CO (pos. 4) DMSO, 2.29–2.38 (m, 2H, CH2CH2CH2), 3.37 (s,


3H, N3CH3), 3.45 (s, 3H, N1CH3), 3.83 (t, 2H,


J = 7.28 Hz, N9CH2), 4.36 (t, 2H, J = 6.52 Hz,


N5CH2), 7.27–7.45 (m, 4H, phenyl)


15 300.5, 4.42 1704-CO (pos. 2), 1653-CO (pos. 4) CDCl3, 2.28–2.37 (m, 2H, CH2CH2CH2), 3.37 (s,


3H, N3CH3), 3.38 (s, 3H, N1CH3), 3.72–3.73 (m,


2H, N9CH2), 4.35–4.42 (m, 2H, N5CH2), 7.27–


7.50 (m, 4H, phenyl)


16 304.0, 4.25 3579–3402-OH, 1695-CO (pos. 2), 1644-CO (pos. 4) DMSO, 2.10–2.30 (m, 2H, CH2CH2CH2), 3.12 (s,


3H, N3CH3), 3.18 (s, 3H, N1CH3), 3.65–3.70 (m,


2H, N9CH2), 4.13 (t, 2H, J = 5.6 Hz, N5CH2),


6.77 (d, 2H, J = 9.75 Hz, 2H, H3,5-phenyl), 7.24


(d, 2H, J = 8.75 Hz, H2,6-phenyl), 9.44 (s, 1H,


OH)


17 310.0, 4.38 1658-CO (pos. 2), 1653-CO (pos. 4) CDCl3, 2.30–2.42 (m, 2H, CH2CH2CH2), 3.39 (s,


3H, N3CH3), 3.45 (s, 3H, N1CH3), 3.97 (t, 2H,


J = 5.59 Hz, N9CH2), 4.41 (t, 2H, J = 6.13 Hz,


N5CH2), 7.44–7.80 (2m, 7H, naphthyl)


(continued on next page)


7266 A. Drabczyńska et al. / Bioorg. Med. Chem. 14 (2006) 7258–7281







Table 2 (continued)


Compound UV kmax, loge IR m cm�1 1H NMR d (ppm)


18 301.0, 4.30 1699-CO (pos. 2), 1657-CO (pos. 4) CDCl3, 2.22 (s, 3H, CH3), 2.26–2.38 (m, 2H,


CH2CH2CH3), 3.37 (s, 3H, N3CH3), 3.38 (s, 3H,


N1CH3), 3.65 (s, 2H, N9CH2), 4.39 (s, 2H,


N5CH2), 7.19–7.30 (m, 3H, phenyl)


19 308.0, 4.41 3297-NH, 1696-CO (pos. 2), 1659-CO (pos. 4) DMSO, 2.04 (s, 3H, CH3), 2.18–2.41 (m, 2H,


CH2CH2CH2), 3.19 (s, 3H, N3CH3), 3.27 (s, 3H,


N1CH3), 3.77 (t, 2H, J = 5.28 Hz, N9CH2), 4.20 (t,


2H, J = 5.84 Hz, N5CH2), 7.41 (d, 2H,


J = 8.97 Hz, H2,6-phenyl), 7.57 (d, 2H,


J = 8.98 Hz, H3,5-phenyl), 9.96 (s, 1H, NH)


20 305.0, 4.29 1698-CO (pos. 2), 1660-CO (pos. 4) CDCl3, 1.42 (t, 3 H, J = 6.97 Hz, CH3CH2), 2.27–


2.35 (m, 2H, CH2CH2CH2), 3.37 (s, 3H, N3CH3),


3.43 (s, 3H, N1CH3), 3.79 (t, 2H, J = 5.57 Hz,


N9CH2), 3.99–4.11 (q, 2H, J = 7.00 Hz, CH2CH3),


4.35 (t, 2H, J = 6.08 Hz, N5CH2), 6.89–6.95 (m,


2H, H3,5-phenyl), 7.28–7.36 (m, 2H, H2,6-phenyl)


21 304.0, 4.37 1687-CO (pos. 2), 1653-CO (pos. 4) CDCl3, 2.24–2.36 (m, 2H, CH2CH2CH2), 3.37 (s,


3H, N3CH3), 3.47 (s, 3H, N1CH3), 3.80–3.87 (m,


8H, 2OCH3 + N9CH2), 4.35 (t, 2H, J = 6.08 Hz,


N5CH2), 6.30 (t, 1H, J = 2.18 Hz, H4-phenyl),


6.70 (d, 2H, J = 2.19 Hz, H2,6-phenyl)


22 305.0, 4.34 1704-CO (pos. 2), 1652-CO (pos. 4) CDCl3, 2.28–2.37 (m, 2H, CH2CH2CH2), 3.38 (s,


3H, N3CH3), 3.49 (s, 3H, N1CH3), 3.85 (t, 2H,


J = 5.63 Hz, N9CH2), 4.37 (t, 2H, J = 6.26 Hz,


N5CH2), (m, 4H, phenyl)


23 303.0, 4.31 1703-CO (pos. 2), 1664-CO (pos. 4) CDCl3, 2.28–2.36 (m, 2H, CH2CH2CH2), 3.38 (s,


3H, N3CH3), 3.44 (s, 2H, N1CH3), 3.82 (t, 2H,


J = 5.64 Hz, N9CH2), 4.37 (t, 2H, J = 6.16 Hz,


N5CH2), 7.04–7.12 (m, 2H, H3,5-phenyl), 7.23–


7.44 (m, 2H, H2,6-phenyl)


24 305.0, 4.32 1701-CO (pos. 2), 1664-CO (pos. 4) CDCl3, 2.32–2.42 (m, 5H, COCH3 +


CH2CH2CH2), 3.39 (s, 3H, N3CH3), 3.46 (s, 3H,


N1CH3), 3.85 (t, 2H, J = 5.57 Hz, N9CH2), 4.37 (t,


2H, J = 6.09 Hz, N5CH2), 7.09–7.13 (m, 2H,


H3,5-phenyl), 7.47–7,54 (m, 2H, H2,6-phenyl)


25 303.0, 4.33 1703-CO (pos. 2), 1661-CO (pos. 4) CDCl3, 2.26–2.34 (m, 2H, CH2CH2CH2), 3.38 (s,


3H, N3CH3), 3.44 (s, 3H, N1CH3), 3.79 (t, 2H,


J = 5.56 Hz, N9CH2), 3.83 (s, 3H, OCH3), 6.90–


6.95 (m, 2H, H3,5-phenyl), 7.26–7.36 (m, 2H,


H2,6-phenyl)


26 306.0, 4.35 1698-CO (pos. 2), 1653-CO (pos. 4) CDCl3, 1.25 (t, 3H, J = 7.56 Hz, CH2CH3), 2.25–


2.33 (m, 2H, CH2CH2CH2), 2.65 (q, 2H,


J = 7.55 Hz, CH2CH3), 3.36 (s, 3H, N3CH3), 3.44


(s, 3H, N1CH3), 3.83 (t, 2H, J = 5.49 Hz, N9CH2),


4.34 (t, 2H, J = 6.04 Hz, N5CH2), 7.21 (d, 2H,


J = 8.5 Hz, H2,6-phenyl), 7.36 (d, 2H, J = 8.5 Hz,


H3,5-phenyl)


27 303.0, 4.34 1703-CO (pos. 2), 1658-CO (pos. 4) CDCl3, 1.26 (d, 6H, J = 6.87 Hz, 2CH3), 2.20–2.38


(m, 2H, CH2CH2CH2), 2.80–3.00 (m, 1H,


CH(CH3)2), 3.37 (s, 3H, N3CH3), 3.45 (s, 3H,


N1CH3), 3.83 (t, 2H, N9CH2), 4.35 (t, 2H,


N5CH2), 7.23 (d, 2H, J = 8.5 Hz, H3,5-phenyl),


7.37 (d, 2H, J = 8.5 Hz, H2,6-phenyl)


28 305.0, 4.30 1698-CO (pos. 2), 1661-CO (pos. 4) CDCl3, 2.16–2.39 (m, 2H, CH2CH2CH2), 3.38 (s,


3H, N3CH3), 3.46 (s, 3H, N1CH3), 3.90 (t, 2H,


J = 5.49 Hz, N9CH2), 4.39 (t, 2H, J = 6.04 Hz,


N5CH2), 7.41 (d, 1H, J = 7.69 Hz, H6-phenyl),


7.50 (t, 1H, J = 8.14 Hz, H5-phenyl), 7.70 (d, 1H,


J = 7.97 Hz, H4-phenyl), 7.81 (s, 1H,H2-phenyl)


29 308.0, 4.34 1708-CO (pos. 2), 1651-CO (pos. 4) CDCl3, 2.27–2.33 (m, 2H, CH2CH2CH2), 3.36 (s,


3H, N3CH3), 3.44 (s, 3H, N1CH3), 3.83 (t, 2H,


J = 5.56 Hz, N9CH2), 4.35 (t, 2H, J = 6.07 Hz,


N5CH2), 6.00–7.14 (m, 5H, OC6H5), 7.27–7.44 (m,


4H, phenyl)


(continued on next page)
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Table 2 (continued)


Compound UV kmax, loge IR m cm�1 1H NMR d (ppm)


30 302.0, 4.32 1695-CO (pos. 2), 1661-CO (pos. 4) CDCl3, 2.22–2.33 (m, 2H, CH2CH2CH2), 3.37 (s,


6H, N3CH3 + N1CH3), 3.68 (t, 2H, J = 5.88 Hz,


N9CH2), 3.82 (s, 3H, OCH3), 4.36 (t, 2H,


J = 6.05 Hz, N5CH2), 6.96–7.05 (m, 2H, H4,5-


phenyl), 7.27–7.37 (m, 2H, H3,6-phenyl)


31 Ref. 46


32 308.0, 4.38 1701-CO (pos. 2), 1646-CO (pos. 4) CDCl3, 1.96 (s, 4H, (CH2)2), 2.32 (s, 3H, CH3),


3.39 (s, 3H, N3CH3), 3.44 (s, 3H, N1CH3), 3.76 (br


s, 2H, N10CH2), 4.48 (br s, 2H, N5CH2), 7.01 (d,


2H, J = 6.5 Hz, H3,5-phenyl), 7.11 (d, 2H,


J = 6.0 Hz, H2,6-phenyl)


33 307.0, 4.40 1700-CO (pos. 2), 1644-CO (pos. 4) CDCl3, 1.98 (br s, 4H, (CH2)2), 3.40 (s, 3H,


N3CH3), 3.46 (s, 3H, N1CH3), 3.77 (br s, 2H,


N10CH2), 4.32 (br s, 2H, N5CH2), 6.96–7.03 (m,


2H, H3,5-phenyl), 7.10–7.16 (m, 2H, H2,6-


phenyl), 7.26–7.37 (m, 5H, OC6H5)


34 304.0, 4.40 1702-CO (pos. 2), 1644-CO (pos. 4) CDCl3, 1.41 (t, 3H, J = 6.9 Hz, CH2CH3), 1.97–


1.98 (br s, 4H, (CH2)2), 3.38 (s, 3H, N3CH3), 3.41


(s, 3H, N1CH3), 3.73 (br s, 3H, N10CH2), 3.82 (q,


2H, J = 6.9 Hz, CH2CH3), 4.48 (br s, 2H,


N5CH2), 6.84–6.88 (m, 2H, H3,5-phenyl), 7.09–


7.10 (m, 2H, H2,6-phenyl)


35 307.0, 4.37 3414 -OH, 1699-CO (pos. 2), 1647-CO (pos. 4) CDCl3, 1.96 (s, 4H, (CH2)2), 3.20 (s, 3H, N3CH3),


3.36 (s, 3H, N1CH3), 3.69 (br s, 2H, N10CH2), 4.35


(br s, 2H, N5CH2), 6.72 (d, 2H, J = 6.8 Hz, H3,5-


phenyl), 7.07 (d, 2H, J = 6.8 Hz, H2,6-phenyl),


9.34 (s, 1H, OH)


36 307.0, 4.39 1764-OCOCH3, 1702-CO (pos. 2), 1644-CO (pos. 4) DMSO, 1.95 (s, 4H, (CH2)2), 2.27 (s, 3H,


COCH3), 3.38 (s, 3H, N3CH3), 3.44 (s, 3H,


N1CH3), 3.75 (br s, 2H, N10CH2), 4.43 (br s, 2H,


N5CH2), 6.99 (d, 2H, J = 8.9 Hz, H3,5-phenyl),


7.15 (d, 2H, J = 8.5 Hz, H2,6-phenyl)


37 309.0, 4.40 1700-CO (pos. 2), 1644-CO (pos. 4) CDCl3, 1.96–1.99 (m, 4H, (CH2)2), 3.39 (s, 3H,


N3CH3), 3.42 (s, 3H, N1CH3), 3,73 (t, 2H,


J = 6.9 Hz, N10CH2), 3,81 (s, 3H, OCH3), 4.50 (t,


2H, J = 5.5 Hz, N5CH2), 6.84–6.91 (m, 2H, H3,5-


phenyl), 7.1–7.16 (m, 2H, H2,6-phenyl)


38 303.0, 4.28 3433-OH, 1701-CO (pos. 2), 1646-CO (pos. 4) CDCl3, 1.81–1.98 (m, 4H, (CH2)2), 3.39 (s, 3H,


N3CH3), 3,44 (s, 3H, N1CH3), 3,75 (t, 3H,


J = 6.0 Hz, N10CH2), 4.51 (t, 2H, J = 6.5 Hz,


N5CH2), 6.93–7.07 (m, 2H, H3,5-phenyl), 7.1–7.18


(m, 2H, H2,6-phenyl)


39 311.0, 4.40 1693-CO (pos. 2), 1651-CO (pos. 4) CDCl3, 0.90–0.99 (m, 6H, 2CH3CH2CH2), 1.63–


1.78 (m, 4H, 2CH3CH2CH2), 2.32–2.40 (m, 2H,


N5CH2CH2CH2N9), 3.92–3.99 (m, 6H,


2CH2CH2CH3 + N9CH2), 4.41 (t, 2H,


J = 6.05 Hz, N5CH2), 7.42–7.86 (m, 7H, naphthyl)


40 308.5, 4.38 1696-CO (pos. 2), 1655-CO (pos. 4) CDCl3, 0.89–0.97 (m, 6H, 2CH3CH2CH2), 1.60–


1.79 (m, 4H, 2CH3CH2CH2), 2.27–2.35 (m, 2H,


N5CH2CH2CH2N9), 3.82 (t, 2H, N9CH2), 3.81–


3.96 (m, 4H, 2CH2CH2CH3), 4.36 (t, 2H,


J = 6.05 Hz, N5CH2), 7.32–7.43 (m, 4H, phenyl)
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caffeine (non-selective) and KW-6002 (A2A-selective)
were included for comparison. Sodium chloride shift
experiments60 were performed for one of the most po-
tent and A2A-selective compounds of the present series
in order to investigate whether the N-phenyl-substituted
tricyclic xanthine derivatives are antagonists or agonists
at the A2A ARs (see Fig. 5).


Compounds were evaluated in vivo as anticonvulsants
by the Antiepileptic Drug Development Program

(ADD) of the National Institute of Neurological Disor-
ders and Stroke NINDS according to the Antiepileptic
Screening Project (ASP).62–64 Phase I of the evaluation
included three tests: maximal electroshock (MES), sub-
cutaneous pentylenetetrazol (scMet), and the rotorod
test for neurological toxicity (TOX) performed on mice.
The MES assay has predictive value for agents of ther-
apeutic potential in the management of grand mal epi-
lepsy, whereas the scMet test is for those likely to be
effective against petit mal.62–64 For some compounds,







37 40 


Figure 3. ORTEP drawing of 37 and 40 with H-bonds arrangement.


Figure 4. Superimposition of tricycle moieties in 37 (solid lines) and in 40 (dotted lines).


Table 3. Selected geometrical data from 37 and 40 molecules


(a) Molecules geometry


37 40


Dihedral angle tricycle/phenyl (�) 74.9(4) 99.0(4)


C9–N10 (C8–N9)–C11–C12 (�) 66.7(4) 56.4(4)P
angles at N10 (N9) (�) 356.2 358.1


Total puckering amplitude for tricycle Q (Å) 1.123(4) 0.506(6)


(b) H-bonds in the crystals


D–H� � �A Sym. code D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (�)


37 C5—H5B� � � O4 1.03 2.42 3.171(5) 129


C8–H8B� � � O2 �x, 1 � y, �z 1.16 2.41 3.377(5) 139


C15–H15 � � � O2 1/2 � x, 1/2 � y, �z 1.09 2.17 3.153(4) 150


40 O1W–H1W� � �O1W �x, 1 � y, 1 � z 0.84 2.16 2.782(7) 131


O1W–H2W� � �O4 0.91 2.17 2.938(7) 142
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namely 14, 15, 17, and 18, the TTE (threshold tonic
extension) test was performed. The TTE test is clinically
nonselective electroconvulsive seizure model similar to
the MES screen but used at a lower level of electric
current. It identifies compounds that raise the seizure
threshold as well as those that prevent seizure

spread.62–64 The results of phase I tests are summarized
in Table 7.


Compound 17 was also administered orally to rats and
examined in the MES and TOX tests The results are pre-
sented in Table 8.







Table 4. Calculated and experimental parameters of lipophilicity of 8-, 9-, 10- aryloimidazo-, pyrimidyno-, and diazepino[2,1-f]purinediones


Compound pKa logP logP logP logD (pH 7.0) logD (pH 7.4) logKw logKw


PALLAS HyperChem CAChe PALLAS PALLAS PALLAS IAM Inertsil


1 7.41 �0.73 �0.50 �1.01 �1.55 �1.31 0.007 0.337


2 7.27 1.81 1.89 1.41 0.96 1.17 1.649 2.459


3 6.60 1.86 1.94 1.70 1.56 1.64 1.829 2.698


4 6.83 0.84 0.92 1.08 0.86 0.97 1.603 2.345


5 7.13 2.34 2.43 2.20 1.83 2.01 2.054 2.858


6 6.97 1.06 1.14 0.43 0.14 0.28 1.222 0.815


7 6.64 1.48 1.56 1.13 0.97 1.06 1.617 2.188


8 7.02 1.43 1.51 1.39 1.09 1.24 1.609 2.442


9 6.60 1.86 1.94 1.76 1.62 1.70


10 7.01 1.09 1.17 0.94 0.64 0.79 1.001 1.649


11 7.24 �0.67 0.08 �0.50 �0.93 �0.72 0.375 0.251


12 7.04 1.39 2.01 1.49 1.17 1.33 0.714 1.333


13 7.13 1.86 2.47 1.92 1.55 1.73 1.356 2.222


14 6.46 1.91 2.53 2.21 2.10 2.17 1.408 1.945


15 6.46 1.91 2.53 2.20 2.09 2.15 1.177 1.435


16 6.84 1.11 1.72 0.94 0.71 0.83 0.647 0.717


17 7.00 2.40 3.52 2.71 2.41 2.56 1.989 2.177


18 6.55 2.38 2.99 2.80 2.67 2.74 1.573 1.975


19 7.10 0.24 0.86 0.48 0.13 0.31 0.456 0.610


20 6.88 1.48 2.10 1.90 1.66 1.79 1.355 2.238


21 6.69 0.89 1.50 1.59 1.42 1.51 1.210 1.683


22 6.46 1.91 2.53 2.27 2.16 2.22 1.793 2.466


23 6.50 1.53 2.15 1.64 1.52 1.59 1.217 1.471


24 6.43 0.89 1.51 1.03 0.93 0.99 0.816 1.297


25 6.87 1.14 1.75 1.44 1.21 1.33 1.223 1.333


26 7.15 2.26 2.87 2.46 2.08 2.27 1.595 2.160


27 7.15 2.59 3.20 2.78 2.40 2.59 1.928 2.474


28 6.2 2.28 2.89 2.70 2.62 2.67 1.879 2.244


29 6.65 2.82 3.44 3.17 3.01 3.10


30 6.87 1.14 1.75 1.45 1.21 1.31


31 8.09 1.85 0.53 0.01 �1.11 �0.75 0.237 0.420


32 7.99 2.31 2.93 2.43 1.41 1.75 1.367 2.018


33 7.50 3.27 3.89 3.68 3.07 3.33 2.333 3.728


34 7.73 1.94 2.55 2.41 1.61 1.92 1.234 2.039


35 7.69 1.56 2.17 1.45 0.67 0.96 0.894 1.235


36 7.28 1.34 1.96 1.54 1.08 1.30 1.029 2.016


37 7.72 1.59 2.21 1.95 1.16 1.46


38 7.36 1.98 2.60 2.15 1.64 1.79 1.094 1.769


39 6.95 4.02 4.63 4.65 4.37 4.52 2.898 3.365


40 6.40 3.53 4.15 4.16 4.06 4.11 2.651 3.116
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6. Results of biological studies


6.1. In vitro tests


The results of the binding assays toward rat adenosine
A1 and A2A receptors (Table 5) exhibited that 1,3-di-
methyl-arylimidazo-, pyrimido-, and 1,3-diazepinopur-
inediones showed affinity preferably for A2A receptors.
The size of annelated ring had a profound effect on
the affinity. The graph shown in Figure 6 illustrates
the A2A affinity for selected groups of compounds
(Ki < 25 lM). As it is visible (Fig. 6), a pyrimidine ring
was beneficial for high A2A affinity. Decrease to 5-mem-
bered (compounds 1–10) or enlargement to 7-membered
rings (compounds 31–38) led to the reduction in adeno-
sine receptor affinity in the following order: pyrimi-
dine > diazepine > imidazole. Introduction of an aryl
ring to the annelated system caused an increase in the
affinity in comparison with unsubstituted derivatives
(1, 11, 31). Among unsubstituted compounds, only

pyrimidine derivative (11) exhibited affinity to A2A


adenosine receptor in the low micromolar range. Intro-
duction of a substituent in the p-position of the phenyl
ring had profitable effect on affinity (14, 16, 23, 25—py-
rimidine group; 35, 37—diazepines) and even in imi-
dazopurinediones (6 and 7). The rank order of potency
according to the nature of the substituent was as
follows:


F > Cl > OCH3 > OH > ethyl > isopropyl > OCOCH3 >
NHCOCH3 > OC2H5. Compounds with a p-OH even in
imidazo (6) and diazepine (35) derivatives had good
affinity. Acetylation of OH decreased affinity: compare
hydroxyl compounds 16 (Ki = 1.62 lM) and 35
(Ki = 1.60 lM) with their acetyl derivatives 24
(Ki = 3.12 lM) and 36 (Ki > 25 lM).


The best A2A ligand was compound 23 with p-fluoro
substituent (Ki = 0.147 lM and 170-fold A2A selectivi-
ty). Submicromolar affinity was also shown by the







Table 5. Adenosine A1 and A2A receptor affinities of N-aryl-substituted imidazo-, pyrimido- and diazepino[2,1-f]purinediones in comparison with the


standard compounds caffeine and KW-6002


N


N
N


N
(CH2)n


N


O
R


O


R
R1


1


2


Compound R1 R2 n A1
a versus [3H]CCPA A2A


a versus [3H]MSX-2 A2A selectivity A1/A2A


% inhibition


± SEM at


25 lMb


Ki ± SEM


(lM)


% inhibition ±


SEM at 25 lMb


Ki ± SEM


(lM)


Caffeine — I: R = CH3 (fig. 1) — n.d.c 18.8 ± 5.6 n.d.c 32.5 ± 8.0 —


KW-6002 — Figure 1 — n.d.c 0.230 ± 0.030 n.d.c 0.00515 ± 0.00025


Imidazo[2,1-f]purinediones


1 CH3 H 1 12 ± 4 >25 45 ± 2 P25 —


2 CH3 H3C 1 0 (2.5 lM) P2.5 0 (2.5 lM) P2.5 —


3 CH3 Cl 1 3 ± 3 (2.5 lM) P2.5 58 ± 6 (2.5 lM)


4 CH3


H3CO


H3CO


1 0 (2.5 lM) P2.5 11 ± 0 (2.5 lM) >2.5 —


5 CH3 1 0 P25 0 P25 —


6 CH3 HO 1 12 ± 4 >25 73 ± 3 2.33 ± 0.15 >11


7 CH3 F 1 19 ± 4 >25 55 ± 3 5.25 ± 1.06 >5


8 CH3 O 1 5 ± 4 (2.5 lM) >2.5 31 ± 8 (2.5 lM) >2.5 —


9 CH3


Cl
1 55 ± 4 (10 lM) 1.28 ± 0.38 57 ± 4 5.74 ± 1.23 4.5


10 CH3


OCH 3
1 49 ± 4 (10 lM) 1.67 ± 0.24 59 ± 1 (10 lM) 6.05 ± 0.38 0.3


Pyrimido[2,1-f]purinediones


11 CH3 H 2 30 ± 3 >25 84 ± 7 5.22 ± 0.90 >4.8


12 CH3 2 20 ± 1 >25 78 ± 4 3.52 ± 1.20 >7


13 CH3 H3C 2 3 ± 1 >25 16 ± 6 >25 —


14 CH3 Cl 2 47 ± 1 >25 88 ± 5 1.12 ± 0.43 >22


15 CH3


Cl
2 37 ± 2 >25 94 ± 3 2.35 ± 0.62 >11


(continued on next page)
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Table 5 (continued)


Compound R1 R2 n A1
a versus [3H]CCPA A2A


a versus [3H]MSX-2 A2A selectivity A1/A2A


% inhibition


± SEM at


25 lMb


Ki ± SEM


(lM)


% inhibition ±


SEM at 25 lMb


Ki ± SEM


(lM)


16 CH3 HO 2 42d 35.0 ± 2.0 96d 1.62 ± 0.31 22


17 CH3 2 30 ± 1 P25 99d 0.219 ± 0.007 P114


18 CH3


CH3


Cl
2 23 ± 7 >25 89 ± 7 2.94 ± 0.13 >9


19 CH3 H  COCHN3 2 38 ± 2 P25 88 ± 4 3.82 ± 0.15 P7


20 CH3 O 2 0 P25 32 ± 3 >25 —


21 CH3


H3CO


H3CO


2 52d 8.01 ± 0.84 94d 2.84 ± 0.17 2.8


22 CH3


Cl
2 21 ± 11 >25 18 ± 8 >25


23 CH3 F 2 11 ± 1 >25 75 ± 8 0.147 ± 0.020 >170


24 CH3 H  COCO3 2 23 ± 1 >25 85 ± 4 3.12 ± 1.1 >8


25 CH3 H3CO 2 29 ± 3 >25 94 ± 6 0.998 ± 0.7 >25


26 CH3 2 39 ± 3 P25 90 ± 10 1.46 ± 0.24 P17


27 CH3 2 35 ± 2 >25 91 ± 7 1.75 ± 0.02 >14


28 CH3


F3C
2 50 ± 4 >25 76 ± 1 2.66 ± 0.76 >9


29 CH3 C6H5O 2 15 ± 10 (10 lM) 19.1 ± 0.3 102 ± 0 (10 lM) 0.299 ± 0.074 64


30 CH3


OCH3


2 17 ± 5 >25 45 ± 6 P25 —


Diazepino[2,1-f]purinediones


31 CH3 H 3 33 ± 3 P25 38 ± 9 P25 —


32 CH3 H3C 3 40 ± 2 P25 80 ± 3 4.16 ± .48 P6


33 CH3 C6H5O 3 7 ± 2 >25 44 ± 1 P25 —


(continued on next page)


7272 A. Drabczyńska et al. / Bioorg. Med. Chem. 14 (2006) 7258–7281







Table 5 (continued)


Compound R1 R2 n A1
a versus [3H]CCPA A2A


a versus [3H]MSX-2 A2A selectivity A1/A2A


% inhibition


± SEM at


25 lMb


Ki ± SEM


(lM)


% inhibition ±


SEM at 25 lMb


Ki ± SEM


(lM)


34 CH3 C2H5O 3 25 ± 4 >25 80 ± 5 6.23 ± 2.18 >4


35 CH3 HO 3 30 ± 5 >25 59 ± 8 1.60 ± 0.02 >6


36 CH3 H  COCO3 3 15 ± 6 >25 55 ± 7 22.3 ± 1.9 —


37 CH3 H3CO 3 26 ± 1 >25 83 ± 4 3.29 ± 0.40 >8


38 CH3 F 3 28 ± 3 >25 84 ± 2 8.72 ± 2.62 >3


39 2 62 ± 4 1.29 ± 0.32 97 ± 1 0.398 ± 0.111 3.2


40 Cl 2 85 ± 2 0.36 ± 0.06 85 ± 1 0.376 ± 0.095 1


a Results are from at least three independent experiments performed in triplicate.
b In some cases the highest concentration used was 2.5 or 10 lM (as indicated) due to limited solubility of the compound.
c n.d., not determined.
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2-naphthyl derivative 17 (Ki = 0.219 lM and 114-fold
A2A selectivity). Replacement of the methyl substituents
in the purinedione system by propyl (compounds 39 and
40) improved affinity to both receptor subtypes but re-
duced selectivity (see Table 5). Affinity to the human
A2A receptor of compound 23 was found to be some-
what lower as compared to the rat receptor (see Table
6). Some compounds, namely 11, 17, and 23, showed
affinity to the human A2B receptor inhibiting radioli-
gand binding by about 50% at the concentration of
10 lM but significantly lower affinity to the human A1


receptor (about 10–20% inhibition at 10 lM). The affin-
ity to the human A3 receptor of the dipropyl derivatives
(39 and 40) was very weak (see Table 6). The most po-
tent A2A-selective ligand of the present series was inves-
tigated for its functional properties using a sodium
chloride shift assay. while the curve for the agonist
NECA was significantly shifted to the right in the pres-
ence of 100 mM of sodium chloride, the curve for 17 was
slightly, but not significantly, shifted to the left. This
clearly indicated that 17 acts as an antagonist at A2A


receptors (Fig. 5).


6.2. In vivo tests


Unsubstituted imidazo-, pyrimido-, and diazepinopur-
inediones did not show protective activity in both elec-
tric and chemical seizures (Table 7). Introduction of
an aryl substituent at the nitrogen atom of the ann-
elated ring resulted in anticonvulsant activity. The size

of the annelated ring, the character and the position
of the substituent at the aryl ring seemed to have a
significant influence on the profile and strength of
the anticonvulsant activity. Among the imidazo- and
diazepino-purinediones, only compounds 8, 9, 35,
and 37 showed anticonvulsant activity in chemical
seizures at the high dose of 300 mg/kg. Among pyrim-
idopurinediones significantly more compounds showed
protective activity in both tests (compounds 13, 14,
16, and 20) or scMet test (compounds 23, 26, 28,
and 30). Para-substitution and electron-withdrawing
substituents (CH3, Cl, OH, F, and C2H5) were benefi-
cial for anticonvulsant activity. Practically all investi-
gated substances showed neurotoxicity in short
(0.5 h) and long (4 h) time tests. All TTE tests were
negative. Only compound 17 (completely inactive in
MES and scMet tests) showed activity in TTE test
after 0.25, 1, 2, and 4 h (Table 8). Compound 17
was also administered orally to rats showing protec-
tion in MES test in 0.25, 1, 2, and 4 h time at a dose
of 30 mg/kg with no symptoms of neurotoxicity.


Contrary to our previous work44 on oxazolo[2,3-f]purin-
ediones a coincidence of adenosine A2A affinity and anti-
convulsant activity of pyrimido[2,1-f]purinediones was
observed. Very recent work65 discussing relationship be-
tween anticonvulsant effects and adenosine receptor
activity indicated proconvulsant effects of adenosine
antagonists especially for xanthines which are able to
cross blood–brain-barrier. Moreover, anticonvulsant







Table 6. Affinities of selected compounds and standard antagonists at human adenosine A1, A2A, A2B and A3 receptors recombinantly expressed in


Chinese hamster ovary cells


Compound A1 A2A A2B A3


Ki ± SEMa (lM)


versus [3H]CCPA


Ki ± SEMa (lM)


versus [3H]MSX-2


Ki ± SEMb (lM)


versus [3H]ZM-241385


Ki ± SEMb (lM)


versus [3H]PSB-11


Caffeine 44.9 ± 6.2 23.4 ± 7.1 20.5 ± 2.2c n.d.e


KW-6002 2.07 ± 0.43 0.0908 ± 0.0228 n.d.e 4.47 ± 4.06


11 8.88 ± 0.72 19.3 ± 0.8 �10 (49%)d >10 (10%)d


17 26.8 ± 1.2 2.87 ± 1.0 �10 (61%)d >10 (10%)d


23 16.7 ± 1.7 1.88 ± 0.93 �10 (47%)d >10 (19%)d


39 15.2 ± 2.4 1.39 ± 0.34 n.d.e >10 (11%)d


40 12.2 ± 0.5 1.68 ± 0.34 n.d.e >10 (7%)d


a Determined in at least three separate experiments each in triplicate.
b Determined in at least two separate experiments each in triplicate.
c Versus [3H]PSB-298 as A2B radioligand.61


d Percent inhibition of radioligand binding at 10 lM.
e n.d., not determined.
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Figure 5. Radioligand binding curves of the agonist N-ethylcarboxamidoadenosine (NECA) and pyrimidopurine derivative 17 at adenosine A2A


receptors of rat brain striatal membrane preparations in the absence and in the presence of NaCl (100 mM).
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effects were associated with adenosine A1 receptor ago-
nists, but not with A2A agonists or antagonists. Taking
the above into account, the displayed activity of the
compounds investigated in this study and their correla-
tion is not clear.

7. Physicochemical properties and SRRs studies


Experimental descriptors of lipophilicity (logKw) were
determined for 36 compounds by HPLC on hydrocar-
bon silica (Inertstil) and additionally by immobilized
artificial membrane (IAM) columns (four compounds,
i.e., 9, 29, 30, and 37, devoid of ARs affinity, were not
considered). Independently, theoretical descriptors of
lipophilicity have been calculated for all compounds
by means of the programs HyperChem, CAChe, and
PALLAS (Table 4). Having the numbers of lipophilic-
ity descriptors, it was interesting to compare calculat-
ed with experimental ones. First the relation between
both experimental values was inspected. It was estab-
lished that the experimental values of logKws (Inertsil
and IAM) were not higher than 3.8 and the values of
logKw (Inertsil) were generally higher than log Kw


(IAM) ones (with only two exceptions—compounds
6 and 11). The relationship between experimental
values was linear. Moreover, good correlation between

both experimental data sets was observed in the fol-
lowing equation:


log KwðInertsil�Þ ¼ 1:22 log KwðIAMÞ þ 0:22


n ¼ ð36Þ; r2 ¼ 0:90


Subsequently the calculated lipophilicity descriptors
have been taken into a consideration. The values of
logP calculated by means of available programs have
approached value of 4.7. This means that calculated
lipophilicity descriptors are significantly higher than
experimental ones (this tendency is observed for the
majority of the calculated values, lower values were ob-
served mainly for imidazo derivatives). The relation-
ships of both logKw to all logP have shown linear
character (Fig. 7). Correlation coefficients r2s are in
the range of 0.59–0.72, a better correlation was noticed
for logKw (IAM) (in the narrower range 0.68–0.72) than
for logKw (Inertsil: in the range 0.59–0.69). The best
correlation was observed for logP(Pallas) = f[log Kw


(IAM)], the worst for logP(CAChe) = f[log Kw (Inert-
sil)]. Presented reasoning indicates that lipophilicity
descriptor logP calculated by means of Pallas program
provides the best fit with experimental data in this group
of compounds. It was also noticed that all programs
do not differentiate the logP values calculated for







Table 7. Anticonvulsant activity and neurotoxicity of arylimidazo, pyrimido, 1,3-diazepino [2,1-f]purinediones


Compounda MESb,c ScMetb,c Toxicityb,c ASP classd


0.5 h 4 h 0.5 h 4 h 0.5 h 4 h


1 300 (3/4) 300e (1/1) 3


4 300 (1/4) 300 (1/2) 3


7 100 (2/8)


3


300 (1/4)


8 300 (3/5) 2


9 300 (1/5) 100 (1/4) 2


10 100 (1/8) 3


300 (1/4)


13 100 (1/3) f,g 100 (1/8) 1


300 (1/1) 300 (1/1)


14 100 (1/6) 300 (1/5) 100 (1/5) 100 (1/8) 1


16 100 (1/3) 300 (2/5) 100 (1/8) 1


300 (1/1) 300 (2/4)


20 30 (1/4) 4


100 (1/5) 100 (2/8)


300 (1/1) 300 (1/4) 300 (1/2)


21 100 (1/4) 3


300 (1/2)


23 100 (1/8) 2


300 (3/5) 300 (1/4)


24 30 (1/4) 4


100 (1/8) 100 (1/4)


300 (1/4)


25 100 (1/8) 100 (1/4) 3


300 (1/4) 300 (2/2)


26 300 (2/5) 2


27 100 (2/8) 3


300 (1/4) 300 (2/2)


28 30 (1/4) 4


100 (2/8) 100 (1/4)


300 (2/5) 300 (1/4) 300 (1/2)


29 100 (1/8) 100 (1/4) 3


30 30 (1/5) 100 (3/8) 4


300 (3/5) 300 (1/1) 300 (4/4) 300 (2/2)


33 100 (2/8) 3


300 (2/4)


34 100 (2/8) 3


300 (4/4) 300 (2/2)


35 300 (1/1) 30 (1/5) 100 (3/8) 1


300 (2/4) 300 (1/2)


36 100 (1/4) 3


37 300 (1/1) 300 (2/4) 300 (1/2) 2


38 100 (1/8) 300 (1/2) 3


300 (2/4)


a Suspension in 50% methylcellulose.
b Doses of 30, 100, 300 mg/kg. The figures in the table indicate the minimum dose whereby activity was demonstrated. The animals were examined 0.5


and 4.0 h after injections were made.
c In anticonvulsant tests figures, for example, 1/5 mean number ofanimals protected/number of animals tested; in toxicity tests—number of animals


exhibiting toxicity/number of animals tested.
d Classification is as follows: 1—anticonvulsant activity at 100 mg/kg or less; 2—anticonvulsant activity at 300 mg/kg; 3—lack of anticonvulsant


activity at 300 mg/kg, 4-neurotoxicity at dose 30 mg/kg.
e Death.
f Tonic extension.
g Continuous seizure activity.
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constitutional isomers (compare o-, m-, and p-substitut-
ed chloro derivatives, e.g., compound 15, 22, and 14)
contrary to experimental methods (especially Inertsil).


The other descriptors calculated by PALLAS program,
logDs and pKa, were also investigated in our studies.

The relation of logD (pH 7) = f(log P) is presented in
Figure 8. It indicates that physicochemical properties
for the group of derivatives with an annelated 7-mem-
bered ring are not compatible with other ones. This
could also be confirmed by the distribution of logP ver-
sus pKa (Fig. 8). For better illustration on that diagram







Table 8. Data of anticonvulsant test TTE in mice (ip) MES and TOX


in rats (po) for compound 17


Threshold tonic extension (TTE) test


Mice ip dose 100 mg/kg


0.25 h 0.5 h 1 h 2 h 4 h


2/4 0/4 1/4 2/4 1/4


MES test


Rat po dose 30 mg/kg


0.25 h 0.5 h 1 h 2 h 4 h


2/4 0/4 1/4 1/4 1/4


TOX test


Rat po dose 30 mg/kg


0.25 h 0.5 h 1 h 2 h 4 h


0/4 0/4 0/4 0/4 0/4
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four quadrants (A, B, C, and D) have been chosen. The
derivatives with 7-membered ring are located merely in
quadrant A (pKa > 7.25 and logP > 0). Almost all
remaining compounds are gathered in quadrant B with
logP > 0 and pKa < 7.25.
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Figure 6. The affinity to adenosine A2A receptor (Ki < 25 lM) in regard to t

In preliminary structure–activity studies the affinity to
A2A receptor was examined as a function of various
lipophilicity descriptors, both experimental and calcu-
lated. Experimentally established lipophilicity of most
of the active compounds is in the very broad range
(depending of the method of its determination), for
example (0.007–2.898 IAM, HPLC), while the theoret-
ical lipophilicity descriptors vary in a range from
�1.55 to 4.65 and they depend on the method of cal-
culation. For the active ligands for A2A ARs lipophil-
icity was of the order of 0.37–2.90 expressed as logKw


on IAM and �0.50 to 4.65 as logP Pallas (for the
compounds active at submicromolar concentrations
in the range 1.22–2.90 and 1.44–4.65, respectively).
The correlation between all available lipophilicity
descriptors and receptor activity for the full set of
compounds was not significant. So it was concluded
that the proper range of lipophilicity is not the only
parameter relevant for the activity. The search for
correlation of other decriptors used in QSAR with
biological properties also failed.
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Figure 9. Superimposition of tricyclic moieties with p-fluoro- and


p-hydroxyphenyl substituents obtained by means of molecular


modeling.
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Figure 8. Relation between descriptors calculated by means of PALLAS program.
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8. 3D properties


X-ray structure analysis and molecular modeling studies
allowed the following observations. The shape of all
examined structures is similar: they consist of three con-
densed rings slightly different in the fused ring, possess-
ing an aryl ring directly connected with this system. Aryl
rings have good rotational flexibility independent of the

7 


Figure 10. Comparison of electron density isosurfaces, colored by electrosts


white, 1.0; gray, 0.8; light gray, 0.5; dark gray, 0.3; black, 0.0).

substitution pattern of attached benzene. (compare
superimposed most active compounds 7, 23, and 38 with
para-F, and 6, 16, and 35 with para-OH, see Fig. 9)


However, qualitative evaluation of the electrostatic
potentials of the analyzed compounds (e.g., 7 and 27,
see Fig. 10) indicates an immense influence of the kind
and place of the joined aryl substituents not only on
the area of the aryl ring but on the whole molecules.

9. Conclusions


A series of forty new aryl derivatives of imidazo-, pyrim-
ido-, and 1,3-diazepino[2,1-f]purinediones was obtained.
The new compounds tested for their adenosine receptor
affinity exhibited selective affinity for adenosine A2A


receptors. Such a selectivity displayed by 1,3-dimethyl
derivatives disappeared in the 1,3-dipropyl series. The
most active compounds were found among pyrimi-
do[2,1-f]purinediones. This group of compounds also
showed anticonvulsant properties. Lipophilicity was
not correlated with the observed pharmacological activ-
ities. It was assumed that small differences in the shape
and significant changes in the electrostatic potentials,

27 


tic potentials of compounds 7 and 27 (values at the color boundaries:
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distribution of the examined molecules are responsible
for the differences in activity observed in this group of
compounds.

10. Experimental


10.1. Chemistry


Melting points were determinated on a MEL-TEMP II
apparatus. IR spectra were taken as KBr discs on IR
Specord M80 (compounds 2–10) or on FT Jasco IR
410 (remaining compounds) apparatus. UV spectra were
recorded on UV–vis Jena (compounds 2–10) apparatus
in 5 · 10�5 mol/L concentration and on Jasco UV–vis
V 530 (remaining compound) in 1 · 10�5 mol/L concen-
tration in methanol. 1H NMR spectra of compounds 2–
21 were obtained with a Bruker VM250, compound 22
with a Bruker AC200 F, and remaining compounds with
a Varian-Mercury 300 MHz spectrometer with TMS as
an internal standard. As solvent CDCl3 was used for
most of the substances, only compounds 6, 13, 14, 16,
19, and 36 were dissolved in DMSO-d6.


Elemental analyses (C,H, and N) were performed on a
Elemental Vario-EL III apparatus and were in accor-
dance with theoretical values within ±0.4%.


TLC data were obtained with Merck Silica Gel
60F254 aluminum sheets with A, B, C, D, E, and F
developing systems. Spots were detected under UV
light.


10.1.1. 7-(2-Bromoethyl)-8-bromotheophylline. A mixture
of 25.8 g (100 mmol) of 8-bromotheophylline,66 14 g
(100 mmol) of anhydrous K2CO3, 1 g TEBA, 19 mL
(220 mmol) of 1,2-dibromoethane, and 150 mL of ace-
tone was refluxed with stirring for 10 h. The precipitate
containing unreacted 8-bromotheophylline and a small
amount of 7-(2-bromoethyl)-8-bromotheophylline was
filtered off. The 8-bromotheophylline was removed by
stirring with NaOH. The main crop of 7-(2-bromoeth-
yl)-8-bromotheophylline was precipitated by cooling
the acetone filtrate. Total yield 77%. Mp 160–162 �C;
160 �C.45


10.1.2. General procedure for the synthesis of 8,9,10-
arylsubstituted 1,3-dialkyl-6,7-dihydro(18H)-imidazo-,
6,7,8,9-tetrahydropyrimido-, 6,7,8,9-tetrahydro(10H)-
1,3-diazepino[2,1-f]purine-2,4 (1H, 3H) diones (1–40)
(except: 1, 11, 12, 31). A mixture of 0.73 g (2 mmol) of
7-(2-bromoethyl)-8-bromotheophylline, 0.66 g (2 mmol)
of 7-(3-chloropropyl)-8-bromotheophylline (2), 0.79 g
(2 mmol) of 7-(4-bromobutyl)-8-bromotheophylline (3)
or 0.78 g (2 mmol) of 7-(3-chloropropyl)-8-bromo-1,3-
dipropylxanthine (6) and corresponding amine
(2–23-fold excess) was refluxed in appropriate solvent
(MeDigol, EtDigol, DMF) or without solvent
(compound 15) for 5–10 h (see Table 1).


After cooling the precipitate was separated (com-
pounds 2, 3, 4, 5, 6, 7, 8, 9, 22, 23, 25, 26, 27, 28,
29, 33, 34, 35, 37, and 38) and washed by ethanol–

water or propanol–water (32, 39, and 40). Other com-
pounds precipitated by adding water (13, 14, 16, 17,
and 20) or ethanol (18, 19) to the reaction mixture.
Some compounds were separated after distillation of
MeDigol and adding water (21 and 30) or ethanol
(15) to the residue.


Acetyl derivatives (24 and 36) were prepared by reflux-
ing compounds 16 and 35 with acetic anhydride for
5 h, removing the excess of anhydride by distillation un-
der reduced pressure and crystallization of the residue
(compound 24) or adding water to the residue (com-
pound 36) and filtered off the precipitate.


All compounds were purified by crystallization (see
Table 1).


10.2. Analytical HPLC measurements—determination of
chromatographic lipophilicity parameters


The chromatographic system used consisted of a Mod-
el L-6200A pump, a Model L-4250 UV–vis detector,
and a Model D-2500 chromato-integrator (all from
Merck-Hitachi, Vienna, Austria). Two HPLC columns
were employed: Inertsil ODS-3 octadecylsilica column
150 · 4.6 mm id, particle size 5 lm, purchased from
GLC Sciences Inc., Tokyo, Japan, and the so-called
immobilized artificial membrane column IAM.PC.C0/
C3 150 · 4.6 mm id, particle size 12 lm, purchased
from Regis Chemical Company, Morton Grove, IL,
USA. A Rheodyne (Cotati, CA, USA) Model 7215
injecting valve fitted with a 20 lL sample loop was
used.


The experiments were carried out isocratically. The
HPLC retention factors, k, on Inertsil ODS-3 column
were determined for four to six compositions of acetoni-
trile–0.1 M Tris buffer (pH 7.4) mobile phase ranging
from 70:30 to 30:70 (v/v). The mobile phase flow rate
was 1.5 mL/min. On IAM column k values for the com-
pounds studied were determined for four to five compo-
sitions of acetonitrile-universal buffer mobile phase (pH
7.0) ranging from 50:50 to 20:80 (v/v). The mobile phase
flow rate was 1 mL/min.


The experiments on both columns were performed at
ambient temperature. The detection wavelength was
280 nm and the dead volume was determined by a sig-
nal of sodium nitrate. The mobile phases used were
filtered through a GF/F glass microfiber filter (What-
man, Maidstone, UK) and degassed by ultrasonication
before use. The compounds were dissolved in
methanol.


The logarithms of the HPLC retention factors, logk,
for individual compounds analyzed in a given chroma-
tographic system were regressed against the volume
fraction of organic modifier in the mobile phase.
The linear part of the relationship was extrapolated
to a hypothetical retention factor corresponding to
100% buffer in the mobile phase. Finally, the retention
parameters normalized to pure buffer, logKw, were
obtained.
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10.3. Pharmacology


10.3.1. Adenosine receptor binding assays. Adenosine
receptor binding assays were performed as previously
described using rat brain cortical membrane prepara-
tions for A1 AR assays and rat brain stratial mem-
brane preparations for A2A assays.67–69 Frozen rat
brains (unstripped) were obtained from Pel-Freez�,
Rogers, Arkansas, USA. For assays at human A1,
A2A, A2B, and A3 ARs, CHO cell membranes contain-
ing the human receptors were used as described.57,67


[3H]2-chloro-N6-cyclopentyladenosine ([3H]CCPA) was
used as the A1 radioligand, [3H]3-(3-hydroxy-
propylo)-7-methyl-8-(m-methoxystyryl)-1-propargyl-
xanthine ([3H]MSX-2) as the A2A radioligand58,
[3H]4-(2-[7-amino-2-(2-furyl)-[1,2,4]triazolo[2,3-a]1,3,5-
triazin-5-4-(amino)-ethyl)phenol ([3H]ZM241385) as
the A2B receptor radioligand59, and [3H]-phenyl-8-eth-
yl-4-methyl-(8R)-4,5,7,8-tetrahydro-1H-imidazo-[2,1-i]-
purine-5-one ([3H]PSB-11) as the A3 AR radioligand.16


Initially, a single high concentration of compound
(25 lM at A1 and A2A, 10 lM at A2B and A3 recep-
tors) was tested in three (A1, A2A) or two (A2B, A3)
independent experiments. For potent compounds,
curves were determined using six to seven different
concentrations of test compounds spanning 3 orders
of magnitude. Data were analyzed using the PRISM
program version 3.0 (Graph Pad, San Diego, CA,
USA).


10.3.2. Anticonvulsant screening. The anticonvulsant
evaluation was carried out using reported proce-
dures.62,63 Male albino mice (F-1 strain, 18–25 g)
were used as experimental animals. For testing com-
pound 17 male albino rats (Sprague–Dawley 100–
150 g) were used. Groups of 1–5 mice were used in
MES, scMet, and TTE tests, group of 2–8 animals
in rotorod test. For the evaluation of activity after
oral administration, groups of 4 rats were used. The
tested compounds were suspended in a 0.5% methyl-
cellulose–water mixture. In the preliminary screening
each compound was administered as an ip injection
at three dose levels (30, 100, and 300 mg/kg) with
anticonvulsant activity and neurotoxicity assessed at
0.5 and 4 h intervals after administration. In the
TTE test also intervals of 0.25, 1, and 2 h were
applied. Anticonvulsant efficacy was measured by
maximal electroshock (MES) and subcutaneous penty-
lenetetrazole (scMet), neurological deficit was investi-
gated in the rotorod test; the data are presented in
Table 7. The TTE test for compound 17 is presented
in Table 8. Compound 17 was examined for oral
activity in the rat MES and neurotoxicity screen at
a dose of 30 mg/kg (Table 8).


10.4. X-ray structure analysis of 37 and 40


Crystal data for 37: C18H21N5O3; mol. mass 355.40;
monoclinic; space group: C2/c; a = 15.0201(18) Å;
b = 8.0775(18) Å; c = 28.449(4) Å; b = 28.449(4)�;
V = 3449.8(10) Å3; z = 8; dx = 1.369 mg/m3; l =
0.096 mm�1; F(000) = 1504; final R = 0.075 for 3025
reflections [I > 4r(I)].

Crystal data for 40: C20H24ClN5O2 xH2O; mol. mass
419.91; monoclinic; space group: P21/c; a = 10.054(4)
Å; b = 4.828(3) Å; c = 42.267(12) Å; b = 96.75(3)�;
V = 2037.5(5) Å3; z = 4; dx = 1.429 mg/m3;
l = 0.022 mm�1; F(000) = 888; final R = 0.084 for
1900 reflections [I > 4r(I)].


The crystals of 37 and 40 were obtained by slow evapo-
ration of ethanol solution. The measurement of the crys-
tals was performed on a Kuma4CCD j-axis
diffractometer with graphite-monochromated MoKa
radiation at room temperature. The data were corrected
for Lorentz and polarization effects. No absorption cor-
rection was applied. The structures were solved by direct
methods70 and refined using SHELXL.71 The full-ma-
trix least-squares refinement was based on F2. The posi-
tions of all H-atoms were found from electron density
Dq map and refined in raiding model with the isotropic
displacement parameters of 1.5 times the respective Ueq


values for the parent-atoms. Atomic scattering factors
were those as in SHELXL.71 Crystallographic data
(excluding structural factors) for the structures reported
in this paper have been deposited with the Cambridge
Crystallographic Data Center and allocated the deposi-
tion numbers: CCDC 289057 for 37 and CCDC 289056
for 40. Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge
CB2 1EW, UK (Fax: Int code +1223 336 033; E-mail:
deposit@ccdc.cam.ac.uk).
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44. Drabczyńska, A.; Müller, C. E.; Schumacher, B.; Karolak-
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51. Rybár, A.; Antoš, K. Coll. Czech. Chem. Commun. 1970,


35, 1415.
52. Cremer, D.; Pople, J. A. J. Am. Chem. Soc. 1975, 97, 1354.
53. Evans, G. G.; Boeyens, J. A. Acta Crystallogr. 1989, B45,


581.
54. HyperChem ver. 6.0.
55. CAChe ver. 6.1, Fujitsu (2000–2003).
56. Pallas Program, Ver. 1.2, CompuDrug International Inc.


(1994).
57. Klotz, K.-N.; Hessling, J.; Hegler, J.; Owman, C.; Kull,


B.; Fedholm, B. B.; Lohse, M. J. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 1998, 357, 1.


58. Müller, C. E.; Maurinsh, J.; Sauer, R. Eur. J. Pharm. Sci
2000, 10, 259.


59. Ji, X-D.; Jacobson, K. A. Drug Des. Discov. 1999, 16, 217.
60. Gao, Z. G.; IJzerman, A. P. Biochem. Pharmacol. 2000,


60, 669.
61. Yan, L.; Müller, C. E. J. Med. Chem. 2004, 47, 1031.
62. Kupferberg, H. J. Epilepsia 1989, 30, S51.
63. Stables, J. P.; Kupferberg, H. J. National Institute of


Neurological Disorders and Stroke. Anticonvulsant
Screening Project Raport. Chapter 16. www.ninds.nih.
gov/about_ninds/anticonvulsant_screening_project.htm.


64. LeTiran, A.; Stables, J. P.; Kohn, H. J. Med. Chem. 2002,
45, 4762.


65. McGaraughty, S.; Cowart, M.; Jarvis, M. F.; Berman, R.
F. Curr. Top. Med. Chem. 2005, 5, 43.


66. Eckstein, M.; Gorczyca, M.; Zejc, A. Acta Pharm. Jugosl.
1972, 11, 133.


67. Müller, C. E.; Thorand, M.; Quirshi, R.; Dieckmann, M.;
Jacobson, K. A.; Padgett, W. L.; Daly, J. W. J. Med.
Chem. 2002, 45, 3440.



http://www.ninds.nih.gov/about_ninds/anticonvulsant_screening_project.htm

http://www.ninds.nih.gov/about_ninds/anticonvulsant_screening_project.htm
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1. Confirmation of PUGNAc oxime stereochemistry
and O-GlcNAcase inhibition


Based on the previous work of Vasella and co-workers,1


the assignment of 3a as Z-PUGNAc is confirmed via
alignment of NMR signals supporting our conclusion
that Z-PUGNAc is the active inhibitor of O-GlcNAcase
(included are both proton and carbon spectroscopic data
for compounds 6a and 3a with full assignments based
upon COSY, HMQC, and HMBC experiments). Further,
a recent crystallographic analysis of PUGNAc within the
active site of a related hexosaminidase (CpNagJ) confirms
this conclusion by showing PUGNAc as the Z isomer in a
binding position that would not accommodate the E ste-
reochemistry.2 However, recent results of ongoing studies
of the presumptive PUGNAc stereoisomers prompt us to
revise two of our conclusions.

2. Regarding the assignment of Z-PUGNAc (3a)


While the stability profiles for Z-PUGNAc and E-PUG-
NAc are conveniently explained by the Beckmann rear-
rangement, the observed mass analysis and proton
NMR data for the products of the presumed Beckmann
rearrangement are more consistent with the products that
would arise from simple hydrolysis of 3a. Full character-
isation of such a hydrolysis product has not been achieved,
and thus the exact nature of the mechanism by which 3a
breaks down should be considered tentative. However,
the realisation that Z-PUGNAc likely breaks down via
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hydrolysis led to us question the apparent resistance of
3b to a similar hydrolysis event and eventually led to us
question the structure of 3b.

3. Regarding the structural assignment of compound 3b


The spectroscopic data for 3b potentially match the pre-
dicted values for E-PUGNAc; however, a more accurate
match for the proton and carbon spectrum is the related
1,4-lactone species (a possible by-product of the synthe-
sis of PUGNAc as previously stated by Vasella and co-
workers1). A COSY correlation spectrum of 3b in very
dry DMSO-d6 provides for the coupling between the
hydroxyl protons and the sugar methine and methylene
protons. This spectrum clearly shows the C5 methine
proton coupled to a hydroxyl proton; no associated cou-
pling between the C4 methine proton and any hydroxyl
signal was noted. A HMBC correlation spectrum of 6b
subsequently confirmed the presence of the 1,4-lactone
triacetate product via the three bond coupling of the
C5 methine proton and the carbonyl carbon of an ace-
tate; no associated coupling between an acetate carbonyl
and the C4 methine proton was noted (the aforemen-
tioned COSY spectrum of 3b and HMBC spectrum of
6b are included here as Figs. 1 and 2). Thus, there is
clear evidence for the existence of the 1,4-lactone prod-
uct rather than E-PUGNAc, and compounds 6b and 3b
should be listed as shown below (included are both pro-
ton and carbon spectroscopic data for compounds 6b
and 3b with full assignments based upon COSY,
HMQC, and HMBC experiments). Therefore, while
the conclusion that Z-PUGNAc is the primary inhibitor
remains valid, the activity assigned to compound 3b
should be associated with the 1,4-lactone product shown
below and not E-PUGNAc.
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Figure 1. COSY spectrum of 3b.


Figure 2. HMBC spectrum of 6b.
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4. O-(2-Acetamido-3,4,5-tri-O-acetyl-DD-glucopyranosy-
lidene)amino-Z-N-phenylcarbamoyl (6a)


1H NMR (DMSO-d6) d 1.87 (s, 3H, Ac-CH3), 2.00 (s,
3H, Ac-CH3), 2.03 (s, 3H, Ac-CH3), 2.05 (s, 3H, Ac-
CH3), 4.20 (dd, JHH = 12.9, JHH = 2.4 Hz, 1H, C6-H),
4.38 (dd, JHH = 12.9, JHH = 4.4 Hz, 1H, C6-H), 4.66
(ddd, JHH = 9.4, JHH = 4.3 Hz, JHH = 2.4, 1H, C5-H),
4.79 (dd appears as t, JHH = 7.9, JHH = 7.9 Hz, 1H,
C2-H), 5.24 (dd, JHH = 9.4, JHH = 8.0 Hz, 1H, C4-H),
5.34 (dd appears as t, JHH = 8.0, JHH = 8.0 Hz, 1H,
C3-H), 7.02–7.05 (m, 1H, Ar-H), 7.29–7.32 (m, 2H,
Ar-H), 7.48–7.49 (m, 2H, Ar-H), 8.61 (d, JHH = 7.68 Hz,
1H, NHAc), 9.74 (s, 1H, PhNH); 13C NMR (DMSO-d6)
d 18.8 (COCH3), 18.1 (COCH3), 18.9 (COCH3), 20.9
(COCH3), 47.1 (C2), 60.0 (C6), 65.5 (C4), 69.3 (C3),
74.2 (C5), 117.3, 121.4, 127.2, 136.8, 149.8 (OCONH),
154.1 (C1), 167.5 (COCH3), 167.7 (COCH3), 168.0
(COCH3), 168.4 (COCH3).

5. (Z)-1-(4-Acetamido-3,5,6-triacetyl-5-(hydroxyimi-
no)tetrahydrofuran-2-yl)ethane-1,2-diyl (6b)


1H NMR (DMSO-d6) d 1.90 (s, 3H, Ac-CH3), 1.99 (s,
3H, Ac-CH3), 2.04 (s, 3H, Ac-CH3), 2.05 (s, 3H, Ac-
CH3), 4.13 (dd, JHH = 12.4, JHH = 5.8 Hz, 1H, C6-H),
4.55 (dd, JHH = 12.4, JHH = 2.6 Hz, 1H, C6-H), 4.72
(dd, JHH = 7.6, JHH = 1.7 Hz, 1H, C2-H), 5.15 (dd,
JHH = 8.2, JHH = 4.3 Hz, 1H, C4-H), 5.26 (ddd,
JHH = 8.3, JHH = 5.6 Hz, JHH = 2.6, 1H, C5-H), 5.34
(dd, JHH = 4.3, JHH = 1.8 Hz, 1H, C3-H), 7.02–7.04
(m, 1H, Ar-H), 7.28–7.31 (m, 2H, Ar-H), 7.47–7.48
(m, 2H, Ar-H), 8.90 (d, JHH = 7.56 Hz, 1H, NHAc),
9.84 (s, 1H, PhNH); 13C NMR (DMSO-d6) d 18.5
(COCH3), 18.9 (COCH3), 19.0 (COCH3), 20.7
(COCH3), 53.1 (C2), 60.4 (C6), 65.3 (C5), 72.2 (C3),
80.0 (C4), 117.6, 121.4, 127.2, 136.9, 149.8 (OCONH),
158.3 (C1), 167.3 (COCH3), 167.5 (COCH3), 167.7
(COCH3), 168.6 (COCH3).

6. O-(2-Acetamido-2-deoxy-DD-glucopyranosylidene)-
amino-Z-N-phenylcarbamoyl (3a)


1H NMR (DMSO-d6); d 1.89 (s, 3H, Ac-CH3), 3.58 (dd,
JHH = 8.5, JHH = 7.8 Hz, 1H, C4-H), 3.64 (dd,

JHH = 8.2, JHH = 8.0 Hz, 1H, C3-H), 3.65–3.70 (m, 1H,
C6-H), 3.75–3.77 (m, 1H, C6-H), 3.92–3.95 (m, 1H, C5-
H), 4.37 (dd appears as t, JHH = 8.3, JHH = 8.3 Hz, 1H,
C2-H), 4.93 (br s, 1H, C6-OH), 5.55 (br s, 2H, C3-OH
and C4-OH), 7.00–7.02 (m, 1H, Ar-H), 7.27–7.38 (m,
2H, Ar-H) 7.48–7.49 (m, 2H, Ar-H), 8.34 (d,
JHH = 8.1 Hz, 1H, NHAc), 9.62 (s, 1H, PhNH); 13C
NMR (D2O at 15 �C); d 23.8 (COCH3), 51.8 (C2),
60.7 (C6), 69.2 (C4), 72.9 (C3), 83.1 (C5), 119.3, 123.5,
129.4, 139.2, 152.4 (OCONH), 158.8 (C1), 169.9
(COCH3).

7. (Z)-N-(5-(1,2-Dihydroxyethyl)-4-hydroxy-2-
(hydroxyimino)tetrahydrofuran-3-yl)acetamide (3b)


1H NMR (DMSO-d6); d 1.87 (s, 3H, Ac-CH3), 3.50–3.53
(m, 1H, C6-H), 3.60–3.61 (m, 1H, C6-H), 3.82–3.85 (m,
1H, C5-H), 4.11–4.12 (m, 1H, C3-H), 4.54 (dd,
JHH = 8.2, JHH = 3.1 Hz, 1H, C4-H), 4.63 (d,
JHH = 7.7, 1H, C2-H), 4.69–4.71 (m, 1H, C6-OH),
4.97–4.99 (m, 1H, C5-OH), 5.82 (br s, 1H, C3-OH),
7.00–7.03 (m, 1H, Ar-H), 7.27–7.30 (m, 2H, Ar-H),
7.48–7.49 (m, 2H, Ar-H), 8.66 (d, J = 7.7 Hz, 1H,
NHAc), 9.73 (br s, 1H, PhNH); 13C NMR (DMSO-
d6); d 23.1 (COCH3), 57.4 (C2), 63.6 (C6), 68.8 (C5),
73.3 (C3), 86.0 (C4), 119.4, 123.5, 129.4, 139.2, 152.3
(OCONH), 162.6 (C1), 169.5 (COCH3).
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Abstract—The androgen receptor (AR) activity of listed chemicals, so called SPEED 98, by the Ministry of the Environment, Japan,
and structurally related chemicals was characterized using MDA-kb2 human breast cancer cells stably expressing an androgen-
responsive luciferase reporter gene, MMTV-luc. Since our results suggested that chemicals with diverse chemical structures were
capable of disrupting the endocrine systems mediated by AR, a comparative molecular field analysis (CoMFA) model was devel-
oped to analyze the structural requirements necessary to disrupt AR function. A significant CoMFA model with r2 = 0.825 and
q2 = 0.332 was developed for AR antagonist activity of 35 pure antagonists excluding procymidone. On the other hand, a good
CoMFA model with r2 = 0.983 and q2 = 0.555 was obtained for antagonist activity of 13 chemicals with both agonist and antagonist
activities. The steric and electrostatic properties were sufficient to describe the structural requirements for AR antagonist activity. In
addition, the structural difference of AR agonists and antagonists was explained based on CoMFA results and the AR-LBD crystal
structure. As several ERa agonists such as diethylstilbestrol (DES) acted as AR antagonists, the surface area of the AR ligand-bind-
ing domain (LBD) was compared with that of the ERa-LBD based on their reported crystal structures to analyze how those ligands
interact with LBDs. The surface area of AR-LBD was shown to be smaller than that of ERa-LBD and therefore compounds with
both estrogenic and antiandrogenic activities can fit well into the ERa-LBD but may protrude from the AR-LBD. It is likely that
this subtle difference of the surface areas of the LBDs determines whether an ERa agonist acts as an AR antagonist or an agonist.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


The underlying mechanisms of environmental
compounds that disrupt normal endocrine function are
generally thought to be divided into two main catego-
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ries. One is the direct interaction of a chemical with
target steroid hormone receptors such as the estrogen
receptor (ER) or androgen receptor (AR) to interfere
with the ligand-dependent transcriptional function
(receptor-mediated disruptors).1 The other is the inhibi-
tion of the biosynthesis or metabolism of endogenous
ligands to indirectly modulate endocrine function
(non-receptor-mediated disruptors).


The Ministry of Environment in Japan (former Japan
Environment Agency) has made a priority list of com-
pounds, so called SPEED 98,2 to preferentially examine
whether they act as endocrine disruptors, and has been
conducting a large-scale project to scientifically address
the endocrine disruptor issues since 1998. The project
includes environmental monitoring to determine the
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Table 1. Effect of phenols on DHT-induced AR activity in MDA-kb2


human breast cancer cells


OH


R1R2


R5R4


R3


Compound R1 R2 R3 R4 R5 IC50 (lM)


n-Pentyl phenol H H n-C5H11 H H 35.8


i-Pentyl phenol H H i-C5H11 H H 16.1


t-Pentyl phenol H H t-C5H11 H H 16.6


t-Octyl phenol H H t-C5H11 H H 5.1


Nonyl phenol


(mixtures)


H H C9H19 H H 8.8


2,4-Dichlorophenol Cl H Cl H H 751.6a


Pentachlorophenol Cl Cl Cl Cl Cl ndb


a Estimated value extrapolated from the calibration curve.
b Not detected at the concentration of 1 · 10�4 M.
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concentrations of suspected endocrine disrupting con-
taminants, epidemiological surveys of the general Japa-
nese population to examine the relationship between
exposure to certain suspected endocrine disruptors and
the occurrence of congenital malformations such as
cryptorchism, and a series of in vitro and in vivo bioas-
says using established cell lines and experimental
animals. We have been involved in the project and have
assessed the chemicals listed in SPEED 98 and related
compounds for potential AR-mediated activities based
on an in vitro reporter gene assay using MDA-kb2
human breast cancer cells that stably express an andro-
gen-responsive luciferase reporter gene, MMTV-luc.
This cell line was already well characterized by other
research groups.3–7 The structural diversity of these
chemicals has heightened interest in the structural
requirements necessary to disrupt AR function and
has motivated the development of models and strategies
for predicting potential AR activity based on chemical
structures.


Based on the crystal structure of the AR ligand-binding
domain (LBD)-R1881 (an agonist) complex, in the
transcriptionally active form of AR, the ligand-binding
pocket is enclosed by the carboxy-terminal helix 12
(H12).8 It was reported that transcriptional activation
functions are present in the amino-terminal domain
(activation function 1: AF1) and the LBD (activation
function 2: AF2) of many nuclear receptors including
AR and ER.9 Both AF1 and AF2 activities are sup-
pressed in the absence of a ligand and after ligand
binding the AF2-binding surface is completed by reposi-
tioning of H12.9,10 It is known that bulky substituents of
ER antagonists interfere with the conformational
change of H12 to impair coactivator binding to ER.10


Even if the conformational changes occurring upon
antagonist binding are unknown for AR, AR also has
AF2 in its LBD11 and the positioning of H12 is consid-
ered to play an important role in the formation of the
coactivator binding surface of AR.


Quantitative structure–activity relationship (QSAR)
models and qualitative SAR approaches have met with
some measure of success in identifying and depicting
structural features that contribute to the ability of a
chemical to interact with the androgen receptor.12–16


More recent publications revealed a common pattern
of steric and electronic features involved in receptor
binding affinity using 3D-QSAR models such as a com-
parative molecular field analysis (CoMFA) model17


based on the results of rat AR competitive binding assay
of a large number of chemicals.18–21 Since AR functions
as the most important ligand depending on the tran-
scription factor in the regulation of AR target gene
expression,22 a competitive binding assay cannot distin-
guish whether a ligand acts as an agonist and/or an
antagonist. The 3D-QSAR models provided by the
competitive binding assay may be useful to predict the
endocrine activity of environmental chemicals. From
the pharmacological viewpoint, however, it is difficult
to adapt such models to the design of biorational
pharmacophore because the models use both androgenic
and antiandrogenic functional activities. The results

based on a reporter gene assay in this study point to
the structural elements necessary for AR antagonist
and/or agonist activity. The 3D-QSAR models provided
by AR reporter gene assays afford a consistent descrip-
tion of steric and electrostatic fields in the ligand frame-
work forming interactions with appropriate amino acid
residues within the binding pocket of the AR.


Of particular interest are the structural elements in the
interactions of ligands with both AR and ER ligand-
binding domains (LBD) based on the detailed crystal
structures and homology models of AR and ER LBD
with their agonist or antagonist.23–28 This approach also
provides insight into steroidal ligand-binding specificity
as well as information on the interaction of steroidal and
non-steroidal ligands with specific residues within both
AR- and ER-LBD. The results of this study will be ben-
eficial not only for the prediction of endocrine-disrupt-
ing effects of environmental chemicals but also the
rational drug design of hormone-dependent cancers,
reproductive tract disorders, and so on.

2. Results and discussion


2.1. Androgen reporter gene analysis


The IC50 values of compounds evaluated by an in vitro
reporter gene assay consisting of MDA-kb2 human
breast cancer cells are shown in Tables 1–8 and Figure 1.


2.1.1. Response of natural and synthetic estrogens and
progesterone. Of the known estrogenic compounds
tested in this study, only 17b-estradiol (E2) demonstrat-
ed a sufficient increase of luciferase activity over concen-
trations ranging from 1 · 10�8 to 3 · 10�5 M (Fig. 2a),
although this activity was 10�3- to 10�4-fold weaker
than that observed with dihydrotestosterone (DHT).
AR antagonist activity was not observed at any concen-
tration of E2 in the presence of 0.2 nM DHT (data not
shown). These data were consistent with previously
reported data.4,5 To determine whether the activity
induced by E2 was AR-mediated activity, a well-known
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Figure 1. Effect of miscellaneous compounds on AR activity. Number in parentheses indicates the IC50 value and AR agonist activity as +.
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Figure 2. Effect of steroids, dihydrotestosterone, DHT (�); testosterone (j); estradiol, E2 (m); and progesterone, Prog (d) on luciferase activity in


MDA-kb2 cells (a) and antagonism by flutamide, Flu in the presence of 0.2 nM of DHT (b), 100 nM of E2 (c), and 1 lM of Prog (d), respectively. Data are


presented as the mean fold induction compared to vehicle controls of at least three independent assays (4 wells per replicate) ± standard deviation of the


mean. *, Significant difference (p < 0.05) as compared to activation by 0.2 nM DHT, 100 nM E2, and 1 lM Prog, respectively. **, Cytotoxicity.
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Table 2. Effect of halogenated compounds like DDT and bisphenol A on DHT-induced AR activity in MDA-kb2 human breast cancer cells


C


R1


R2


R3 R4


R5


Compound R1 R2 R3 R4 R5 IC50 (lM)


p,p 0-DDT H CCl3 Cl Cl H 17.9


o,p 0-DDT H CCl3 Cl H Cl 22.2


p,p 0-DDD H CCl2 Cl Cl H 20.4


o,p 0-DDD H CCl2 Cl H Cl 17.0


Methoxychlor H CCl3 OCH3 OCH3 H 52.9


Dicofol OH CCl3 Cl Cl H 11.9


Chlorobenzilate OH C(O)OC2H5 Cl Cl H 26.8


Chloropropylate OH C(O)O–i-C3H7 Cl Cl H 33.7


Phenisobromolate OH C(O)O–i-C3H7 Br Br H 22.7


Fenarimol OH 3-Pyrimidine Cl H Cl 23.3


Bisphenol A CH3 CH3 OH OH H 5.7


Cl R2


R1


ClCl


C


C


Compound R1 R2 IC50 (lM)


p,p 0-DDE Cl H 6.7


o,p 0-DDE H Cl 20.2


Table 3. IC50 values of chlorinated compounds like dieldrin on


DHT-induced AR activities in MDA-kb2 human breast cancer cells


Compound IC50 (lM)


Dieldrin 22.8


Endrin 63.9


Aldrin 71.4


Heptachlor nd


trans-Nonachlor nd


Chlorden nd


trans-Chlorden nd


cis-Chlorden nd


Oxychlorden nd


Toxaphene 463.9a


Chlordecon ndb


Milex nd


b-Hexachlorocyclohexane nd


c-Hexachlorocyclohexane 57.1


Hexachlorobenzene nd


trans-heptachlorepoxide 42.0


cis- heptachlorepoxide nd


a Estimated value extrapolated from the calibration curve.
b Not detected at the concentration of 1 · 10�4 M.


Table 4. Effect of polyaromatic hydrocarbons on DHT-induced AR


activity in MDA-kb2 human breast cancer cells


Compound Number


of ring


IC50 (lM) AR agonist


activity


Benzo[a]pyrene 5 20.2 +


Peryrene 5 113.0a +


Chrysene 4 3683.5a +


Pyrene 4 18.6 �
Phenanthrene 3 12.7 +


Anthracene 3 36.4 �
Naphtharene 2 ndb nd


a Estimated value extrapolated from the calibration curve.
b Not detected at the concentration of 1 · 10�4 M.
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antiandrogen, flutamide instead of hydroxyflutamide,
was co-treated with 100 nM E2 because hydroxyfluta-
mide acts as a weak AR agonist at high concentrations
in the absence of the natural ligand.28 Flutamide antag-
onized luciferase activation induced by E2 in a concen-
tration-dependent manner with an IC50 value of
9.1 lM (Fig. 2c). In contrast with E2, estrone (E1) and
ethinyl estradiol (EE) had obvious AR antagonist activ-
ity in the presence of 0.2 nM DHT, with IC50 values of

1.9 and 0.7 lM, respectively. In addition, E1 and EE
showed a weak increase of luciferase activity, the fold
induction values of which were 2.5 and 2.0 at the con-
centration of 10 lM, respectively (data not shown).
However, both estriol and diethylstilbestrol (DES) acted
only as pure AR antagonists in a concentration-depen-
dent manner and their IC50 values were 6.2 and 7 lM
in the presence of 0.2 nM DHT, respectively. Taken
together, ligands with hydroxyl groups such as E1, E2,
EE, estriol, and DES had lower AR binding affinities
than ligands with stronger H-bond acceptors like the
3-keto group of DHT. Although Hong et al.18 showed
that these steroids and DES are capable of binding to
androgen receptor by AR competitive binding assay, it
was difficult to distinguish whether the ligands act as
agonists and/or antagonists based on such a competitive
binding assay. This is the first report of how estrogenic
compounds affect AR-mediated actions.







Table 5. Effect of benzophenons on DHT-induced AR activity in MDA-kb2 human breast cancer cells


C


X


R1 R1


Compound X R1 IC50 (lM) AR agonist


activity


Benzophenone O H 109.6a �
4,4 0-Dichlorobenzophenone O Cl 2357.7a +


4,4 0-Dihydroxybenzophenone O OH 63.7 +


1,1 0-Diphenylethene CH2 H 223.8a �
a Estimated value extrapolated from the calibration curve.


Table 6. Effect of diphenyl ethers on DHT-induced AR activity in MDA-kb2 human breast cancer cells


OR1 Cl


R2 R3 Cl


R4


Compound R1 R2 R3 R4 IC50 (lM) AR agonist


activity


Nitrofen NO2 H H H 2.7 +


Chlornitrofen NO2 H H Cl 1.9 +++


Chlomethoxynil NO2 CH3O H H 0.6 ++


Biphenox NO2 C(O)OCH3 H H 36.8 �
Trichlosan Cl H Cl H 7.5 �


Table 7. Effect of phthalate esters on DHT-induced AR activity in


MDA-kb2 human breast cancer cells


O


OR1


O


OR2


Compound R1 R2 IC50 (lM)


Dimethyl phthalate CH3 CH3 104.2a


Diethyl phthalate C2H5 C2H5 82.2


Di-n-propyl phthalate n-C3H7 n-C3H7 709.4a


Butylbenzyl phthalate n-C4H9 CH2C6H5 89.2


Dibenzyl phthalate CH2C6H5 CH2C6H5 54.9


a Estimated value extrapolated from the calibration curve.
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Progesterone increased luciferase activity in the absence
of DHT (Fig. 2a) and did not inhibit luciferase activity
induced by DHT. When progesterone at a concentration
of 1 lM, which induces a fold induction value of 4.6,
was assayed concurrently with a series of concentrations
of flutamide, an AR antagonist, flutamide decreased the
fold induction value dose-dependently (Fig. 2d), show-
ing that the IC50 value, 68.3 lM, was about 35 times
higher than that observed in DHT (IC50 = 2.1 lM).
Wilson et al.5 previously concluded that progesterone
is a glucocorticoid receptor (GR) agonist based on their
result that the luciferase activity induced by progester-
one was not inhibited by co-treatment with 1 lM of

hydroxyflutamide, which interacts with AR. However,
our results indicate that progesterone at least acts as
an AR agonist because flutamide has no effect on GR
activity. This inconsistency comes from the difference
between the two experimental procedures. In our exper-
iments, the dose–response curve of flutamide was deter-
mined in the presence of progesterone, which induced
sufficient luciferase activity, while the dose–response
curve of progesterone was determined in the presence
of hydroxyflutamide in their experiment. Since the
treated concentration of hydroxyflutamide may be
insufficient to abolish the AR agonistic activity of pro-
gesterone, no difference in the dose–response curve of
progesterone between in the presence and absence of
hydroxyflutamide was observed. To avoid such misread-
ing of the result, we strongly recommend that the dose–
response curve of flutamide be depicted in the presence
of the agonist at a concentration capable of inducing
suitable fold induction. Flutamide is also preferred as
an AR antagonist rather than hydroxyflutamide for
both AR antagonist and agonist activities.


2.1.2. Response of phenols. Antiandrogenic activities of
4-tert-octylphenol and bisphenol A were prominent
among the phenols tested (Tables 1 and 2). Their IC50


values were consistent with results obtained by Paris
et al.29 The order of AR antagonist activity of the tested
phenol compounds was 4-tert-octylphenol > 4-nonyl-
phenol (mixtures) > 4-iso- and tert-pentylphenol >
4-n-pentylphenol, which was 7-fold less potent than
4-tert-octylphenol (Table 1). The observed results







Table 8. Experimental and CoMFA-calculated pIC50


Compound pIC50 Residualc


Actuala Calculatedb


(a) Compounds with both AR agonist and antagonist activities


4,4 0-Dichlorobenzophenone 2.63 2.87 �0.24


4,4 0-Dihydroxybenzophenone 4.20 3.92 0.28


Benzo[a]pyrene 4.70 4.82 �0.12


Perylene 3.95 3.97 �0.02


Phenanthrene 4.90 4.74 0.16


Estrone 5.74 5.89 �0.15


Ethinyl estradiol 6.17 6.20 �0.03


Nitrofene 5.57 5.38 0.19


Chlornitrofen 5.71 5.66 0.05


Chlomethoxynil 6.22 6.12 0.10


p,p 0-DDE 5.17 5.25 �0.08


Vinclozolin 6.38 6.44 �0.06


Fenitrothion 6.50 6.58 �0.08


(b) Compounds with pure AR antagonist activity


2,4-Dichlorophenol 3.12 3.86 �0.74


n-Pentyl phenol 4.45 4.63 �0.18


t-Pentyl phenol 4.78 4.63 0.15


i-Pentyl phenol 4.79 4.73 0.06


t-Octyl phenol 5.29 5.05 0.24


Bisphenol A 5.25 5.10 0.15


p,p 0-DDT 4.75 4.71 0.04


p,p 0-DDD 4.69 4.71 �0.02


Methoxychlor(MXC) 4.28 4.13 0.15


Dicofol 4.92 4.69 0.23


Chlorobenzilate 4.57 4.58 �0.01


Phenisobromolate 4.64 4.96 �0.32


Chloropropylate 4.47 4.37 0.10


1,1 0-Diphenylethene 3.65 3.79 �0.14


Benzophenone 3.96 3.71 0.25


c-Hexachlorocyclohexane 4.24 4.00 0.24


Aldrin 4.15 4.48 �0.33


Endrin 4.64 4.56 0.08


Dieldrin 4.64 4.55 0.09


trans-Heptachlor epoxide 4.38 4.54 �0.16


Octachlorostylene 4.27 4.27 0.00


Dimethyl phthalate 3.98 3.87 0.11


Diethyl phthalate 4.09 3.82 0.27


Di-n-propyl phthalate 3.15 3.56 �0.41


Butylbenzyl phthalate 4.27 4.27 0.00


Dibenzyl phthalate 4.26 4.39 �0.13


Anthracene 4.44 4.21 0.23


Pyrene 4.73 4.67 0.06


Biphenox 4.43 4.33 0.10


Triclosan 5.13 4.92 0.21


Estriol 5.21 5.44 �0.23


DES 5.16 5.19 �0.03


Ethyl parathion 4.68 4.96 �0.28


Flutamide 5.68 5.85 �0.17


Linuron 5.14 4.77 0.37


Procymidone 6.08 — —


a pIC50 based on experimental data.
b pIC50 calculated by Eqs. (3) and (2) in (a) and (b) respectively.
c Residual value from [pIC50 (actual) � pIC50 (calculated)].
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indicate that steric hindrance at the para position of
phenols increased AR antagonist activity. None of the
tested chemicals displayed agonist activity when tested
alone even at the highest concentration (1 · 10�4 M).


2.1.3. Response of halogenated compounds. The result
that all 12 tested halogenated compounds like DDT

showed AR antagonist activity and had fairly similar
IC50 values except for methoxychlor and p,p 0-DDE
(Table 2). This result is consistent with the AR binding
affinities by Hong et al.18 Although methoxychlor, in
which methoxy groups substituted for chlorine atoms
in DDT, was the weakest AR antagonist among haloge-
nated compounds, bisphenol A, in which hydroxyl
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groups were substituted for chlorine atoms, had higher
AR antagonist activity than chlorinated compounds.
This implies that AR antagonist activity significantly
depends on the hydrogen bonding and/or electrostatic
interaction capacity of the substituents. As fenarimol
and a-tri-substituted acetates, which have an sp3 carbon
atom between two benzene rings, displayed identical AR
antagonist activity to DDT, it is suggested that no steric
hindrance exists around the sp3 carbon atom for interac-
tion with AR. In ethylene derivatives having an sp2 car-
bon atom between two benzene rings, only p,p 0–DDE
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Figure 3. Responsiveness of MDA-kb2 to p,p 0-DDE (a), 4,4 0-dihydr-


oxybenzophenone (b), and chloronitrofen (c) in the presence (�) or


absence (j) of 0.2 nM DHT. Data are presented as the mean fold


induction compared to the vehicle controls of three independent assays


(4 wells per replicate) ± standard deviation of the mean for p,p 0-DDE


and chloronitrofen and two independent assays (4 wells per replicate)


± standard deviation of the mean for 4,4 0-dihydroxybenzophenone. *


and +, Significant difference (p < 0.05) as compared to activation


by 0.2 nM DHT and the vehicle control, respectively.

showed both AR agonist and antagonist activities
(Fig. 3a). This suggests that the steric effect derived from
the sp2 carbon atom reduces the degree of flexibility of
the compounds and thereby increases the binding
affinity of p,p 0–DDE to the AR ligand binding domain
(AR-LBD).


Dieldrin along with endrin, aldrin, toxaphene, r-hexa-
chlorocyclohexane, and trans-heptachlorepoxide
showed AR antagonist activity of the 17 compounds
in Table 3. Although steric isomers like dieldrin and
endrin had moderate AR antagonist activity, the steric
isomer of trans-heptachlorepoxide, cis-heptachlorepox-
ide and the isomer of r-hexachlorocyclohexane, b-hexa-
chlorocyclohexane had no activity. Hexachlorobenzene
also had no AR activity. This evidence from the results
of stereo isomers will give important clues to solve an
interaction mechanism between AR-LBD and ligand
in the future.


2.1.4. Response of polyaromatic hydrocarbons. A well-
known polyaromatic hydrocarbon (PAH), benzo [a]
pyrene, listed in SPEED 98, acted as both an AR agonist
and antagonist, resulting in an IC50 value of 20.2 lM.
To elucidate its activity, related compounds were tested
and the results summarized in Table 4. Although AR
agonist and antagonist activities were also observed by
chrycene, peryrene and phenanthrene, pyrene and
anthracene showed only AR antagonist activity.


While their AR antagonist activities were consistent
with the results in CHO cells transiently cotransfected
with AR and MMTV-LUV vectors,30 no such AR ago-
nist activity was detected in the CHO cell assay. This dif-
ference may come from the characteristics of the used
cell line including the transfection system by recruited
coactivators, although further study is necessary.


2.1.5. Response of benzophenones. Benzophenone listed
in SPEED 98 acted only as an AR antagonist
(IC50 = 109.6 lM). An ultraviolet (UV) filter, 2-hy-
droxy-4-methoxybenzophenone (methoxybenzophe-
none-3), was also an AR antagonist in the in vitro
MDA-kb2 cell transcription assay.30 Although 4,
4 0-dihydroxybenzophenone had the highest AR antago-
nist activity among 4 related compounds with an IC50


value of 63.7 lM (Table 5), a slight increase in luciferase
activity in the absence of DHT suggests that the com-
pound also has weak AR agonist activity (Fig. 3b). This
is consistent with the competitive binding affinity data
by Hong et al.18 The substitution of 2 hydroxy groups
in 4,4 0-dihydroxybenzophenone by chlorine atoms
(4,4 0-dichlorobenzophenone) also induced luciferase
activity in the absence of DHT, while its AR antagonist
activity was 37-fold less than that of the hydroxy deriv-
ative. Therefore, para-substituents like hydroxy groups
and chlorine atoms may play an important role in the
AR transcription function. The fact that 1,1-diphenyl-
ethane displayed AR antagonist activity with an IC50


value only 2-fold lower than that of benzophenone
implies that a carbonyl group of benzophenone may
not be important for interaction with AR-LBD. More-
over, the result that anthrone and anthraquinone,
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conformations of which are rigid because of the bridge
between two phenyl groups, had no AR agonist and/
or antagonist activities suggests that flexibility in the
vicinity of a carbonyl group may play a prominent role
in their interaction with AR.


2.1.6. Response of diphenyl ethers. Diphenyl ether com-
pounds have been mainly used as herbicides in paddy
fields in Japan to control annual broad leaf weeds.
The most typical effect provided by 2,4,6-trichlorophe-
nyl-4 0-nitrophenyl ether (chloronitrofen) was that chlo-
ronitrofen acted not only as the most effective AR
antagonist among the diphenyl ethers used in this study,
but also as an agonist because of its increased luciferase
activity as its concentration increased in the absence of
DHT (Fig. 3c). This U-shaped dose–response effect
was also observed by both 2,4-dichlorophenyl-4 0-nitro-
phenyl ether (nitrofen) and 2,4-dichlorophenyl-3 0-meth-
oxy-4 0-nitrophenyl ether (chlormethoxynil) (data not
shown). However, 2,4-dichlorophenyl-3 0-methylcarbon-
ate-4 0-nitrophenyl ether (biphenox) displayed only AR
antagonist activity and its IC50 value was approximately
61-fold less active than that observed in chlomethoxynil
(Table 6). Although AR antagonist but not agonist
activity of chloronitrofen has been previously report-
ed,31 this difference may come from the difference of
the used cell lines. Substitution of a methoxy group
(chlormethoxynil) for a hydrogen atom (nitrofen) at
the meta position increased AR antagonist potency.
On the other hand, substitution to a bulkier group at
the meta position like methylcarboxylate (biphenox) sig-
nificantly decreased AR antagonist activity. It is obvious
that this meta position as well as the para position plays
a key role in their interaction with AR.


Trichlosan, 2,4-dichlorophenyl-2 0-hydroxy-4 0-chloro-
phenyl ether, widely used as an antimicrobial agent in
toothpastes, also had only AR antagonist activity with
an IC50 value of 7.5 lM, which was as potent as linuron
(Fig. 1) based on in vitro MDA-kb2 reporter gene assay.
This is the first report of AR antagonist activity of this
compound.


2.1.7. Response of phthalate esters. Although phthalate
esters such as di-n-butyl phthalate (DBP) and di(2-eth-
ylhexyl) phthalate (DEHP) have antiandrogenic-like
effects in some model systems, they do not act as
AR-mediated antagonists.32,33 However, dimethyl,
diethyl, and di-n-propyl phthalates acted as AR antag-
onists with IC50 values of 104.2, 82.2, and 709.4 lM,
respectively (Table 7). Phthalate diesters with a longer
n-alkyl chain than four, and cyclohexyl or 2-ethylhexyl
groups did not show AR activity at the treated con-
centrations (data not shown). The observation demon-
strated that the increase in steric hindrance by long
alkyl chains as well as bulkiness in the vicinity of
the carbonyl group is unfavorable for AR binding
affinity. However, benzyl phthalate derivatives such
as butyl benzyl phthalate and dibenzyl phthalate had
relatively high potent AR antagonist activity (Table
7). The fact that monomethyl phthalate had no activ-
ity at any treated concentrations (data not shown)
suggested that MDA-kb2 cells may have low esterase

activity and, therefore, phthalate diesters with lower
alkyl and benzyl groups directly interact with AR.
Consequently, the obtained results offer a potential
mechanism for the effect of those phthalate derivatives
with lower alkyl and benzyl groups on AR and extend
the previous findings, although it remains to be solved
how phthalate derivatives interact with AR. Bis-(2-eth-
ylhexyl) adipate listed in SPEED 98 as a phthalate
derivative had no AR activity (data not shown).


2.1.8. Response of other compounds. The effect of miscel-
laneous compounds on AR activity is summarized in
Figure 1. The IC50 values of known antiandrogens,
flutamide and linuron, were 2.1 and 7.2 lM, respec-
tively. These values were consistent with those ob-
tained by other studies.3,5 Among dicarboxyl imide
derivatives widely used as agricultural fungicides
throughout the world, vinclozolin and procymidone
are highly active AR antagonists with IC50 values of
0.4 and 0.8 lM, respectively. While vinclozolin had
potent AR agonist activity above 3 lM, procymidone
only acted as a pure AR antagonist at any treated
concentrations. AR agonist activity of vinclozolin
might come from the parent compound and not from
its metabolites such as M1 and M2 because of the
suggested low esterase activity of MDA-kb2 cell lines.
In contrast with these compounds, iprodione had no
detectable AR agonist or antagonist activity at any
treated concentrations. The organophosphate fenitro-
thion had 70-fold higher AR antagonist activity than
ethyl parathion. Octachlorostylene, known as an
industrial material, had AR antagonist activity with
an IC50 value of 53.9 lM. None of the other
compounds listed in SPEED 98, amitrol (herbicide),
metiram (fungicide), aldicarb (insecticide), 1,2-di-
bromo-3-chloropropane (industrial material), and
4-nitrotoluene (industrial material), had AR activity
at any concentration ranging from 10�8 to 10�4 M.
Organotins such as triphenyl tin chloride, diphenyl
tin dichloride, tributyltin chloride, and dibutyltin
dichloride showed no AR activity under the experi-
mental conditions used in this study because of their
cytotoxicity observed by microscope. In particular,
triphenyl tin chloride showed serious cytotoxicity even
at the concentration of 0.3 lM.


2.2. CoMFA


A recent publication revealed a common pattern of steric
and electronic features involved in receptor binding
affinity using the 3 D-QSAR model based on a large num-
ber of chemicals determined with an AR competitive
binding assay using recombinant rat AR-LBD.18–21


Although the information derived from such a 3D-QSAR
model is useful to predict whether chemicals bind to AR, it
is difficult to distinguish whether the ligand acts as an
agonist and/or an antagonist. Therefore, we used an in
vitro reporter gene assay to clarify the nature of
compounds and provided a comprehensive model based
on the data.


In this study, we did not include chiral isomers
(o,p 0-DDT, o,p 0-DDD, o,p 0-DDE, and fenarimol) and
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mixtures (nonyl phenol and toxaphene) because the data
generated by such mixtures cannot be applied to 3D-
QSAR. Chrysene was also excluded from the analyses
for the following reasons: since chrysene had very weak
AR antagonistic and agonistic activity at the highest
treated concentrations it was difficult to obtain a reliable
IC50 value by extrapolation (Table 4). The antagonist
activity of other compounds with both activities was
not affected by their agonist activity because they
showed a sufficient U-shaped dose–response curve to
calculate a reliable IC50 value. Therefore, CoMFA was
carried out for pIC50 (log (1/IC50)) values of 36 pure
antagonists, 13 agonists /antagonists, and 49 combined
compounds, respectively (Table 8, Eqs. 1–4). The statis-
tical results of the obtained CoMFA Eqs. 1–4 are sum-
marized in Table 9. Although the initial CoMFA model
developed for 36 pure antagonists gave no significant
regression results (Eq. 1), the exclusion of procymidone
from the 36 compounds did exert a significant influence
on the CoMFA regression results to obtain Eq. 2
(r2 = 0.825 and q2 = 0.332). Meanwhile, a CoMFA mod-
el with r2 = 0.911 and q2 = 0.407 (three components) was
developed with the inclusion of vinclozolin, which has
both antagonist and agonist activities, but a similar
chemical structure and IC50 value to procymidone, with-
out a steric/electrostatic weighting ratio. These results
suggest that their chemical structures are significantly
unique in the model because they have no H-bond
acceptor at the para position of the phenyl ring corre-
sponding to the 3-keto group of DHT. Therefore, the
antagonist activity of procymidone was predicted as
much lower than its actual value. With the inclusion
of procymidone, the analysis of the combined set of 49
compounds was shown as Eq. 4. Figure 4 shows the
overlay of the structure of flutamide with major
electrostatic and steric potential contour maps drawn
according to Eq. 2, The red areas in Figure 4 indicate
regions where negative electrostatic interactions with
the receptor binding site increase activity, whereas the
blue areas show the reverse case. The green areas in
Figure 4 indicate regions where submolecular bulk is
well accommodated with an increase in AR binding

Table 9. Summary of the CoMFA statistical results CoMFA equations for th


terms]


A CNa nb sc r2d Cross-validated


scv
f q2g


— 3 36 — — 0.829 0.0


3.82 3 35 0.244 0.825 0.976 0.3


4.45 3 13 0.171 0.983 0.868 0.5


4.05 5 49 0.205 0.944 0.644 0.4


a Number of latent variables (components).
b Number of compounds.
c Standard error.
d Correlation coefficient.
e Obtained from the leave-one-out cross-validation.
f Standard error.
g Correlation coefficient.
h Relative contribution (%).
i Steric effects.
j Electrostatic effects.
k Equation number.

activity on AR-LBD, whereas the yellow areas indicate
regions where submolecular bulk is unfavorable for
activity.


In contrast to the CoMFA of pure antagonists, a good
CoMFA model with r2 = 0.983 and q2 = 0.555 (Eq. 3)
was developed using the results from 13 chemicals with
both agonist and antagonist activities (Fig. 5). As
described above, although vinclozolin has a unique
structure among 13 compounds, it was included in Eq.
3. A similar equation (2 components, r2 = 0.949 and
q2 = 0.502) was obtained excluding vinclozolin. Of
importance, sterically unfavorable yellow regions in
CoMFA for pure antagonists appeared around
Asn705, Arg752, and Thr877 in the AR-LBD (Fig. 4),
while there were no yellow regions in the same areas
for agonists/antagonists (Fig. 5). This implies that
ligands without a bulky group at these regions are able
to interact with the AR-LBD and do not preclude three
residues, Asn705, Arg752, and Thr877, from taking the
appropriate positions so that the AR–ligand complex
can become transcriptionally active. However, when
ligands with pure AR antagonist activity bind to
AR-LDB, they likely contact with one (or more) of these
three amino acids, resulting in a transcriptionally
inactive form of the AR–ligand complex.


Since other yellow areas existed around the 4–7 posi-
tions on steroids A and B-ring in Figures 4 and 5,
ligands with a bulky group in these areas may have low-
er AR binding activity. Electrostatically positive blue
regions above the steroid B ring suggest that the pres-
ence of a group with a negative charge such as an
oxygen atom at these regions is unfavorable for interac-
tion with AR.


In Figure 5, red negative electrostatic regions appeared
near the 3-keto and 17b-OH groups of DHT capable of
forming H-bond with Gln711, Arg752, Asn705, and
Thr877. This finding was basically consistent with other
reported interactions.12,18,19 Moreover, the green
regions around Asn705 and Thr877 in AR-LBD in

e AR antagonist activity of test compounds pIC50 = A + [CoMFA field


e RCh Exclusion Eq. no.k


Steric.i Electro.j


91 — — 1


32 43.3 56.7 Procymidone 2


55 42.3 57.7 3


46 38.5 61.5 4







Figure 4. Stereoviews of contour diagrams of steric and electrostatic fields with flutamide (magenta) according to Eq. 2 in Table 9 for AR pure


antagonists. See the text for an explanation of the colors. Amino acid residues, Asn705, Arg752, Thr877, Leu707, Gln711, and Met745, in the AR


ligand-binding site are also displayed.


Figure 5. Stereoviews of contour diagrams of steric and electrostatic fields with testosterone (magenta) according to Eq. 3 in Table 9 for AR agonists/


antagonists. See the text for an explanation of the colors. Amino acid residues, Asn705, Arg752, Thr877, Leu707, Gln711, and Met745, in the AR


ligand-binding site are also displayed.
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Figures 4 and 5 indicate that ligands should reach the
green areas to have binding affinity; however, the green
regions for agonists/antagonists (Fig. 5) are closer to
Asn705 and Thr877 than those for pure antagonists
(Fig. 4). These results suggest the importance of the dis-
tance between two groups having H-bond ability such
as the 3-keto and 17b -OH groups of DHT to interact with
both Arg752 and Asn705/Thr877 and switch on the tran-
scription process. This finding is consistent with our pre-
viously proposed ‘Near 10 Å Polar Interaction Rule.’34

2.3. Importance of hydrophobic interaction


Bohl et al.19 indicated that the hydrophobic pocket of
the AR-LBD is created by two hydrophobic amino
acid residues, Val746 and Met742; however, in this
study, three residues, Gln711, Met745, and Leu707,
appear to be responsible for hydrophobic interactions
with the ligands at the pocket (Fig. 4). This inconsis-
tency comes from the difference between the analysis
methods, that is, analysis in our study was performed
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based on the natural hAR-LBD crystal structure,
while Bohl et al.19 used their own docking model of
hAR-LBD based on homology to the human proges-
terone receptor. Ligands such as flutamide and feni-
trothion with trifluoromethyl and methyl groups,
respectively, adjacent to the nitro group increased
their AR antagonist activity. Even though the CF3


group of flutamide seems to be surrounded by yellow
sterically prohibited regions (Fig. 4), these relatively
small substituents are predicted to be closely sur-
rounded by the hydrophobic pocket created by the
amino acid residues.


2.4. Difference between AR agonists and antagonists


It was reported that AR AF2 binds to the 23FQNLF27 in
the AR NH2-terminal region.11 This interaction is
androgen-dependent and was suggested to be important
for transcriptional function.9 In the crystal structure of
AR-LBD-R1881 bound to AR 20–30 peptides contain-
ing FQNLF, FQNLF was hydrogen-bonded by
Glu897 (H12) and Lys720 (H3).11 Figure 6 shows the
structure of AR-LBD in which important residues were
highlighted. It was suggested by CoMFA results that
compounds with both agonist and antagonist activities
are capable of interacting with AR-LBD without pre-
venting Asn705, Arg752, and Thr877 from taking the
appropriate positions. The three critical residues for
agonist activity, Asn705, Arg752, and Thr877, are locat-
ed in H3, H5, and H11 in AR-LBD, respectively. If
bulky groups of a ligand hinder Asn705 and Arg752,
these residues may interfere with the interaction of the
ligand with H3. The position of Thr877 may affect the
conformational change of H12. As a result, Glu897
(H12) and Lys720 (H3) are unlikely to interact with
23FQNLF27 in the AR NH2-terminal region, leading
to the inactive form of AR.


2.5. How do ER agonists act as AR antagonists?


Since well-known ER agonists like DES, octylphenol,
and bisphenol A acted as pure AR antagonists, we
aimed to elucidate the nature of the receptor binding

Figure 6. The cavity surface at the ligand-binding sites of AR (cyan) and E


structures with DES.

domain by comparing the cavity surface areas between
the ligand binding sites of AR and ER. Each cavity sur-
face area was calculated based on the ligand-AR8 and
ligand-ER crystal structures23 with their own ligand
(R1881 and estradiol, respectively) by the MOLCAD
option of SYBYL.35 Figure 7 shows the cavity surface
at the ligand-binding sites of AR (cyan) and ER (yellow)
with DES. The area of the ligand in AR was slightly
thinner than that in ER when the surface areas of the
AR and ER were superimposed. Although DES has
two OH groups as H-bond interaction sites with AR,
two diethyl moieties of DES sticking out from AR-
LBD made interaction of the OH groups with Asn705
and Thr877 of AR difficult, likely causing its AR antag-
onist activity. On the other hand, DES was well accom-
modated in ER-LBD (Fig. 7). This finding was also
suggested by the CoMFA of pure antagonists. Since
the ethyl moieties of DES reached the yellow sterically
forbidden regions around Asn705 and Thr877 in
AR-LBD, it would be an obstacle for taking an active
conformer of the ligand-AR complex. Other pure AR
antagonists with ER agonist activity like octylphenol
and bisphenol A also protruded from the binding site
surface area in AR like DES (data not shown). These
observed results suggested that the bulky substituents
of ligands may not fit the AR binding pocket surround-
ed by Asn705, Arg752, and Thr877 and as consequence,
AR-ligand complexes fail to make a complete transcrip-
tionally active conformer, for which the precise position-
ing of H12 and other helices is required. This means that
such a subtle difference of ligand-binding cavities
between AR and ER determines whether a ligand acts
as an agonist and/or antagonist in each receptor. In
the case of estriol, the hydroxy group at the 16-position
may also interfere with H-bond formation of the hydro-
xy group at the 17-position. This is one possible reason
why estriol acts as an AR pure antagonist. Moreover,
X-ray crystal structure data8,23 suggested that hydro-
phobic amino acids such as Leu346, 349, 384, 387,
391, 428, 525, Ile424, and Phe404 in the ERa-LDB play
an important role in the hydrophobic interaction of li-
gands. As a result, ligands that interact with these amino
acids behave as ER agonists, whereas hydrophobic

R (yellow) calculated based on the ligand-AR and ligand-ER crystal







Figure 7. Structure of the AR-LBD-R1881 (space-filled atoms colored by atom types; white carbon, cyan hydrogen, and red oxygen) complex.


Helices of AR are depicted as the ribbon structure. The critical three residues for agonist activity, Arg752 (green), Asn705 (orange), and Thr877 (red/


orange), as well as the residues, Lys720 (cyan) and Glu897 (white), which interact with the FQNLF peptide, were labeled and depicted as space-filled


atoms.
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amino acids such as Leu701, 704, 707, 873, 880 and
Phe764, 876, 891 in the AR-LBD play a significant role
in steric hindrance and ligands that interact with these
amino acids behave as AR antagonists.

3. Conclusions


We clarified whether chemicals act as an AR agonist
and/or antagonist and how they increase their activity.
In addition, the difference between ER agonists and
AR antagonists was explained based on the cavity
surface at the ligand-binding sites of AR and ER.


The precise structural requirements for AR agonists
and/or antagonists are depicted as follows.


(1) In general, ligands should have a strong hydrogen
bonding and/or electrostatic interaction ability like
nitro groups at the position corresponding to the

3-keto group of DHT to interact with AR-LBD.
Moreover, trifluoromethyl and methyl groups adja-
cent to the nitro group in flutamide and fenitro-
thion, which can induce the interaction with the
hydrophobic pocket surrounded by Gln711,
Met745, and Leu707 in AR-LBD, play a prominent
role in increasing AR binding activity.


(2) Agonists should not stick out from the ligand-bind-
ing cavity of AR and have an H-bond acceptor or
donor group at the position corresponding to the
17b-OH group of DHT to accurately position
Asn705, Arg752, and Thr877. The distance between
two functional groups with hydrogen bonding and/
or electrostatic interaction ability corresponding to
3-keto and 17b-OH groups should be near 10 Å to
maintain a favorable interaction in AR ligand-
binding domain.


(3) The length axis of antagonists should be less than
or more than 10 Å so as not to make a hydrogen
bonding and/or electrostatic interaction with
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Asn705 and Thr877 in the steroid D ring anchoring
pocket, preventing the correct positioning of H3
and H12.


The results of this study could provide useful informa-
tion for not only a rational drug design with improved
activity for partial androgen insensitivity syndrome but
also prioritization of a large number of man-made
chemicals and prediction of their AR-mediated action
in a screening program. Future works, especially animal
studies, are necessary to determine whether androgenic
and/or antiandrogenic compounds found in this study
influence androgen functions by modulating transcrip-
tion within target organs through the interaction with
AR in vivo.

4. Experimental


4.1. Chemicals


All test compounds obtained from Wako (Kyoto,
Japan) and Sigma–Aldrich Chemical Co. (St. Louis,
MO) were of analytical grade and used without any
further purification.


4.2. Androgen reporter gene assay


The stable MDA-kb2 human breast cancer cell line
was kindly gifted by Dr. Gray, L. E. Jr. (U.S. EPA,
Research Triangle Park, NC). These cells have an
endogenous human androgen receptor (AR) and
MMTV-neo-luciferase gene construct and elicit an in-
crease in luciferase activity in the presence of an
androgen. The assay procedures were described in de-
tail previously.5–7 Briefly, the MDA-kb2 cell line was
maintained in Leibovitz’s L-15 medium (GIBCO/
BRL, USA) supplemented with 10% (v/v) resin-
stripped fetal bovine serum (Hyclone, USA) and 1%
(v/v) (final concentration) antibiotic-antimycotic agents
(GIBCO/BRL, USA) at 37 �C. For each replicate, cells
were plated in quadruplicate in 96-well plates (Coster,
USA) at a density of 105 cell/well and then were incu-
bated for 4 h at 37 �C. Following incubation, the cells
were treated with various concentrations of test chem-
icals from 10�8 to 10�4 M to determine the AR ago-
nist and antagonist activity in the absence and
presence of 0.2 nM DHT, respectively. For the dose–
response of natural ligands, cells were treated with
concentrations of chemicals from 3 · 10�12 to
3 · 10�5 M. A vehicle control, ethanol or dimethylsulf-
oxide, was included in each experiment. The final con-
centration of ethanol and dimethylsulfoxide in the
medium was 0.1%. After 24 h incubation, treated cells
were rinsed with phosphate-buffered saline and were
lysed with 25 ll of lysis buffer (Promega, USA). After
30 min, 25 ll of D-luciferin potassium salt (1 mM) and
25 ll of reaction buffer (25 mM glycylglycine, 15 mM
MgCl2, 5 mM ATP, and 0.5 mg/ml bovine serum albu-
min) were added to each well. Relative light units
(RLU) of luciferase activity were immediately mea-
sured using a microtiter plate luminometer (Luminos-
kan, Labsystem, USA).

4.3. Data analysis


Data were expressed as the mean fold induction com-
pared to that of the vehicle control, that is, fold induc-
tion = RLU (test chemical)/RLU (vehicle control).
When a test chemical has no activity, the obtained fold
induction is 1. When a test chemical has AR agonist
activity, its fold induction increases as its concentration
increases in the absence of DHT. Likewise, when a test
chemical has AR antagonist activity, its fold induction
decreases as its concentration increases in the presence
of 0.2 nM DHT.


The data were analyzed by Student’s t-distribution with
Excel (Microsoft, USA) and p values less than 0.05 were
considered significant. The value of IC50 for antagonist
activity was the concentration of the test chemical pro-
ducing 50% inhibition of 0.2 nM DHT-induced lucifer-
ase activity.6 Since observation with a microscope of
the damage to treated cells was correlated with
decreased fold induction values in the absence of
DHT, fold induction values less than 0.85 were suggest-
ed as potential other mechanisms that can disrupt lucif-
erase assay. Therefore, fold induction values less than
0.85 were assigned for cell toxicity and were not used
to calculate antagonist activity in the presence of DHT
in this assay. Unless otherwise noted, the measured
activities presented in this study represented
means ± SD resulting from at least three separate exper-
iments with quadruplicate wells for each treatment dose.


4.4. Molecular modeling


All computations were performed using the molecular
modeling software package SYBYL, version 6.9.35 To
select the initial conformation of compounds, we started
from the coordinates of X-ray crystallographic data for
each compound obtained from the Cambridge Structure
Database,36 if available. Compounds not contained in
the Database were constructed from the structures of
similar compounds. The coordinates of the modified
parts of these structures were calculated using the
SYBYL standard values for bond lengths and angles.
A systematic search in SYBYL was applied to all rotat-
able bonds. The low-energy conformer of each com-
pound obtained by a systematic search was then
optimized by the semiempirical PM3 method.37 For
the optimized coordinates of all compounds, atomic
charges were calculated using MNDO.38 Molecular elec-
trostatic potentials of the molecules were computed
from the MNDO atomic charges and used in CoMFA
studies.


4.5. Alignment


We assumed the fully optimized conformation of the
molecules to be the active conformation for binding.
The optimized conformation of testosterone was select-
ed as the reference standard because the optimized con-
formation of testosterone in AR-LBD was available in
the reference,26 even though DHT was used as the refer-
ence androgen in this assay. Steroidal compounds, DES,
chlorinated compounds like dieldrin, phthalate esters,
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and polyaromatic hydrocarbons were superimposed on
testosterone. A benzene ring of bisphenol A or flutam-
ide, included in the most potent AR antagonists, was
superimposed on the steroid A ring of testosterone.
Phenols, DDT derivatives, and diphenylethers were
superimposed on bisphenol A. Compounds with
N–C(@O) bond(s) were superimposed on flutamide.
Atoms used for the superimposition of representative
compounds are indicated in Figure 8. Regarding com-
pounds containing two benzene rings, two alignments
were attempted, that is, the benzene rings were superim-
posed on the corresponding position to a benzene ring
of flutamide, respectively. The alignment which gave
the better CoMFA equation was adopted.


4.6. Correlation by CoMFA


Analyses were conducted with the ‘Advanced CoMFA’
module of SYBYL. The procedure was similar to that
described in our previous report.39 The superimposed
sets of stable conformers were placed in a lattice of 23
Å · 26 Å · 19 Å (X = �6 to 17, Y = �15 to 11,
Z = �14 to 5) with 2 Å spaces automatically generated
by the CoMFA routine in SYBYL. The potential energy
fields of each stable conformer were calculated at the

lattice intersections. To calculate the coulombic electro-
static potential at each lattice point, the charge of +1.0
as a probe and the atomic charges for each of the
molecules were used. The steric interaction (Lennard-
Jones) potential at the lattice points was calculated using
the sp3-carbon atom as a probe. The data matrix was
analyzed by the partial least squares method.40 The re-
sults of the analysis were expressed as correlation equa-
tions with the number of latent variable terms, each of
which was a linear combination of original independent
lattice variables. In order to show favorable and unfa-
vorable potential regions, the variables were displayed
as contour diagrams of coefficients of the corresponding
field descriptor terms at each lattice intersection. We
initially selected the number of compounds in the set
as the number of the cross-validation (the leave-one-
out method) and then analyzed using the optimum num-
ber of latent variables deduced from the cross-validation
tests without actual cross-validation.
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Abstract—Human immunodeficiency virus type-1 integrase (HIV-1 IN) is an essential enzyme for effective viral replication. Flavone
compounds have been very much studied due to their activity during the inhibition process of HIV-1 IN. In this study, we employed
density functional theory (DFT) using the B3LYP hybrid functional to calculate a set of molecular properties for 32 flavonoid com-
pounds with anti-HIV-1 IN activity. The stepwise discriminant analysis (SDA), principal component analysis (PCA) and hierarchi-
cal cluster analysis (HCA) methods were employed to reduce dimensionality and investigate possible relationship between the
calculated properties and the anti-HIV-1 IN activity. These analyses showed that the molecular hydrophobicity (ClogP), charge
on atom 11 and electrophilic index (x) are responsible for the separation between anti-HIV-1 IN active and inactive compounds.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


The global immunodeficiency syndrome (AIDS) epi-
demic killed 3.1 million people in 2005. AIDS is caused
by human immunodeficiency virus (HIV). The estimated
number of people living with HIV in the world is 39.4
million. The HIV has the capability of selectively infect-
ing and ultimately incapacitating the immune system
whose function is to protect the body against such
invaders.1–3


Three enzymes are essential for the replication cycle of
human immunodeficiency virus type 1 (HIV-1): reverse
transcriptase (RT), protease (PR) and integrase (IN),
these enzymes are important targets for the development
of anti-AIDS drugs.4 HIV-1 IN has been an attractive
and a validated target for anti-AIDS drug design
because of its crucial role in the viral life cycle and the
fact that there is no cellular homologue in humans.5–7


IN catalyzes the integration of viral cDNA into the hu-
man genome, which facilitates stable viral replication
and sustained infection.4 Structure–activity relationships
(SAR) for some inhibitors have been discerned, and it
was proposed that the aromatic moiety is common to
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interact with the divalent cation in a cation–p type inter-
action.8,9 There is also a possibility of a typical charge–
charge interaction between the metal ions and ionic or
partial charges of the ligands.10 It has been shown that
both types of interactions can co-exist in a binding site.10


Other work has also suggested a binding mode in which
inhibitor binds through bidentate chelation of this
ion,11,12 and recently SAR and QSAR studies showed
that hydrophobic and electronic characteristics of the
substituents have a main role in the anti-HIV-1
activity.13–19


Among several compounds that present anti-HIV-1 IN
activity, flavone compounds have been very much stud-
ied due to their activity during the inhibition process of
HIV-1 IN.20 The flavones are classified as flavonoid
compounds. Flavonoids are benzo-c-pyrone derivatives
that can be grouped according to the presence of differ-
ent substituents on the rings and to the degree of benzo-
c-pyrone ring saturation, consisting of three aromatic
rings with polar groups appended at various posi-
tions.21,22 Flavones would be capable of chelating a
divalent metal ion bound to the enzyme and of reacting
chemically, perhaps by way of a free radical mechanism
with essential groups at the enzyme site and then react-
ing chemically or by chelation with the enzyme.20


Recently, Souza et al.13 have reported SAR study for 22
flavone compounds with anti-HIV IN activity but
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employing descriptors calculated by the semiempirical
method AM1. In this work, we employed density func-
tional theory (DFT) using the B3LYP hybrid functional
to explore and determine various electronic descriptors,
with better accuracy, to make the necessary improve-
ment in the SAR models. Ionization potential (IP), elec-
tron affinity (EA), v (electronegativity), hardness (g),
softness (S), electrophilicity index (x), charges and other
properties were obtained for 32 flavonoid compounds as
anti-HIV-1 IN (Fig. 1).20 The DFT-based reactivity
descriptors such as v, g, S and x, that have an important
role in many areas of research,23 were obtained through
exact descriptions (for IP and EA). The principal com-
ponent analysis (PCA), hierarchical cluster analysis
(HCA) and stepwise discriminant analysis (SDA) meth-
ods were employed with the aim to obtain a relation be-
tween these descriptors and the anti-HIV-1 integrase
activity of these compounds.

2. Results and discussion


2.1. Stepwise discriminant analysis (SDA)


The main objective of SDA is to determine discriminant
functions using the measured variables that separate the
groupings as distinctly as possible. In this work, we con-
sidered two groups: active molecules (numbered 1–15)
and inactive molecules (numbered 16–32) against HIV-
1 IN (Fig. 2).


The SDA is a linear discriminant method based on the
Fisher’s test (F test) for the significance of the vari-
ables.24 In each step one variable is selected based on
its significance and after several steps, the more signifi-
cant variables are extracted from the whole data set
under investigation. The properties most significant
selected by this analysis were: ClogP, Vol, charge on
the oxygen atom 11 (O11) and electrophilic index.


The classification percent correct for inactive group was
100% and percent correct for active group was 93.33%,
percent correct total was 96.88% resulting in a satisfac-
tory separation of the two groups (Table 2). The com-
pound 2 was classified incorrectly in the inactive
group. The discriminant functions obtained with 32
compounds in this work are given as follows:


Active ¼ �2:57� 3:53 C log P � 1:69 Vol


� 1:77 O11� 0:55x; ð1Þ

Inactive ¼ �2:04þ 3:11 C log P þ 1:49 Vol


þ 1:56 O11þ 0:49x: ð2Þ


Through the discriminant functions above (Eqs. 1 and 2)
and the values of each variable for the compounds stud-
ied (Table 1), we obtain the classification matrix by
using all compounds in the analysis. The allocation rule
derived from the SDA results, when the anti-HIV
activity of a new flavone is investigated, is: (a) initially
one calculates, for the new flavone compounds, the val-
ue of the more important variable obtained with the

SDA methodology, that is, C logP, Vol, O11 and x;
(b) substitutes these values in the two discriminant func-
tions above (Eqs. 1 and 2); (c) checks which discriminant
function (group active compounds or group inactive
compounds) presents the higher value. The new mole-
cule is active if the higher value is related to the discrim-
inant function of group active or vice versa.


2.2. Principal component analysis (PCA)


A PCA extracts independent factors from a number of
highly correlated variables by decomposing a matrix of
data values into matrices: a loadings matrix, which
contains the independent factors (principal compo-
nents, PCs), and scores matrix.25 In this analysis was
made a combination between variables, the combina-
tion that presented larger variance was going to be
selected.


The first principal components explain 48.79% of vari-
ance (PC1 = 48.79%). The second principal components
explain 36.32% of variance (PC2 = 36.32%). PC1 and
PC2 explain 85.11% of total variance in the data set.
The scores of the PC1 and PC2 are shown in Figure 2,
in this figure we can observe that, with exception of
compounds 2 and 19, the compounds are separated into
two groups: active compounds and inactive compounds
according to their degree of anti-HIV IN activity. Also
from Figure 2 we can see that PC1 alone is responsible
for this separation. The loading vectors for PC1 can
be expressed through the following equation:


PC1 ¼ �0:88 C log P � 0:77 O11� 0:28x: ð3Þ
From Eq. 3, we can say that for flavones to become
active they must have lower values for ClogP and elec-
trophilic index (x) combined with more negative charge
on oxygen atom 11.


2.3. Hierarchical cluster analysis (HCA)


In HCA, each point forms an only cluster initially and
then the similarity matrix is analyzed. The most similar
points are grouped forming one cluster and the process
is repeated until all the points belong to an only group.26


The properties most significant selected by this analysis
were: C logP and charge in the oxygen atom 11 (O11).
In the dendrogram (Fig. 3), the vertical lines represent
the compounds and the horizontal lines represent the
similarity values between pair of compounds, a com-
pound and a group of compounds and between groups.
From this dendrogram we can notice that the similarity
observed between the group of the active and inactive
molecules is next to zero. In this dendrogram, with the
exception of compounds 2 and 19, we can observe that
the ClogP and O11 are responsible for the separation
between active and inactive according to their degree
of anti-HIV IN activity. Therefore, the ClogP and
O11 properties were very impotents in all three method-
ologies for the separation between the anti-HIV IN
active and inactive flavone compounds. The results
obtained with the HCA method were exactly the same
to those obtained with PCA method.
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Figure 1. Molecular structure of the 32 flavone compounds studied. The first compound show the numbering of the flavones studied.
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Table 1. Values of four most important properties (descriptors) that


classify the 32 flavones studied and average values ðXÞ in bold font


Compound ClogP Vol (Å3) O11 x (eV) Activity


1 0.715 769.702 �0.636 2.071 Active


2 3.002 715.562 �0.595 2.220 Active


3 0.376 753.059 �0.566 1.997 Active


4 0.637 772.231 �0.632 2.099 Active


5 1.304 753.531 �0.631 2.086 Active


6 1.044 741.154 �0.571 1.957 Active


7 2.311 739.557 �0.594 2.117 Active


8 �0.451 1106.863 �0.603 2.119 Active


9 0.216 1087.287 �0.605 2.200 Active


10 1.948 808.795 �0.634 2.033 Active


11 �0.831 1045.559 �0.607 1.986 Active


12 �1.021 1095.399 �0.622 1.591 Active


13 0.734 747.453 �0.629 2.172 Active


14 1.820 811.611 �0.598 2.119 Active


15 1.900 734.262 �0.633 2.072 Active


16 2.905 720.404 �0.595 2.121 Inactive


17 2.933 847.075 �0.597 2.040 Inactive


18 3.144 764.787 �0.530 1.969 Inactive


19 1.866 940.087 �0.631 2.930 Inactive


20 2.843 680.054 �0.561 2.268 Inactive


21 3.211 688.006 �0.525 2.175 Inactive


22 2.752 778.728 �0.520 2.342 Inactive


23 3.233 976.637 �0.600 1.944 Inactive


24 4.111 678.837 �0.584 2.339 Inactive


25 2.623 834.794 �0.533 1.898 Inactive


26 2.495 982.101 �0.561 1.673 Inactive


27 3.486 776.045 �0.595 2.065 Inactive


28 3.563 699.867 �0.591 2.262 Inactive


29 3.492 775.751 �0.594 2.069 Inactive


30 2.575 709.177 �0.529 2.051 Inactive


31 2.354 706.998 �0.524 2.065 Inactive


32 2.733 705.996 �0.533 2.087 Inactive


X 0.914 845,468 �0.610 2.056 Active


X 2.959 780,314 �0.565 2.135 Inactive


Figure 2. Plot of first two PC score vectors for the separation of the


training set into two groups: Active and Inactive.


Table 2. Classification matrix obtained by using SDA for 32


compounds


Classified group True group


Percent Inactivity Activity


Inactivity 100 17 0


Activity 93.33 1 14


Total 96.88 18 14


igure 3. Dendrogram obtained with the HCA for training set (32


ompounds). HCA classifies the compounds into two groups: Active


nd Inactive.
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The ClogP is a measure of hydrophobicity; molecules
with large value of ClogP have higher hydrophobicity
and consequently better transport through membranes.
In Figure 4 and Table 1, we can observe that in general
molecules with lower values of ClogP are most active,
while the molecules with higher values of ClogP are less
active. The compounds that present more hydroxyl
groups are what present lower values for ClogP, these
compounds have a good solubility in water, consequent-
ly, they are compounds more hydrophilic, what can indi-
cate that the compounds more active must interact with
some enzyme polar region or with molecules of water in
or out of the enzyme. The molecule 2 has an elevated
value for this variable, while the molecule 19 has a very
low value; this would explain the incorrect classification
observed in SDA, PCA and HCA.


On the other hand, also two electronic properties are
important: the charge on atom 11 and electrophilic in-
dex (x) (Figs. 5 and 6). In Figure 5 and Table 1, we
can observe that in general more active flavonoids have
more negative charge on atom 11. Therefore, the car-
bonyl oxygen may act as an acceptor in a hydrogen
bond formed with the side chains of residues containing
a hydroxyl group or might be involved in the chelation
with Mg2+ ion of cofactor. The charge is electronic
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Figure 4. Box plot for ClogP considering 32 flavone compounds.
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Figure 5. Box plot for O11 considering 32 flavone compounds.
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Figure 6. Box plot for x considering 32 flavone compounds.
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descriptor; therefore, we can conclude that electronic
effects have a very important role when one is trying
to understand the activity of flavonoid compounds with
anti-HIV IN activity, therefore, can indicate the proba-
bility of an interaction between the flavones and the bio-
logical receptor through a charge transfer mechanism.
Recently, we have found similar results for flavonoid
compounds with anti-HIV-1 activity in lymphocyte.14–16


The index x is interpreted as the capacity of an electro-
phile to promote (stabilize) a covalent (soft) reaction.28


The concept of electrophilicity viewed as a reactivity in-
dex was introduced by Maynard et al.28 to study the

Figure 7. MEP electrostatic potential of (a) compound 1 and (b) compound


comes from the blue (positive) to red (negative).

reaction of the human immunodeficiency virus type 1
(HIV-1) nucleocapsid protein p7 (NCp7) with a variety
of electrophilic agents. In Figure 6 and Table 1, we can
observe that in general more active flavones have low
values for x. Then, we may suppose an interaction be-
tween flavone actives and electron-acceptor groups at
the enzyme site. However, when comparing Figures 4
and 5 with Figure 6 it is evident that electrophilic index
global plays a secondary role in the classification.


2.4. Electrostatic potential


Figure 7 displays the three-dimensional molecular elec-
trostatic potential (MEP) surfaces, generated in Spar-
tan program,27 for the compounds 1 (active, it is the
most potent compound) and 22 (inactive). These sur-
faces correspond to the isodensity value of 0.001 a.u.,
and it is interesting to highlight the noncovalent inter-
actions occurring at the molecular surface. The most
nucleophilic regions (negative electronic potential, in
red) can be found around the oxygen atoms, while
the most electrophilic regions (positive electrostatic po-
tential, in blue) can be found around the hydrogen
atoms. In Figure 7 we can observe that the compound
1 (active) provides a much more intense region of neg-
ative electrostatic potential than the compound 22
(inactive), and thus it constitutes a more attractive cat-
ion-binding site. In general, we observed that active
compounds have more intense region of negative elec-
trostatic potential than the inactive ones. These results
are in agreement with the proposed that the aromatic
moiety is common to interact with the divalent cation
in a cation–p type interaction,8,9 and also with our
study of molecular dynamics.

3. Conclusions


The SDA, PCA and HCA methods showed to be quite
efficient to classify the 32 flavone compounds studied
in two groups (active and inactive) according to their de-
gree of anti-HIV IN activity. Three descriptors were
found to be important in the classification: ClogP, char-
ge on atom 11 and electrophilic index, with secondary
role in the classification. The SDA, PCA and HCA
methods showed that lower values for ClogP and elec-
trophilic index combined with more negative charge on
oxygen atom 11 (O11) lead to an increase of the anti-

22 derived from ab initio HF/6-31G*. The increase of negative charges
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HIV-1 IN activity. These variables allowed a physical
explanation of electronic molecular properties contrib-
uting to HIV inhibitory potency as the electronic char-
acter relates directly to the electron distribution of
interacting molecules at the active site. Also the biolog-
ical activity is highly influenced not only by their
inherent electronic properties but also by their trans-
portability represented by ClogP. In general active
compounds have more intense region of negative elec-
trostatic potential than the inactive compounds.

4. Methodology


Quantum chemical calculations at the DFT/RB3LYP
(restricted B3LYP) level of theory, together with the
6-31G* basis set, were used to fulfil the geometry opti-
mization of the selected neutral compounds. The geom-
etries of the radicals studied were optimized
independently from the neutral molecules prior to the
calculations of energies, treated as open shell systems
DFT/UB3LYP (unrestricted B3LYP). All calculations
were performed by using the Gaussian 03 package of
programs.29 The nature of each stationary point was
established by calculating analytically and diagonaliz-
ing the matrix of the energy second derivatives to
determine the number of imaginary frequencies (zero
for local minimum and one for TS). The calculated
vertical ionization potential (IP) and vertical electron
affinity (EA) were corrected for zero-point vibrational
energy (ZPVE). The IP and EA were calculated
through following equations:


IP ¼ ½ðTECATION þ TCECATION0:9806Þ
� ðTENEUTRAL þ TCENEUTRAL0:9806Þ�27:2114; ð4Þ

EA ¼ ½ðTENEUTRAL þ TCENEUTRAL0:9806Þ
� ðTEANION þ TCEANION0:9806Þ�27:2114; ð5Þ


where TENEUTRAL is the energy of the neutral molecule,
TCENEUTRAL is the corrected for zero-point energy of
the neutral molecule, TECATION is the energy of the rad-
ical cation, TCECATION is the corrected for zero-point
energy of the radical cation, TEANION is the energy of
the radical anion and TCEANION is the corrected for
zero-point energy of the radical anion. The value
0.9806 is the scaling factor of corrected to ZPVE for the-
oretical B3LYP/6-31G*. The DFT-based reactivity
descriptors were obtained from Eqs. 6–9.30–33


Electronegativity (v):


l ¼ �v � �ðIPþ EAÞ=2; ð6Þ

Hardness (g):


g � ðIP� EAÞ=2; ð7Þ

Softness (S):


S ¼ 1=ð2gÞ; ð8Þ

Electrophilic index:


x ¼ l2=2g: ð9Þ
Other calculated descriptors were: electronic (Mulliken’s
charges), hydrophobic (C logP) and steric (molecular
volume, Vol). The ClogP was calculated using Chem3D
Ultra 9.034 and volume was calculated using Hyper-
Chem 7.5.35 The ClogP is based on Hansch–Leo’s logP
calculation method. It divides molecules into fragments
and uses the constants of these fragments and correction
factors taken from its database for logP calculation.36,37


In this work were employed the principal component
analysis (PCA), hierarchical cluster analysis (HCA)
and stepwise discriminant analysis (SDA) methods.
The values of the variables were standardized in all
statistical analyses. These statistical analyses were
performed using Statistica38 and Matlab39 package of
programs.


Pharmacological data were taken from the work of Fes-
en et al.20a The biological evaluation of the flavonoids
was done by using the IC50, that indicates pharmacolog-
ical potency (concentration which inhibits the cleavage
and integration reactions by 50%). The compounds list-
ed in Figure 1 can be divided into two groups: which
inhibited 3 0-processing or strand transfer with an IC50


of less than 100 lM are considered active compounds
(numbered 1–15), and which produced weak or unde-
tectable inhibitory activity at 100 lM are considered
inactive (numbered 16–32).20a
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Abstract—In the course of our studies on compartment-specific lipid-mediated cell regulation, we identified an intimate connection
between ceramides (Cers) and the mitochondria-dependent death-signaling pathways. Here, we report on a new class of cationic Cer
mimics, dubbed ceramidoids, designed to act as organelle-targeted sphingolipids (SPLs), based on conjugates of Cer and dihydrocera-
mide (dhCer) with pyridinium salts (CCPS and dhCCPS, respectively). Ceramidoids having the pyridinium salt unit (PSU) placed
internally (a and c-CCPS) or as a tether (x-CCPS) in the N-acyl moiety were prepared by N-acylation of sphingoid bases with dif-
ferent x-bromo acids or pyridine carboxylic acid chlorides following capping with respective pyridines or alkyl bromides. Consistent
with their design, these analogs, showed a significantly improved solubility in water, well-resolved NMR spectra in D2O, broadly
modified hydrophobicity, fast cellular uptake, and higher anticancer activities in cells in comparison to uncharged counterparts.
Structure–activity relationship (SAR) studies in MCF-7 breast carcinoma cells revealed that the location of the PSU and its overall
chain length affected markedly the cytotoxic effects of these ceramidoids. All x-CCPSs were more potent (IC50/48 h: 0.6–8.0 lM) than
their a/c-CCPS (IC50/48 h: 8–20 lM) or D-erythro-C6-Cer (IC50/48 h: 15 lM) analogs. x-DhCCPSs were also moderately potent (IC50/


48 h: 2.5–12.5 lM). Long-chain x-dhCCPSs were rapidly and efficiently oxidized in cells to the corresponding x-CCPSs, as established
by LC–MS analysis. CCPS analogs also induced acute changes in the levels and composition of endogenous Cers (upregulation of
C16-, C14-, and C18-Cers, and downregulation of C24:0- and C24:1-Cers). These novel ceramidoids illustrate the feasibility of com-
partment-targeted lipids, and they should be useful in cell-based studies as well as potential novel therapeutics.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Ceramides (Cers) are long-chain amphiphilic (2S,3R,
4E)-2-aminoacyl-1,3-diols (Scheme 1) capable of regu-
lating a diverse range of important cellular processes
such as cell growth, differentiation, and apoptosis.1–3


Intracellular levels of endogenous Cers are influenced
by many external inducers, including cytokines (Fas,
TNFa), ‘environmental’ stress factors (UV, radiation,
hypoxia/reperfusion or hyperthermia/heat), chemother-
apeutic agents (taxol, etoposide, gemcitabine or Ara-
C), inhibitors of Cer metabolizing enzymes (D-MAPP,

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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B13, PDMP), as well as by exogenously added cell
membrane-permeable short-chain C2–C8-Cers.4–13


Intracellular action of Cers on phosphatases, kinases,
proteases or telomerase enzymes can be linked to their
proapoptotic activities.14–18


However, these and other mechanistic studies with var-
ied chain Cers revealed several major drawbacks on the
SAR studies of Cers in cancer cells, limiting their poten-
tial therapeutic utility.11,19–25 Naturally occurring Cers
are highly hydrophobic, poorly water-soluble molecules,
with a limited cell membrane permeability resulting in
their inefficient delivery into the cells and tissues.26–30


Improvement in the delivery of long-chain ceramides
to the cells was achieved by using a solvent of ethanol
containing 2% dodecane or decane showing that natural
Cer could induce apoptosis.31 This has been cited as
direct evidence for the role of natural Cer in cellular



mailto:bielawsk@musc.edu





Scheme 1. Design of ceramidoids and conjugation scheme for the linkage of pyridinium cation to ceramide.
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apoptosis.32,33 However, the following studies by Tser-
ing and Griffin did not support the above concept show-
ing that intact long-chain Cer did not initiate cell
toxicity, and rather a metabolite derived from Cer deg-
radation may be responsible for this process.34 Also
the study by Urbina et al. showed that alkanes are not
innocuous vesicles for long-chain Cer in cell biology
studies causing the inhibition of Cer-dependent mem-
brane permeabilization.35 Short-chain Cers can be deliv-
ered into the cells, but no organelle-specific targeting
was observed (except for the predominant localization
of NBD-C6-Cer to the Golgi apparatus).36,37 Recently,
in order to overcome some of these limitations, liposo-
mal formulations of Cers were developed and used in vi-
tro and in vivo in anticancer studies.38–41 However,
several restrictions, especially for the long-chain Cers,
were noticed, and these formulations resulted only in a
moderate increase of their potency without any tumor
tissue specificity.38,40,41 Moreover, it is becoming
increasingly apparent that accumulation of endogenous
Cers in response to a variety of agonists occurs in specif-
ic sub-cellular compartments, and, thus, these compart-

mentally restricted Cers may play distinct roles in
mediating agonist responses, depending on the compart-
mental formation and action.42,43


To address the above issues and to improve delivery and
targeting properties of Cers, we designed charge-depen-
dent organelle-targeted Cers, dubbed ceramidoids. As
an initial aim, we focused on the development of ceram-
idoids with a fixed positive charge. This electronic fea-
ture would allow their targeting and delivery into
negatively charged cellular organelles as mitochondria
and/or nucleus.44 Targeting mitochondria was our pri-
mary goal since increasing evidence is beginning to point
on mitochondrial action of Cers and other SPLs.18,45,46


Indeed, recent studies show that specific generation of
Cer in mitochondria results in apoptosis and that
mitochondrial Cer may drive the translocation and ‘ac-
tivation’ of the pro-apoptotic Bax molecule.46,47 More-
over, the other specific mitochondrial functions of
Cers as formation of channels in membranes,48 regula-
tion of the respiratory chain proteins,49 and release of
cytochrome C have been established.46,50
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It is well known that lipophilic and p-electron delocal-
ized cations localize preferentially into mitochondria,
and the balance between charge and the hydrophobic
effects appears to be essential for their optimized
mitochondrial localization.51–54 Structurally diversified
compounds: antioxidants, vitamins, fluorescent ligands,
and non-viral transfecting agents, have been re-designed
based on these principles to develop selective
mitochondriotropic molecular probes and potential
drugs.55–60


Therefore, we selected to synthesize Cers conjugated
with pyridinium salt (CCPS analogs) with the expecta-
tion that this water-solubilizing handle will result in
their improved delivery to cancer cells and selective
accumulation in mitochondria due to lipophilic parti-
tioning and trans-membrane potential-driven
electrophoresis.51,57,58,61


Here we describe the design and synthesis of these novel
cationic Cer mimics. Also, we define their basic physico-
chemical and biological properties: solubility in water,
molecular hydrophobicity, NMR spectral behavior,
including spectra recorded in D2O, and cytotoxic effects
in MCF7 cells. Additionally, we show regulatory effects
of these analogs on endogenous Cer species.


We believe these results are sufficient prerequisites for
the selection of lead compounds for further structural

Scheme 2. Reagents and conditions. (i) Br(CH2)nCOX, where n = 1, 5, 11 o


chloride, 50% CH3COONa, THF, rt; (iii) 3-pyridinepropionic acid chloride, 5


butyl bromide, toluene, 100 �C, 6 h; (vi) pyridine, toluene, 75–85 �C, 4–6 h; (v

and mechanistic in vitro and in vivo studies aimed to ex-
plain anti-proliferative activity of Cer on a molecular
level.

2. Results and discussion


2.1. Chemistry


2.1.1. Design of ceramidoids. The following rationale was
used to design the mitochondriotropic Cers: (i) the N-ac-
yl moiety of Cers is a straightforward and accessible site
for structural modifications and more accommodating
for modifications since it appears to be less critical than
the sphingosine (Sph) backbone which plays a crucial
role in their molecular recognition,62,64 (ii) site-specific
cationization of the hydrophobic domain present in
the amphiphilic ligands changes their interfacial proper-
ties and activity profiles,61,62,65–67 (iii) the PSU is com-
monly used as a stable, compact, chain-compatible,
non-hydrogen bond donor or acceptor, biogenic water-
solubilizing and cell membrane-penetrating han-
dle,58,61,65–68 and (iv) the introduction of this cationic
handle is simple, efficient, and versatile.61,66,69–72


Therefore, we synthesized one C6-Cer mimic having the
PSU conjugated to another aromatic ring via a vinyl
linker (LCL186) and a few analogs without this conju-
gation (LCL29, 124, and 143; Scheme 2). This extended

r 15 and X = Br or Cl, 50% CH3COONa, THF, rt; (ii) nicotinoyl acid


0% CH3COONa, THF, rt; (iv) octyl bromide, toluene, 100 �C, 12 h; (v)


ii) 4-[4 0-(N,N-dimethylamino)styryl]-pyridine, toluene, 75–85 �C, 70 h.
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conjugation of rings generates a fluorescent tag, which is
itself known as a classical mitochondrial stain (DAS-
PEI).59 LCL186 and its non-fluorescent analog LCL29
localized preferentially in mitochondria of living cells,
interfered with vital functions of mitochondria, and
caused cancer cell death more efficiently then C6-
Cer.73 Preferential localization of other non-fluorescent
analogs to mitochondria was also shown under the col-
laborative projects using two different sub-cellular frac-
tionation methods and MS analysis.74–76


These results prompted us to design a library of CCPS
analogs for SAR studies to put forward a striking
hypothesis that site-specific cationization of Cer can
tune its targeting properties with enhanced anticancer
activity.


Thus, we designed two classes of CCPS analogs having
their head-to-tail amphiphilic interfaces modified by
varied locations of the PSU (Schemes 1 and 2). Class
A represents Cer and dhCer analogs where the PSU
functions as a tether (x-CCPS and x-dhCCPS). Class
B represents Cer analogs where the PSU is located either
in the vicinal (a-CCPS) or in the juxtaposition (c-CCPS)
to the carbonyl group. These types of conjugations war-
rant a placement of the positive charge in the geometri-
cal center of the N-acyl chain, at a close proximity to the
polar head and at the end of the Cer tail, while adjusting
the chain length only.


We expected that the selected CCPS models will facili-
tate investigation of the influence of the key structural
features of Cer, including: (i) chain length of the N-acyl
part, (C2, C6, C12, and C16 homologs), (ii) its stereo-
chemistry at the C2 and C3 positions of sphingoid-back-
bone (isomers: 2S, 3R; 2S, 3S; 2R, 3S; and 2R, 3R), and
(iii) level of saturation/desaturation at the C4–C5 posi-
tions on their physicochemical and biological properties
under physiological conditions.


2.1.2. Synthesis of CCPS analogs. The synthesis of target
compounds was carried out efficiently according to the
procedures presented in Scheme 2. Two parallel
approaches, based on the previously reported protocols
for the preparation of varied chain Cers from sphingoid
bases62 and quaternary salts from azines,69–72 were
developed to synthesize 1-, 1,3- and 1,4-pyridinium
salt-substituted hybrid SPLs.


The first approach, designed for the preparation of class
A of CCPS lipids, started with the N-acylation of 1–5
with x-bromo acid chlorides. This reaction, performed
in a bi-phasic solvent system of 50% aqueous solution
of CH3COONa/THF, proceeded very fast (15–25 min)
and with a complete consumption of the starting sphing-
oid bases to give x-bromo-Cers 6–12 in high yields (vide
infra). Synthesis of C12 and C16 homologs required
freshly prepared x-bromo-dodecanoic and hexadeca-
noic acid chlorides. Initial attempts to obtain the long
chains x-bromo-Cers 14 and 15 by the condensation
of 1 with the activated forms of the corresponding
C12- or C16-fatty acids (i.e. NHS-esters, Imd-deriva-
tives, etc., synthesized separately or generated in situ)

were not successful (incomplete reactions, complex mix-
ture formation, and low yields). Subsequent quaterniza-
tion of pyridine or its 4-N,N-dimethylaminostyryl
derivative with x-bromo-Cers 6–18, performed in tolu-
ene solution at 75–80 �C, gave the expected CCPS ana-
logs: LCL29, 30, 87, 88, 89, 124, 143, 150, 186, 187,
249, 255, 272, 319, and 345. Synthesis of LCL30 was
selected as a model process for optimization and scal-
ing-up. Specifically, when this process was performed
on a mg (0.17 mmol) and a gram (3.7 mmol) scale, the
target compound was obtained in 80% and 85% overall
yields, respectively.


In order to prepare class B of CCPS lipids, the pyridine
moiety was introduced first into the SPL structure,
followed by its further quaternization with the selected
alkyl halides. Thus, N-acylation of 1 with 3-pyridine-
propionic or nicotinic acid chlorides gave x-pyridino-
Cers 19 and 20, which were next N-alkylated with
n-butyl or n-octyl bromides to afford LCL275 and 277,
respectively. As expected, due to the presence of steric
hindrance effects related to pyridine-derived sub-
strates,77 the effectiveness of the quaternization reac-
tions for class B was �20% lower as compared to class
A (except for LCL186). Simply, the bulky SPL part in
pyridines 19 and 20 more efficiently covers the heterocy-
clic nitrogen atom against the attack of an alkyl halide
than the bromine atom in 6–18 against pyridine itself,
causing a partial umbrella effect.72,78 The observed
diminished reactivity of 19 and 20 resulted in a pro-
longed N-alkylation time causing their gradual
decomposition.


In summary, these two complementary synthetic
approaches developed here are convenient and amena-
ble for scaling-up the practical processes to deliver a
structurally diversified set of CCPS analogs in good to
excellent overall yields (50–85%).


All synthesized compounds were fully characterized by
spectroscopy methods (MS, NMR, optical rotation)
and elemental analysis (see Section 4).


As studied, the selected CCPS homologs: LCL29, 30, 88,
and 150 proved to be stable under aqueous conditions at
pH 4.5, 7.5, and 8.5 at 40 �C since neither their decom-
position nor changes in the concentration levels over the
period of 48 h were observed (RP TLC and LC–MS
analysis, data not shown).


2.1.3. Physicochemical properties of CCPS analogs
2.1.3.1. Water solubility. Naturally occurring long-


chain Cers are highly hydrophobic non-swelling lipids
showing a marginal solubility in water in comparison
to the commonly used short-chain homologs.26–30 Com-
parison of the reported critical micelle concentrations
(CMC) data for C2- and C6-Cers (5.0 and 6.0 lM,
respectively)28 with their water solubility (Table 1, 29.0
and 3.6 lM, respectively) indicates a preferential dispo-
sition on the air–water interface and formation of mi-
celles. Contrary to this, C16-Cer exhibits no detergent-
like properties and forms a condensed film.27,30 Due
to the tight packing properties of C16-Cer,26 this lipid







Table 1. Solubility of the selected ceramides and CCPS analogs in


water at 22 and 37 �C


Ceramides


and ceramidoids


Solubility at 22 �C


[mg/mL] (mM)


Solubility at 37 �C


[mg/mL] (mM)


C16-Cer ND 0.0003(0.0005)


C6-Cer ND 0.0014(0.0036)


C2-Cer ND 0.01(0.029)


LCL345 0.3(0.42) 1.4(2.0)


LCL30 0.5(0.72) 2.8(4.0)


LCL87 0.8(1.2) 3.6(5.2)


LCL319 0.9(1.8) 45(90)


LCL150 1.2(2.4) 82(164)


LCL275 62(103) 120(200)


LCL88a 34(53) 495(773)


LCL277a 310(544) ND


LCL29a 715(1290) ND


LCL124a 845(1521) ND


ND, not determined due to the extremely low or high level of lipid


solubility.
a These lipids form dense colloidal suspensions at the higher concen-


trations as reported.


Figure 1. Effects of the linker length (Cn) between the 2-N atom of the


amide group and the pyridinium ring of a/c-CCPSs and x-CCPSs on


their molecular hydrophobicity (RM) in comparison to CPB.
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easily precipitates from the aqueous solution at concen-
trations higher than 0.5 lM (500 pmol/mL).


As shown in Table 1, a dramatic increase in solubility in
water was observed upon conjugation of Cers with the
PSU. In general, the observed solubility levels for D-e-
C2-, C6-, and C16-x-CCPS homologs were between 4
and 6 orders of magnitude higher than for the corre-
sponding Cers. This trend correlates with the reported
data on the solubility enhancement when the PSU was
used as a water-solubilizing handle for other hydropho-
bic compounds.61 Specifically, at room temperature, D-
e-C16-x-CCPS and D-e-C6-x-CCPS reached concentra-
tions of 0.72 mM and 1.3 M, respectively. Solubility lev-
els for D-e-C6- and C12-x-CCPS at 22 �C (715 and
34 mg/mL, respectively) were significantly higher than
solubility assessed for the C2-homolog (1.2 mg/mL at
22 �C and 42 mg/mL at 37 �C) as well as for the C16-ho-
molog (0.5 mg/mL at 22 �C and 2.8 mg/mL at 37 �C). D-
e-C6-x-CCPS isomers showed the highest solubility in
water among all studied lipids. This phenomenon is
most likely due to the unique location of the positive
charge in the geometrical center of the Cer structure
(i.e., below the C9 atom of the C18-Sph backbone). Cen-
tral placement of the PSU precludes any self-association
of Cer molecules along their N-acyl or Sph-backbone
chains, regardless of the possible arrangements of the
polar heads. Moreover, this location of charge may also
extend polar interface of Cer due to a possible hydration
of the PSU vicinity.79


Surprisingly, the biggest and the most hydrophobic
CCPS analog, D-e-C16-x-dhCCPS (0.3 mg/mL or
0.4 mM), revealed to be more soluble in water than its
non-charged congeners N-palmitoyl-serinol (S16,
0.17 mg/mL)80 and galactosyl-C6-Cer (0.1 mM).81 Coin-
cidentally, the solubility level of D-e-C16-x-CCPS at
room temperature is almost identical to that reported
for cetyl pyridinium bromide (CPB; 0.6 mg/mL).82


These results indicate that Coulombic repulsions be-
tween CCPS molecules can sufficiently counterbalance

their attractive interactions in water. Thus, site-specific
cationization overcomes better self-association of Cer
in water then its glycosylation and/or reduction of
hydrocarbon chains. Placement of the positive charge
in the Cer structure as well as lipid overall size revealed
to be the key features affecting solubility of CCPS ana-
logs in water. However, some environmental factors as
temperature,82 ionic strength of the solution, and a kind
of the counter anion may influence their solubility
either. Therefore, the assessment of these factors is cur-
rently in progress aiming at selecting a proper formula-
tion of CCPS analogs for in vivo studies.75


Surprisingly, the observed decreasing order in solubility
of CCPS analogs: LCL29 > LCL275 > LCL88 >
LCL150 > LCL30 does not comply with the increased
length of the N-acyl moiety. LCL150, the smallest and
theoretically the most polar compound, was expected to
be the best water-soluble analog. To explain such a
peculiar trend, and to correlate the influence of the
positive charge on other biophysical properties of Cers,
we investigated the molecular hydrophobicity indexes of
the pertinent CCPS analogs.


2.1.3.2. Molecular hydrophobicity. Molecular hydro-
phobicity (RM) is used to correlate the surface activity
of amphiphilic ligands with their polarity. This property
of surfactants influences also their CMC values, solubil-
ity in water, and lipid membrane permeability.65,67


As shown in Figure 1 the RM values of CCPS analogs
paralleled their N-acyl chain length, however, the RM


values for D-e-C6- and C12-x-CCPS were very close
(RM = 0.19 and 0.21, respectively). The level of polarity
depended on the saturation level and stereochemistry of
the Sph backbone; although, the influence of the satura-
tion was more pronounced. Interestingly, the observed
differences between the RM values of x-CCPS and their
corresponding x-dhCCPS analogs were almost identical
regardless of their chain lengths (DRM = 0.2 ± 0.02). In
order to evaluate the influence of the structural factors
on hydrophobicity, we compared the RM values of
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CCPS analogs with data obtained for CPB. The following
increasing order of hydrophobicity was observed:
LCL275 < LCL150 < LCL277 < CPB < LCL29 < LCL124
� LCL88 < LCL-319 < LCL143 < LCL249 < LCL87 <
LCL30 < LCL345. These results indicate that CCPS
polarity depended primarily on the distance of the PSU
from the polar head of Cer but not on the chain length
attached to the pyridinium nitrogen atom (i.e.,
NHCO(CH2)n-PSU linker length). For example, the RM


value for LCL277 (n = 2) is two times higher than that
of LCL275 (n = 0) in spite that its N-pyridinium-linked
chain is twice shorter.


Contrary to this, LCL29, LCL277, and CPB, surfac-
tants having varied arrangements of the PSU in chains,
showed almost the same level of hydrophobicity (0.19,
0.12, and 0.16, respectively) but a different solubility in
water (715, 310, and 0.6 mg/mL at 22 �C, respectively).
Moreover, LCL150 and 275, the most polar CCPS ana-
logs, expected to be the best soluble compounds in
water, had only a moderate solubility (1.2 and 62 mg/
mL, respectively). The best soluble CCPS analogs had
a moderate hydrophobicity and a central location of
the PSU in the Cer structure (LCL29 and 124).


These results indicate a complex correlation between
hydrophobicity of CCPS analogs and their solubility
in water. This peculiar behavior of CCPS lipids can be
explained by detailed study of their differences in the
aggregate morphology.67 In conclusion, no simple corre-
lation between RM values and water solubility of CCPS
analogs against their N-acyl chain lengths could be
discerned.


2.1.3.3. NMR studies of a site-specific cationization of
Cer. Cationization of Cers decreased the dielectric gap
between Cer and water, and turned them into water-sol-
uble compounds. This opened an unprecedented oppor-
tunity for in-depth NMR studies of Cers under
physiological conditions. Here we present only selected
NMR data to provide a spectroscopic proof-of-the-con-
cept for the designed ceramidoids. Analysis of stereo-
chemical factors governing molecular recognition of
Cer by enzymes62–64 and the reported data on its confor-
mational preferences in aprotic solvents83 pointed to the
polar head of lipid as a primary source of information
for the NMR-driven structure–biology relationship
studies.84 Also, this region includes an informative
NMR paradigm: the methylene protons located at the
prochiral center in a chiral molecule (Fig. 2A). The
chemical shift difference for these protons which can
be controlled by the magnetic non-equivalence of the
surrounding environment and can be used, as an
NMR benchmark, to study conformational preferences
and absolute configurations in complex cyclic and acy-
clic chiral compounds was reported recently.62,83,85–88


The objective of this study was to investigate the NMR
spectra of Cer in water using CCPS analogs and to
determine the influence of the location of the PSU on
Cer conformation. To address this issue, we recorded
spectra of the selected CCPS analogs in CDCl3 CD3OD
and D2O, and compared them with the spectra of the

corresponding Cers in CDCl3 and CD3OD. This set of
solvents provides the environment of a wide scale of
solvophobicity. The calculated ratio of the cohesive
energy density (CED) values for these solvent is as fol-
lows 6:2.6:1 (with respect to H2O, CH3OH, and
CHCl3).89 This environment may warrant a different
proton-donor/proton-acceptor bond formation capabil-
ity for Cer, mimicking its binding to the putative
receptor.62–64


All CCPS analogs gave sharp and well-resolved 1H and
13C NMR spectra at 25 and 37 �C in D2O, when using
2–10 mM samples, except for LCL30 and LCL345 at
25 �C. This allowed for the complete assignments of
the protons and not overlapping carbon resonances
using 2D 1H–1H-COSY and 2D 1H–13C-HMQC exper-
iments (Figs. 2B–D and Section 4). Coupling constants
for the diastereotopic 1-HA,B protons of Cers and
CCPSs are shown in Table 2. Under varied polarity con-
ditions, no effects of the N-acyl chain lengths of Cers on
the chemical shift and the coupling constant values of
the protons located in their polar heads were noticed,
except for the C2-Cer.


2.1.3.4. Anisochronism of 1-HA,B protons in Cers and
CCPSs, and effect of PSU on polar head conformation.
To allocate ligands around the chiral centers of Cer, we
used its postulated predominant (-sc)-rotamer (Fig. 2A,
II).83 Dynamic NMR studies of varied chain Cers (Table
2, Fig. 2B, see Section 4) and the reported data indicated
that the chemical shift non-equivalence for the two
methylene 1-HA,B protons (Dd1-HA,B = 0.26–0.22 ppm
in CDCl3) was controlled by the environmental condi-
tions.83,85 Specifically, these protons gave a set of a
two dd in CDCl3 and showed a characteristic pattern
for the ABX spin system with a large geminal J1-HAB


(11.3 Hz) and a low vicinal 3J2-H-1HAB (3.0–3.9 Hz) cou-
pling constants.90 These multiplets collapsed to a one
doublet (J = 5 Hz) in C6-, C12-, and C16-Cers or
changed to the partially overlapped dd in C2-Cer
(Dd1-HA,B = 0.02 ppm, J2-H-1HA = 4.3 and J2-H-1HB = 6.2 Hz,
respectively; Table 2) when spectra were recorded in
CD


3
OD. Similar patterns of changes were reported


when NMR spectra of Cers were recorded in DMSO-
d6 solution.83 These data indicate that (-sc)-conformer
of D-erythro-Cer can easily switch from its cyclic form
III to the acyclic form I in a proton-donor/acceptor sol-
vent system (Fig. 2A). Formation of a locked (-sc)-con-
formation of the polar head of Cer and an asymmetric
disposition of the ligands at the C2 carbon was respon-
sible for the observed anisochronism of the 1-HA,B pro-
tons. In this situation, the low-field resonance signal
having a higher 3J2-H-1HA value (anti-position to the 2-
H proton, assigned to pro-R configuration) experienced
a stronger shielding effect induced by the anisotropic
amide carbonyl group than its pro-S counterpart
(Fig. 2A, III). The diastereotopic 1-HA,B protons of all
CCPS analogs showed a magnetic non-equivalence, the
same type of multiplicity, and a comparable coupling
constant value as were observed for the parent Cers in
CDCl3 solution. These data suggest that CCPS analogs
adopt the same (-sc)-conformation under hydrophobic
and aprotic conditions. Formation of that conformer







Table 2. 1H–1H Coupling constants measured in Hz for the methylene protons 1-HA and 1-HB of CCPSs and ceramides, shown in different solvents


at 37 �C


Compound CDCl3 CD3OD D2O


3J2H-1HA
3J2H-1HB J1HAB


3J2H-1HA
3J2H-1B J1HAB


3J2H-1HA
3J2H-1B J1HAB


LCL150 3.4 3.5 11.2 4.3 7.3 11.3 2.3 5.1 8.5


LCL29 (—)a 4.2 6.5 11.4 2.1 3.8 11.5


LCL88 4.8 4.5 12.9 (—)b (—)c


LCL30 4.5 2.7 11.1 (—)b (—)c


LCL275 5.7 2.3 12.1 4.2 7.2 11.5 3.4 6.0 11.7


LCL277 5.8 2.4 12.1 4.2 6.9 11.2 4.1 6.6 11.1


C2-Cer 3.9 3.2 11.3 4.3 6.2 11.2 N/A


C6-Cer 3.6 3.2 11.3 (—)b N/A


C12-Cer 3.6 3.1 11.3 (—)b N/A


C16-Cer 3.7 3.0 11.3 (—)b N/A


N/A, not available.
a Appeared as a two identical doublets with J = 11.3 Hz.
b Appeared as a one doublet with J = 5.1 Hz.
c Appeared as a one broad singlet with the half width �7 Hz.


Figure 2. Spectral behavior of CCPS analogs. (A) Projection of the staggered (-sc)-conformer of D-erythro-Cer (II) showing its two diastereoscopic


methylene protons 1-HA/1-HB (I) and a postulated optional cyclic conformation of the polar head having the low field proton assigned to pro-R and


the high field proton to pro-S configurations (III). (B) Correlation of the chemical shift values of the head group protons of x-CCPSs and the


corresponding Cers against their chain lengths, shown in CD3OD at 37 �C. (C) Correlation of the chemical shift values of the polar head protons of


x-CCPS and a/c-CCPS in regard to the chain length distance between the 2-N atom of the NHCO group and the PSU, shown in D2O and CD3OD at


37 �C. (D) 1H NMR spectra of the polar head protons of D-e-C12-x-CCPS (LCL-88) in D2O and CD3OD in comparison to D-e-C12-Cer in CD3OD.
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Figure 3. Cellular levels of D-e-x-CCPS and D-e-x-dhCCPS analogs.


MCF7 cells were treated with 5 lM concentration of CCPS analogs


over the indicated time, and cellular levels of the intact CCPSs were


measured by the MS methodology as shown under Section 4. Results


are expressed as % of concentration applied. These assays were


performed using duplicate samples in two independent experiments.


(A) Cellular levels of x-CCPSs: LCL150 (C2-x-CCPS), 29 (C6-x-


CCPS), 88 (C12-x-CCPS), and 30 (C16-x-CCPS). (B). Cellular levels


of x-dhCCPSs: LCL319 (C2-x-dhCCPS), 143 (C6-x-dhCCPS), 249


(C12-x-dhCCPS), and 345 (C16-x-dhCCPS).
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was not affected by a close proximity of the pyridinium
ring. On the other hand, the NMR spectra of CCPS ana-
logs in D2O showed changes in the chemical shift (d)
values and multiplicity of the protons located in their
polar head. This effect depended on the chain lengths
and the locations of the PSU (Fig. 2C). The following
order of downfield shift of 2-H and 3-H resonances
was observed: LCL30 < LCL88 < LCL29 < LCL277 <
LCL150 < LCL275. Moreover, this pattern follows the
previously observed decreasing order of the RM values
of CCPS analogs, confirming a site-specific influence
of the PSU on their polarity. Different deshielding trend
was observed for the methylene protons 1-HA and 1-HB:
LCL29 < LCL277 < LCL150 < LCL30 < LCL88 < LC-
L275. Similar pattern of changes was also recorded in
CD3OD solution. Significant separation of the reso-
nance signals of the methylene 1-HA,B protons was
observed for LCL150, LCL277, and LCL275
(Dd = .07–0.10 ppm), and a marginal for LCL29
(Dd = .04 ppm). Contrary to this, these protons re-
mained magnetically equivalent in LCL88 and LCL30
(sharp one doublet with J = 5.1 Hz in CD3OD or a
broad singlet with the halfwidth �7.0 Hz in D2O, Table
2). Moreover, in the case of LCL150, LCL277, and
LCL275, the observed shielding effect of the 2-H and
6-H protons Dd � 0.05 ppm) located in the pyridinium
rings by the ligands situated in their polar heads con-
firms the presence of the mutual electronic effects.91


In conclusion, all D-e-x-CCPS homologs, except C2-x-
CCPS, behaved similarly in D2O and CD3OD as their
corresponding Cers in CD3OD. When the PSU was
located internally and in a close proximity to the polar
head of Cer, its profound effect on the conformational
preferences of the polar head of lipid was observed.


2.2. Cellular levels of CCPS analogs


Cellular levels of CCPS analogs were quantitated by
LC–MS analysis. Experimental data from cell treatment
with 5 lM concentrations of CCPS analogs over the
indicated time showed a very fast cellular uptake for
x-CCPS homologs and their dhCCPS analogs
(Fig. 3A and B). Intracellular level of these lipids after
15 min of treatment was established as 1–2% of the con-
centration applied (500–1000 pmol/1 · 106 cells) with a
progressive increase over time, except for C16-and
C12-dhCCPS analogs. When treatment time was
extended to 24 h, differences in the cellular level of the
short-chain and long-chain homologs were noticed. Lev-
els of LCL150 and LCL29 continuously increased up to
21% and 15%, respectively, whereas C12 and C16-
homologs showed a plateau (at 5 and 24 h treatments,
respectively). Cellular levels of dihydro analogs were
also time- and chain length-dependent. Levels of the
short-chain homologs permanently increased to 7.5%
and 11% at 5 h and 18% and 22% at 24 h (LCL143
and LCL319, respectively), whereas the long-chain
homologs reached a plateau at 1–2 h of the treatments.


Comparison between the cellular levels of the parallel
pairs of x-CCPS and x-dhCCPS revealed that the
long-chain x-CCPSs were present at a higher level than

their dihydro-counterparts: 8.5% versus 2.7% and 11.6%
versus 3.2% for 5 h treatment (LCL30/LCL345 and
LCL88/LCL249, respectively). The level of D-e-C6-x-
dhCCPS was slightly higher than its corresponding D-
e-C6-x-CCPS, whereas levels of D-e-C2-x-CCPS and
D-e-C2-x-dhCCPS were similar. Further investigation
showed that this phenomenon was caused by the
chain-specific metabolism of x-dhCCPS to the corre-
sponding x-CCPS analogs.


2.3. Inhibitory effect of CCPS lipids on MCF7 cell growth


To examine the anticancer activity of the newly synthe-
sized Cer analogs, we analyzed their inhibitory effect on
MCF7 breast carcinoma cells (Fig. 4 and Table 3). As
shown in Figure 4, all tested D-e-Cn-x-CCPS homologs
(C2–C16) showed inhibitory effects on cell growth with
the following IC50 values (lM): 8.0/C2, 1.0/C6, 0.6/
C12, and 1.6/C16. At 1.0 lM concentration the most
effective was the C12-homolog (LCL88), and the least







Figure 4. Dose-dependent inhibitory effects of D-e-Cn-x-CCPS homo-


logs and D-e-C6-Cer: LCL150 (C2-x-CCPS), 29 (C6-x-CCPS), 88


(C12-x-CCPS), and 30 (C16-x-CCPS) on survival of MCF7 breast


carcinoma cells after 4 8h treatment. Cell proliferation and cell


viability were determined by Trypan blue exclusion assays. These


assays were performed using duplicate samples in two or three


independent experiments.


Table 3. IC50 values (lM) of ceramidoids determined from the dose-


dependent experiments after 48 h treatments


Compound Abbreviation code Cytotoxicity


LCL150 D-e-C2-x-CCPS 6.0


LCL29 D-e-C6-x-CCPS 1.0


LCL124 L-t-C6-x-CCPS 1.0


LCL187 L-e-C6-x-CCPS 7.5


LCL272 D-t-C6-x-CCPS 5.0


LCL88 D-e-C12-x-CCPS 0.6


LCL30 D-e-C16-x-CCPS 2.1


LCL87 L-t-C16-x-CCPS 2.2


LCL255 L-e-C16-x-CCPS 2.9


LCL319 D-e-C2-x-dhCCPS 18.5


LCL143 D-e-C6-x-dhCCPS 5.0


LCL249 D-e-C12-x-dhCCPS 2.5


LCL345 D-e-C16-x-dhCCPS 2.5


LCL186 D-e-C6-x-DMAS-CCPS 4.4


LCL275 D-e-C1-a-CCPS 20.0


LCL277 D-e-C3-c-CCPS 8.5


LCL23 D-e-C6-Cer 15.0


Cell proliferation and cell viability were determined by Trypan blue


exclusion assays. These assays were performed using duplicate samples


in two or three independent experiments.
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potent was the C2-homolog (LCL150). Some inhibitory
effect (20–30%) was already observed at 0.2 lM of the
C12-, C6-, and C16-homologs. Additionally, the inhibi-
tory effects of CCPS analogs were compared to the
activity of D-e-C2-Cer and D-e-C6-Cer. These two syn-
thetic Cers are commonly used in cell experiments as cell
permeable homologs of naturally occurring long-chain
Cers. C2-Cer was inactive up to a 20 lM concentration
(data not shown), whereas C6-Cer showed only a low
inhibitory effect with IC50 value corresponding to
15.0 lM at 48 h (Fig. 4).


We also noticed remarkable differences in the activity pro-
file between the C6- and C16-homologs. D-e-C6 (LCL30)
showed a systematic, dose-dependent inhibitory effect on
cell growth from 0.2 to 10.0 lM, and at 5 lM it was more

potent than LCL29. LCL29 was very potent at concentra-
tions 0.1–1.0 lM. When concentrations were increased up
to 10 lM, we did not find any further significant changes.
This observation may suggest a different mechanism of
action for the short- and the long-chain Cers.21


The effects of D-e-x-dhCCPS analogs on cell growth were
also investigated. DhCers are believed to be biologically
inactive compounds as was shown for C2- and C6-homo-
logs.8,11 However, D-e-C6-, C12-, and C16-x-dhCCPS
homologs (LCL143, 249, and 345) showed a concentra-
tion-dependent inhibitory effect on cell growth, although
with a lower potency as compared to their 4–5 unsaturat-
ed counterparts (LCL29, 88, and 30). As shown in Table
3, the IC50 values (lM) for 48 h treatment were as follows:
2.5/LCL345, 2.5/LCL249 and 5.0/LCL143. C2-homolog,
LCL319, had a low activity and only 15% of inhibitory ef-
fect was observed for 10 lM treatment. The fluorescent
C6-Cer analog, D-e-C6-DMAS-x-CCPS (LCL186), also
showed inhibitory effect on MCF7 cells growth
(IC50 � 4 lM for 48 h treatment).


Stereospecific effect of CCPS analogs was studied for C6-
and C16-x-CCPS analogs (IC50 values are shown in Table
3). All tested stereoisomers of C6-x-CCPS (LCL29, 124,
187, and 272) caused inhibitory effects on MCF7 cell
growth with the (2S)- isomers (LCL29, 124) being more
potent than their (2R)-isomers (LCL187, 272). A similar
stereo-specificity was observed for the parent C6-Cers in
HL-60 cells (A. Bielawska, unpublished). (2S)-Isomers
of C16-x-CCPS (D-e: LCL30 and L-t-: LCL87) showed
a similar, concentration-dependent (1.0–10.0 lM) inhibi-
tory effect on cell growth at 48 h and a time-dependent
anti-proliferative effect for 1 lM treatment over a 0–
72 h time period (not shown). Similarly, no significant dif-
ference in the activity of C16-x-CCPS enantiomers
(LCL30 and LCL255) was noticed (not shown).


We tested also inhibitory effects of LCL275 and 277 (D-e-
C1-a- and D-e-C3-c-CCPS analogs; IC50 values are
shown in Table 3). Considering the length of the N-acyl-
moiety of LCL275 and LCL277 they are C12- and C10-
homolog mimics, and these compounds can be treated
as close analogs of LCL88. However, the placement of
the PSU in the a or c positions to the carbonyl group al-
lows comparison to LCL150 (where the PSU is at the b-
position to the carbonyl group). Neither LCL275 nor
LCL277 followed the activity pattern of LCL88; rather
their activity resembled that of LCL150. They showed
inhibitory effects at a higher concentration (IC50 values
are 8.5 lM/LCL277 and 20 lM/LCL275). In summary,
a close location of the PSU to the polar head of Cer struc-
ture decreased the potency of these analogs, with LCL275
being the least potent compound from the CCPS family.
On the other hand, CPB, a one-chain cationic surfactant,
was not active compound as well and did not show any
influence on the isolated mitochondria as CCPS ana-
logs.73,74 The above results correlate well with the NMR
data and the hydrophobicity RM values for these analogs
(Figs. 1 and 2C). The close proximity of the PSU to the po-
lar heads of LCL150, 275, and 277 significantly altered
their conformations and polarity level in comparison to
Cer itself. These factors can be responsible for diminished







Figure 5. omega-DhCCPS analogs serve as substrates for dihydro-


ceramide 4,5-desaturase in MCF7 cells to generate the corresponding


x-CCPS analogs. Absolute levels (pmol) of x-dhCCPS and x-CCPS


analogs were determined by MS method as described under Section 4.


Data are expressed as changes of the particular x-dhCCPS and x-


CCPS to the total level of x-dhCCPS and x-CCPS (100%). (A) Time-


dependent formation of D-e-C12-x-CCPS from D-e-C12-x-dhCCPS.


(B) Time-dependent formation of D-e-C16-x-CCPS from D-e-C16-x-


dhCCPS.
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delivery and not efficient binding of these analogs by the
prospective protein targets.


In conclusion, these results suggest that the long-chain
x-CCPS and x-dhCCPS analogs (C12- and C16-homo-
logs), which mimic the natural Cers, can serve as molec-
ular tools to study actions and metabolism of the
natural long-chain Cers and dhCers in vitro (vide infra).


2.4. Oxidation of x-dhCCPS homologs to their corre-
sponding x-CCPS analogs in MCF7 cells


As mentioned above, x-dhCCPS analogs showed a con-
centration-dependent inhibitory effect on cell growth,
although with a lower potency as compared to their
unsaturated analogs. Comparison of the cellular
levels of x-CCPS and x-dhCCPS analogs for the same
concentration treatment (Fig. 3A and B) indicated that
x-dhCCPS analogs are present at a much lower level,
except for the C6-homolog. LC–MS analysis of lipid
components from MCF7 cells treated with LCL249
and 345 (dhC12 and dhC16 homologs) showed a time-
dependent generation of D-e-C12- and C16-x-CCPS
(LCL88 and LCL30) Figure 5A and B. LCL249 was
metabolized to LCL88 very fast (15% of LCL88 was
generated after 15 min treatment reaching 70% after
24 h). Desaturation of C16-homolog, LCL345, was de-
layed, and the appearance of LCL30 was detected only
after 1 h treatment (�25%). Generation of LCL30 from
LCL345 was also time-dependent and for 24 h treatment
LCL30 was a major component reaching 60% of total.
Metabolic generation of active Cers from its inactive
precursor dhCers may explain the inhibitory effect on
cell growth observed after treatment with the long-chain
analogs: LCL 249 and 345. Additionally, it may suggest
that long-chain cationic dhCers are able to reach
compartments where dihydro-Cer desaturase (dhCerD)
is present. On the other hand, treatment with the C6-
analog, LCL143, did not show any formation of its
unsaturated analog, even for the extended time of the
experiment. As discussed above, both C6-analogs,
LCL29 and LCL143, showed time-dependent increase
of cellular levels (but with a higher value for LCL143)
and caused inhibitory effects on cell growth, although
with a much lower potency for LCL143. Our experi-
ments using D-e-C6-dhCer build upon an unnatural
17C-sphingoid backbone (D-e-17C6-dhCer)21 showed
no formation of the corresponding 17C6-Cer (data not
shown). Interestingly, the presence of the long-chain
17dhCers and a time-delayed formation of the
corresponding 17Cers were observed. It is most likely
that LCL143 followed the same metabolic pattern as
C6-dhCer, that is, formation of the long-chain Cers as
a result of its N-deacylation following recycling of the
formed sphingosine.11,21 The increase of the endogenous
Cers caused by LCL143 is shown below (Fig. 6B).


2.5. Effects of CCPS analogs on endogenous Cers in
MCF7 cells


Active agonists usually cause an increase of the endoge-
nous Cers levels, followed by cell death.4–9 This effect
was also observed when cells were treated with exoge-

nous C2- and C6-Cers at the appropriate concentra-
tions.1,11–13 To examine the effects of the CCPS
analogs on the levels and composition of the endoge-
nous Cers, we applied LC–MS technique, as described
in Section 4. The effects of CCPS analogs on endoge-
nous Cer are shown in Figure 6. Treatment with 5 lM
of LCL 29, 30, and 88 caused generation of endogenous
Cer (Fig. 6A). A small increase in the total Cer was ob-
served after 1 h of treatment for LCL88 and LCL30,
and was increased at 5 h to 180%, 135% and 130% for
LCL88, 29, and 30, respectively. LCL29 caused a
time-dependent increase of Cer up to 24 h (�200%),
whereas Cer level generated by LCL30 and LCL88
remained similar as observed for 5 h treatment. LCL88
at concentration 1 lM showed a fast increase of Cer
up to 5 h, and this level was almost unchanged (only
�10% increase) up to 48 h (not shown). The C2-homo-
log, LCL150, showed an inhibitory effect on endogenous
Cer, decreasing its level to �50% for 1 h treatment with-
out recovery up to 24 h treatment. These results point to
a different mechanism of action for C2-homolog on the
metabolism of endogenous Cers. As shown in Figure







Figure 6. Effects of x-CCPS and x-dhCCPS on endogenous Cer. To examine the effects of newly synthesized ceramidoids on the level and


composition of the endogenous Cer, we used LC–MS as described under Section 4. Data are expressed as changes in the total Cer level (pmol) or


individual Cer components (pmol) normalized to the phospholipid phosphate (Pi) levels (nmol) present in the Bligh and Dyer lipid extract in relation


to the control cells: Cer/Pi [pmol/nmol] (% control). (A) Time-dependent effects of 5 lM DD-e-C2-C16-x-CCPS homologs (LCL29, 30, 88, and 150) on


the total endogenous Cers. (B) Time-dependent effects of 5 lM D-e-C2-C16-x-dhCCPS homologs (LCL143, 249, 319, and 345) on the total


endogenous Cers. (C) Effects of 5 lM D-e-C16-x-CCPS (LCL30) and 5 lM D-e-C16-x-dhCCPS (LCL345) on endogenous Cer species. Results


shown for 1 h treatment.
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6B, treatment with dh-CCPS analogs caused also changes
in the level of endogenous Cers. A very fast increase was
observed for the C12-homolog (LCL249, 160% for 1 h
and 200% for 5 h treatment). However, the C16-homolog
did not affect the endogenous Cer (only �20% increase
was noticed for 24 h treatment). The C6-homolog caused
an early downregulatory effect on Cers, followed by fast
recovery and later increase, but to a lower extent, as
compared to the C12-homolog. D-e-C2-x-dhCCPS
(LCL319), similar to its saturated analog (LCL150),
caused a permanent decrease in endogenous Cers.


CPPS analogs, except for LCL150, had a regulatory
effect on the composition of endogenous Cers. C16-,
C24-, and C24:1-Cers are the major components of the
control cells (�90% of the total Cers). Treatment with
LCL30 caused changes of Cer species, increase of C16-
, C14-, and C18-Cers and decrease of C24- and C24:1-
Cers. At 1 h time point, the levels of the endogenous
C16-, C14-, and C18-Cers were increased up to 120%,
170%, and 190%, respectively, whereas the endogenous
C24:0- and C24:1-Cers decreased below the control level
(44% and 60%, respectively) (Fig. 6C). Further increase
of C14- and C18-Cers (320% and 353% at 5 h and 360%

and 440% at 24 h) was observed, however without so
significant further increase for C16-Cer. The decrease
in C24-Cer was permanent, but the level of C24:1 Cer
slowly recovered. LCL88 and LCL29 (C12- and C6-
homologs) followed the pattern of LCL30, showing a
time-dependent increase for C16-, C14-, and C18-Cers
and decrease in C24- and C24:1-Cers. The most effective
was the C12-homolog, which increased the levels of
C16-, C14-, and C18-Cers up to 205%, 594%, and
385%, respectively, after 5 h treatment. The C2-homolog
did not follow the above pattern and caused decreases in
all Cer species (data not shown).


x-DhCCPS homologs had also regulatory effects on
endogenous Cers compositions, but with a lower extent
as compared to their unsaturated analogs. As shown in
Figure 6C, treatment with LCL345 for 1 h increased al-
ready C14- and C18-Cers (170% and 160%). Small
changes for C16-Cer (�10% increase) and C24- and
C24:1-Cers (�15% decrease) were also noticed. The
increases in C14- and C18-Cers were time-dependent,
reaching 400% and 600%, respectively, for a 24 h treat-
ment. A permanent decrease was observed for C24-Cer
(�50% for 24 h). Again, the D-e-C12-x-dhCCPS
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(LCL249) was the most potent regulator in this group:
the levels of C16-, C14-, and C18-Cers up to 125%,
305%, and 425% after 5 h treatment and 185%, 1300%,
and 406% for the 24 h time point (data not shown).


These observations suggest that CCPS analogs can
reach specific cell compartments very fast (level of cellu-
lar LCL30 at 15 min was already �400 pmol) and access
specific enzymes of Cer metabolism as their early
targets.

3. Conclusions


We have designed, synthesized, and characterized a ser-
ies of Cer and dhCer conjugates with pyridinium salts
(CCPS and dhCCPS) as model compounds to study
properties of mitochondriotropic Cers under physiolog-
ical conditions. The results obtained in this study cor-
roborate the hypothesis that site-specific cationization
of Cer exerts critical effects on the physicochemical
and targeting properties with enhanced anticancer activ-
ity. CCPS and dhCCPS analogs, as expected, showed
significantly improved solubility in water, leading to
well-resolved NMR spectra in D2O, broadly modified
hydrophobicity, fast cellular uptake, and higher antican-
cer activities in comparison to uncharged counterparts.


Activity of the D-e-series of x-CCPS analogs was chain
length-dependent, the most potent were the C6- and
C12-homologs, and the least potent were the C2-homo-
logs. Moreover, the C6- and C12-homologs represented
the most potent Cer-based anticancer agents reported so
far. Modest stereochemical effects on cell growth were
noticed, the 2S-isomers were more potent than their
2R-counterparts. DhCCPS analogs were also active
but with a much lower potency than the unsaturated
counterparts. Long-chain x-dhCCPS analogs, once
delivered to cells, were metabolized to the corresponding
unsaturated x-CPPS analogs. These compounds can be
used as convenient substrates to study activity of dhCer
desaturase enzyme by in vitro and in vivo experiments.
D-e-C16-x-CCPS caused early changes in endogenous
Cer species (downregulation of C24- and C24:1-Cers,
and upregulation of C14-, C16-, and C18-Cers).


Evaluation of physicochemical and biological properties
of these novel ceramidoids indicated that either the short
chain or the very long-chain analogs could have dimin-
ished capabilities to penetrate cell membranes and be
efficiently delivered into cancer cells or tumor tissues.
However, a better overall anticancer efficiency could
be expected for moderately polar and very well water-
soluble ceramidoids, considering their application in
animal experiments.

4. Experimental


4.1. Chemistry


All solvents and general reagents were purchased from
Aldrich. Stereoisomers of sphingosine (1–4) and D-e-4,

5-dihydro-sphingosine (5) were prepared as described
previously.92–94 D-e-C2-C16-Cers were prepared by N-
acylation of 1 using acetyl, hexanoyl, dodecanoyl or
hexadecanoyl chlorides as reported.8,57 Reaction pro-
gress was monitored by the analytical normal and re-
verse-phase thin layer chromatography (NP TLC or
RP TLC) using aluminum sheets with 0.25 mm silica
gel 60-F254 (Merck) and 0.150 mm C18-silica gel (Sor-
bent Technologies). Detection was done by the PMA re-
agent (ammonium heptamolybdate tetrahydrate cerium
sulfate (5:2, g/g) in 125 mL of 10% H2SO4) and the
Dragendorff reagent (Fluka) following heating of the
TLC plates at 170 �C or by the UV (254 nm). Flash
chromatography was performed using EM Silica Gel
60 (230–400 mesh) with the indicated eluent systems.
Melting points were determined in open capillaries on
Electrothermal IA 9200 melting point apparatus and
are reported uncorrected. Optical rotation data were
acquired using a Jasco P-1010 polarimeter. 1H NMR
spectra were recorded on Bruker AVANCE 500 MHz
spectrometer equipped with Oxford Narrow Bore
Magnet. Chemical shifts are reported in ppm on the d
scale from the internal standard of residual chloroform
(7.26 ppm). Mass spectral data were recorded in a
positive ion electrospray ionization (ESI) mode on
Thermo Finnigan TSQ 7000 triple quadrupole mass
spectrometer. Samples were infused in methanol
solution with an ESI voltage of 4.5 kV and capillary
temperature of 200 �C.21,95


4.1.1. General procedure A for the preparation of
ceramides 6-12. To a well-stirred mixture of sphingoid
base (1–5, 0.67 mmol) in 50% aqueous solution of sodi-
um acetate (5 mL) and THF (12 mL), x-bromoacyl bro-
mide or chloride (2 mmol) was added dropwise at room
temperature. Reaction mixture was stirred for 20 min
until a complete conversion to Cer was achieved
(TLC). Organic phase was separated and the aqueous
layer was extracted twice with ethyl acetate (2·
10 mL). The combined organic phases were dried over
anhydrous magnesium sulfate and evaporated under a
reduced pressure to dryness to give a crude product.
This material was purified by flash chromatography
(elution with CHCl3–MeOH–concd NH4OH, 5:1:0.05,
v/v/v) following crystallization.


4.1.1.1. D-erythro-2-N-(2 0-Bromoacetyl)-sphingosine
(6). Prepared from 1. Pure product was obtained in
73% yield after crystallization from ethyl acetate as
white microcrystalline powder, mp 79–81 �C; TLC
(CHCl3/MeOH, 5:1, v/v), Rf 0.52; ½a�22


D +6.0� (c = 1,
CHCl3); ½a�22


365 ¼ þ17:4� (c 1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 7.19 (d, 1H, J = 7.8, NH), 5.81
(dtd, 1H, J = 15.5, 6.8, 1.1, 5-H), 5.52 (ddt, 1H,
J = 15.5, 6.8, 1.1, 4-H), 4.35 (t, 1H, J = 5.1, 3-H), 4.02
(dd, 1H, J = 11.4, 3.4, 1-HA), 3.9 (d, 2H, J = 2.4,
CH2Br), 3.88 (m, 1H, 2-H), 3.73 (dd, J = 11.4, 3.5, 1-
HB), 2.06 (q, 2H, J = 7.1, C(6)H2), 1.36 (m, 2H,
C(7)H2), 1.24 (m, 20H, CH2), 0.87 (t, 3H, J = 7.1,
CH3); ESI-MS (CH3OH, relative intensity, (%) m/z
864.8, 862.7, and 860.8 ([2M+Na]+, 50, 100 and 60),
442.1 and 444.1 ([M+Na]+, 4 and 4), 419.7 and 421.7
(MH+, 3 and 3), 402.0 and 404.0 ([MH�H2O]+, 21
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and 20), 264.2 (3). Calcd for C20H38
79BrNO3 m/z 419.2;


Calcd for C20H38
81BrNO3 m/z 421.2; Anal. Calcd for


C20H38BrNO3 (420.40): C, 57.14; H, 9.11; N, 3.33; Br,
19.01. Found: C, 57.24; H, 9.19; N, 3.30; Br, 18.97.


4.1.1.2. D-erythro-2-N-(2 0-Bromoacetyl)-4,5-dihydro-
sphingosine (7). Prepared from 5. Pure product was
obtained in 65% yield after crystallization from n-hex-
ane–acetone (3:1, v/v) as a white microcrystalline
powder, mp 129–131 �C; TLC (CHCl3/MeOH, 5:1,
v/v) Rf 0.54; ½a�25


D +5.60� (c 1, MeOH); ½a�25


365 +11.20�
(c 1, MeOH)1 H NMR (500 MHz, CD3OD/CDCl3,
1:10, v/v) d 3.86 (dd, 1H, J = 11.5, 3.7, 1-Ha), 3.70 (m,
1H, 2-H), 3.63 (m, 2H, 3-H, and 1-Hb), 3.07 (s, 2H,
CH2Br), 1.45 (m, 4H, C(4)H2 and C(5)H2), 1.18 (m,
24H, CH2), 0.81 (t, 3H, J = 7.1, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 868.7, 866.8, and
864.7 ([2M+Na]+, 45, 100, and 60), 446.3 and 444.5
([M+Na]+, 8 and 9), 423.7 and 421.9 (MH+, 11 and
13), 406.0 and 404.0 ([MH�H2O]+, 5 and 4). Calcd for
C20H40


79BrNO3 m/z 421.2; Calcd for C20H40
81BrNO3


m/z 423.2; Anal. Calcd for C20H40BrNO3 (422.4): C,
56.86; H, 9.54; N, 3.32; Br, 18.91. Found: C, 57.04; H,
9.58; N, 3.31; Br, 18.89.


4.1.1.3. D-erythro-2-N-(6 0-Bromohexanoyl)-sphingo-
sine (8). Prepared from 1. Pure product was obtained
in 79% yield after crystallization from n-hexane–ethyl
acetate (4:1, v/v) a as white microcrystalline powder,
mp 48–50 �C; TLC (CHCl3/MeOH, 5:1, v/v) Rf 0.60;


½a�22


D �2.95� (c 1, CHCl3) and �10.3� (c 1, MeOH); ½a�22


365


�16.2� (c 1, CHCl3) and �35.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 6.28 (d, 1H, J = 7.4, NH), 5.78 (dt,
1H, J = 15.4, 6.8, 5-H), 5.52 (dd, 1H, J = 15.4, 6.4, 4-H),
4.31 (t, 1H, J = 4.8, 3-H), 3.95 (dd, 1H, J = 11.3, 3.6,
1-Ha), 3.90 (m, 1H, 2-H), 3.69 (dd, J = 11.3, 3.3, 1-Hb),
3.40 (t, 2H, J = 6.8, C(6 0)H2Br), 2.24 (t, 2H, J = 7.5,
COCH2), 2.04 (q, 2H, J = 7.1, C(6)H2), 1.88 (m, 2H,
C(5 0) H2C(6 0)H2Br), 1.66 (m, 2H, COCH2CH2), 1.48
(m, 2H, CO CH2CH2CH2), 1.35(m, 2H, C(7)H2), 1.25
(m, 20H, CH2), 0.87 (t, 3H, J = 7.0, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 976.9, 974.9, and
972.8 ([2M+Na]+, 60, 100, and 85), 477.8 and 475.8
(MH+, 21 and 23), 460.0 and 458.0 ([MH�H20]+, 14
and 17), 264.2 (3). Calcd for C24H46


79BrNO3 m/z 475.3;
Calcd for C24H46


81BrNO3 m/z 477.3; Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.22; H, 9.73; N, 2.96; Br, 16.88.

4.1.1.4. L-threo-2-N-(6 0-Bromohexanoyl)-sphingosine
(9). Prepared from 2. Pure product was obtained in
70% yield after crystallization from n-hexane/ethyl ace-
tate (8:1, v/v) as a white microcrystalline powder, mp
71–73 �C (wet at 64 �C); TLC (CHCl3–MeOH, 5:1,


v/v) Rf 0.59; ½a�22


D �2.30� (c 1, CHCl3) and �19.0� (c 1,


MeOH); ½a�22


365 �15.3� (c 1, CHCl3) and �71.0� (c 1,
MeOH); 1H NMR (500 MHz, CDCl3) d 6.10 (d, 1H,
J = 7.4, NH), 5.73 (dt, 1H, J = 15.4, 6.7, 5-H), 5.45
(dd, 1H, J = 15.4, 6.5, 4-H), 4.37 (dd, 1H, J = 6.1 and
4.5, 3-H), 3.91 (m, 1H, 2-H), 3.80 (m, 2H, 1-Ha and 1-
Hb), 3.40 (t, 2H, J = 6.8, C(6 0)H2Br), 2.52 (br s, 2H,
OH), 2.23 (t, 2H, J = 7.5, COCH2), 2.04 (q, 2H, J 6.9,

C(6)H2), 1.87 (m, 2H, C(5 0)H2C(6 0)H2 Br), 1.67 (m,
2H, COCH2CH2), 1.48 (m, 2H, CO CH2CH2CH2),
1.33 (m, 2H, C(7)H2), 1.24 (m, 20H, CH2), 0.87 (t, 3H,
J = 7.1, CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 977.2, 975.1, and 973.2 ([2M+Na]+, 45, 100, and
71), 477.6 and 475.6 (MH+, 19 and 21), 460.1 and
458.1 ([MH�H20]+, 16 and 19), 264.2 (4). Calcd for
C24H46


79 BrNO3 m/z 475.3; Calcd for C24H46
81BrNO3


m/z 477.3; Anal. Calcd for C24H46BrNO3 (476.5): C,
60.49; H, 9.73; N, 2.94; Br, 16.77. Found: C, 60.31; H,
9.68; N, 2.91; Br, 17.09.


4.1.1.5. L-erythro-2-N-(6 0-Bromohexanoyl)-sphingo-
sine (10). Prepared from 3. Pure product was obtained
in 71% yield after crystallization from n-hexane–ethyl


acetate (4:1, v/v) as a white powder; ½a�22


D +2.75� (c 1,


CHCl3) and +9.90� (c 1, MeOH); ½a�22


365 +16.8� (c 1,
CHCl3) and +36.1� (c 1, MeOH). Remaining data are
identical as reported for 8. Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.10; H, 9.42; N, 2.81; Br, 16.71.


4.1.1.6. D-threo-2-N-(6 0-Bromohexanoyl)-sphingosine
(11). Prepared from 4. Pure product was obtained in
64% yield after crystallization from n-hexane–ethyl


acetate (6:1, v/v) as a white powder; ½a�22


D +2.15� (c 1,


CHCl3) and +20.0� (c 1, MeOH); ½a�22


365 +14.2� (c 1,
CHCl3) and +75.0� (c 1, MeOH). Remaining data are
identical as reported for 9. Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.21; H, 9.66; N, 2.82; Br, 16.63.


4.1.1.7. D-erythro-2-N-(6 0-Bromohexanoyl)-4,5-dihy-
dro-sphingosine (12). Prepared from 1e. Pure product
was obtained in 69% yield after crystallization from n-
hexane–ethyl acetate (4:1, v/v) as a white microcrystal-
line powder, mp 101–103 �C, TLC (CHCl3–MeOH,
5:1, v/v) Rf 0.62; ½a�22


D +4.08� (c 1, MeOH); ½a�25


365


+5.63� (c 1, MeOH) 1H NMR (500 MHz, CD3OD–
CDCl3, 1:10, v/v) d 3.90 (dd, 1H, J = 11.4, 3.7, 1-Ha),
3.72 (m, 1H, 2-H), 3.60 (m, 2H, 3-H and 1-Hb), 3.43
(t, 2H, J = 6.8, C(6 0)H2Br), 2.20 (t, 2H, J = 7.5,
COCH2), 2.01 (p, 2H, J = 7.5, C(5 0)H2C(6 0)H2 Br),
1.85 (m, 2H, COCH2CH2), 1.68 (m, 2H, C(4)H2), 1.46
(m, 2H, CO CH2CH2CH2), 1.20 (m, 24H, CH2), 0.80
(t, 3H, J = 7.1, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 980.8, 978.9, and 976.9 ([2M+Na]+, 55, 100,
and 50), 502.1 and 498.1 ([M+Na]+, 12 and 11), 480.1
and 478.1 (MH+, 36 and 43), 462.1 and 460.1
([MH�H20]+, 4 and 4). Calcd. for C24H48


79BrNO3 m/z
477.3; Calcd for C24H48


81BrNO3 m/z 479.3; Anal. Calcd
for C24H48BrNO3 (478.5): C, 60.24; H, 10.11; N,
2.93; Br, 16.70. Found: C, 59.93; H, 10.11; N, 2.90;
Br, 16.91.


4.1.1.8. General procedure B for the preparation of
ceramides 13–18. (A) Synthesis of 12-bromododecanoyl
and 16-bromohexadecanoyl chlorides. 12-Bromodo-
decanoic or 16-bromohexadecanoic acid (97%,
1.1 mmol) was dissolved in dry cyclohexane (4 mL) by
stirring at 45 �C for 20 min. To this well-stirred and
water-cooled mixture one drop (�0.02 mL) of dry
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pyridine was added following oxalyl chloride (99%,
0.145 mL, 1.65 mmol) over 1 min. After the addition
was completed, cooling bath was removed and the reac-
tion mixture was heated at 50 �C for 15 min and then left
to reach room temperature for an additional 30 min. The
reaction mixture was evaporated to dryness by purging
dry nitrogen gas into the reaction flask following drying
under the vacuum (�1 torr) at +4 �C over 30 min. The
freshly prepared acid chlorides were dissolved in dry
THF and taken up directly to the next step.


(B) Synthesis of ceramides 13–18. To a well-stirred mix-
ture of sphingoid bases (1–5, 0.67 mmol) in 50% aque-
ous solution of sodium acetate (5 mL) and THF
(10 mL), solution of 12-bromododecanoyl (0.326 mg)
or 16-bromohexadecanoyl chloride (0.380 mg) in dry
THF (3.0 mL) was added dropwise over 1 min. After
the addition was completed, the reaction mixtures were
stirred for an additional 20 min at room temperature.
The organic layers were separated and the aqueous
phases were extracted with ethyl acetate (3· 5 mL).
The combined organic extracts were dried (MgSO4), fil-
tered, and evaporated to dryness under reduced pressure
to give crude products. These ceramides were purified by
flash chromatography following crystallization.


4.1.1.9. D-erythro-2-N-(12 0-Bromododecanoyl)-sphin-
gosine (13). Prepared from 1. Crude product was puri-
fied by chromatography (CHCl3–MeOH–concd
NH4OH, 10:2:0.5, v/v/v) following crystallization from
n-hexane–ethyl acetate (5:1, v/v) to give pure 13 in
73% yield as a white microcrystalline powder, mp 71–


73 �C; TLC Rf (CHCl3–MeOH, 5:1, v/v) Rf 0.65; ½a�22


D


�2.0� (c 1, CHCl3) and �15.6� (c 1, MeOH); ½a�22


365


�12.5� (c 1, CHCl3) and �50.1� (c 1, MeOH);
1H NMR (500 MHz, CDCl3) d 6.23 (d, 1H, J = 7.4,
NH), 5.78 (dt, 1H, J = 15.4, 6.6, 5-H), 5.52 (dd, 1H,
J = 15.4, 6.5, 4-H), 4.31 (t, 1H, J = 4.6, 3-H), 3.95 (dd,
1H, J = 11.2, 3.7, 1-Ha), 3.90 (m, 1H, 2-H), 3.69 (dd,
1H, J = 11.2, 3.7, 1-Hb), 3.39 (t, 2H, J = 6.8,
C(12 0)H2Br), 2.22 (t, 2H, J = 7.5, COCH2), 2.04 (q,
2H, J = 7.1, C(6)H2), 1.84 (m, 2H, C(11 0)H2C(12 0)
H2Br), 1.63 (m, 2H, COCH2CH2), 1.40 (m, 2H,
C(10 0)H2C(11 0)H2C(12 0)H2Br), 1.35 (m, 2H, C(7)H2),
1.25 (m, 32H, CH2), 0.87 (t, 3H, J = 7.0, CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 1145.0, 1142.9,
and 1141.9 ([2M+Na], 54, 100, 55), 1122.7, 1120.7,
and 1118.4 ([2M+H]+, 30, 96, 34), 584.2 and 582.2
([M+Na], 10 and 8), 561.9 and 559.9 (MH+, 50 and
58), 543.8 and 541.9 ([MH�H20]+, 17 and 19). Calcd
for C30H58


79BrNO3 m/z 559.4; Calcd for C30H58
81BrNO3 m/z 561.4; Anal. Calcd. for C30H58BrNO3


(560.7): C, 64.26; H, 10.43; N, 2.50; Br, 14.25. Found:
C, 64.06; H, 10.45; N, 2.51; Br, 14.54.


4.1.1.10. D-erythro-2-N-(12 0-Bromododecanoyl)-4,5-
dihydro-sphingosine (14). Prepared from 5. Crude product
was purified by chromatography (CHCl3–MeOH–concd
NH4OH, 10:2:0.5, v/v/v) following crystallization from
n-hexane–ethyl acetate (5:1, v/v) to give pure 14 in 71%
yield as a white microcrystalline powder, mp 97–98 �C;
TLC Rf (CHCl3/MeOH, 5:1, v/v) Rf 0.67; ½a�21


D +5.9� (c
1, CHCl3) and +3.1� (c 1, MeOH); ½a�21


365 +14.5� (c 1,

CHCl3) and +5.5� (c 1, MeOH); 1H NMR (500 MHz,
CDCl3) d 6.35 (d, 1H, J = 7.7, NH), 4.01 (dd, 1H,
J = 11.3, 3.5, 1-Ha), 3.83 (m, 1H, 2-H), 3.78 (m, 1H, 3-
H), 3.75 (dd, 1H, J = 11.3, 3.5, 1-Hb), 3.41 (t, 2H,
J = 6.9, C(12 0)H2Br), 2.65 (br s, 2H, OH) 2.23 (t, 2H,
J = 7.5, COCH2), 1.85 (p, 2H, J = 7.7, C(11 0) H2C(12 0)
H2Br), 1.65 (m, 2H, COCH2CH2), 1.54 (m, 2H,
C(4)H2), 1.42 (m, 2H, C(10 0) H2C(11 0)H2C(12 0)H2Br),
1.25 (m, 36H, CH2), 0.88 (t, 3H, J = 7.1, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 1149.9, 1147.8,
1146.8, and 1144.8 ([2M+Na], 25, 65, 100, 50), 1126.7,
1125.7 and 1123.7 ([2M+H]+, 22, 20, 4). Calcd for
C30H60


79BrNO3 m/z 561.4; Calcd for C30H60
81BrNO3 m/


z 563.4; Anal. Calcd for C30H60BrNO3 (562.7): C, 64.03;
H, 10.75; N, 2.49; Br, 14.20. Found: C, 63.79; H, 10.92;
N, 2.54; Br, 14.44.


4.1.1.11. D-erythro-2-N-(16 0-Bromohexadecanoyl)-
sphingosine (15). Prepared from 1. Crude product was
purified by chromatography (CHCl3–MeOH–concd
NH4OH, 8:1:0.05, v/v/v) following crystallization from
n-hexane–ethyl acetate (1:2, v/v) to give pure 15 in 96%
yield as a white microcrystalline powder, mp 87–89 �C;
TLC Rf (CHCl3–MeOH, 8: 1, v/v) Rf 0.65; ½a�22


D �3.1� (c
1, CHCl3) and �12.3� (c 1, MeOH); ½a�22


365 �14.2� (c 1,
CHCl3) and �46.4� (c 1, MeOH); 1H NMR (500 MHz,
CDCl3) d 6.22 (d, 1H, J = 7.5, NH), 5.77 (dt, 1H,
J = 15.4, 6.8, 5-H), 5.52 (dd, 1H, J = 15.4, 6.8, 4-H),
4.31(t, 1H, J = 4.7, 3-H), 3.95 (dd, 1H, J = 11.2, 3.8, 1-
Ha), 3.90 (m, 1H, 2-H), 3.70 (dd, J = 11.2, 3.3, 1-Hb),
3.40 (t, 2H, J = 6.8, C(16 0)H2Br), 2.22 (t, 2H, J = 7.5,
COCH2), 2.04 (q, 2H, J = 7.1, C(6)H2), 1.84 (m, 2H,
C(15 0)H2C(16 0)H2Br), 1.63 (m, 2H, COCH2CH2), 1.40
(m, 2H, C(14 0)H2C(15 0)H2C(16 0)H2Br), 1.35 (m, 2H,
C(7)H2), 1.25 (m, 40H, CH2), 0.87 (t, 3H, J = 7.1, CH3);
ESI-MS (CH3OH, relative intensity, %) m/z 1235.7,
1233.8, 1232.8 and 1230.7 ([2M+H]+ 38, 86, 100, and
65), 618.0 and 616.0 (MH+, 76 and 78), 600.2 and 598.2
([MH�H2O]+, 17 and 19). Calcd for C34H66


79BrNO3 m/
z 615.4; Calcd for C34H66


81BrNO3 m/z 617.4; Anal. Calcd
for C34H66BrNO3 (616.8): C, 66.21; H, 10.79; N, 2.27; Br,
12.95. Found: C, 66.09; H, 10.78; N, 2.32; Br, 12.74.


4.1.1.12. D-erythro-2-N-(16 0-Bromohexadecanoyl)-
4,5-dihydrosphingosine (16). Prepared from 5 as shown
for 15 in 78% yield. Analytical sample was obtained by
crystallization from n-hexane–ethyl acetate (1:3, v/v) as
a white microcrystalline powder, mp 93–95 �C; TLC Rf


(CHCl3–MeOH, 8:1, v/v) Rf 0.67; ½a�22


D +4.94� (c 1,
CHCl3); ½a�22


365 +12.6� (c 1, CHCl3); 1H NMR (500 MHz,
CDCl3) d 6.25 (d, 1H, J = 7.6, NH), 3.95 (dd, 1H,
J = 11.3, 3.4, 1-Ha), 3.77 (m, 1H, 2-H), 3.72 (m, 1H, 3-
H), 3.69 (dd, 1H, J = 11.3, 3.4, 1-Hb), 3.34 (t, 2H,
J = 6.9, C(16 0)H2Br), 2.16 (t, 2H, J = 7.5, COCH2), 1.77
(p, 2H, J = 7.0, C(15 0)H2C(16 0)H2Br), 1.59 (m, 2H,
COCH2CH2), 1.45 (m, 2H, C(4)H2), 1.35 (m, 2H,
C(14 0)H2C(15 0)H2C(16 0) H2Br), 1.19 (m, 36H, CH2),
0.81 (t, 3H, J = 7.0, CH3); ESI-MS (CH3OH, relative
intensity, %) m/z 1240.2, 1238.3, 1237.3, and 1235.3
([2M+H]+, 30, 62, 97, and 40), 621.5.0 and 618.4 (MH+,
28 and 100), 602.5 and 600.5 ([MH�H20]+, 7 and 8).
Calcd for C34H68


79BrNO3 m/z 617.4; Calcd for
C34H68


81BrNO3 m/z 619.4; Anal. Calcd for C34H68BrNO3
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(618.8): C, 65.99; H, 11.08; N, 2.26; Br, 12.91. Found: C,
65.63; H, 10.88; N, 2.19; Br, 12.86.


4.1.1.13. L-threo-2-N-(16 0-Bromohexadecanoyl)-sphin-
gosine (17). Prepared from 2 as shown for 15 in 82% yield.
Analytical sample was obtained by crystallization from n-
hexane–ethyl acetate (1:2, v/v) as a white microcrystalline
powder, mp 98–100 �C; TLC Rf (CHCl3/MeOH, 8: 1, v/v)
Rf 0.66; ½a�22


D �2.70� (c 1, CHCl3); ½a�22


365 �16.0� (c 1,
CHCl3); 1H NMR (500 MHz, CDCl3) d 6.09 (d, 1H,
J = 7.7, NH), 5.73 (dtd, 1H, J = 15.4, 6.7, 1.0, 5-H), 5.45
(ddt, 1H, J = 15.4, 6.7, 1.0, 4-H), 4.38 (dd, 1H, J = 6.3
and 3.5, 3-H), 3.90 (m, 1H, 2-H), 3.80 (m, 2H, 1-Ha
and1-Hb), 3.39 (t, 2H, J = 6.8, C(16 0)H2Br), 2.21 (t, 2H,
J = 7.3, COCH2), 2.02 (q, 2H, J = 7.0, C(6)H2), 1.85(m,
2H, C(15 0)H2C(16 0)H2Br), 1.61 (m, 2H, COCH2CH2),
1.42 (m, 2H, C(14 0)H2C(15 0)H2C(16 0)H2Br), 1.24 (m,
20H, CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 1235.3, 1233.3, 1232.5 and
1230.5 ([2M+H]+ 67, 100, 61, and 18), 618.4 and 616.4
(MH+, 54 and 56), 600.5 and 598.5 ([MH�H2O]+, 35
and 33). Calcd for C34H66


79BrNO3 m/z 615.4; Calcd for
C34H66


81BrNO3 m/z 617.4; Anal. Calcd for C34H66BrNO3


(616.8): C, 66.21; H, 10.79; N, 2.2; Br, 12.95. Found: C,
66.13; H, 10.83; N, 2.32; Br, 12.81.


4.1.1.14. L-erythro-2-N-(16 0-Bromohexadecanoyl)-
sphingosine (18). Prepared from 3. Pure product was ob-
tained in 78% yield after crystallization from n-hexane–
ethyl acetate (1:2, v/v) as a white powder; ½a�22


D +11.8� (c
1, MeOH); ½a�22


365 +45.0� (c 1, MeOH); Remaining data
are identical as reported for 15. Anal. Calcd for
C34H66BrNO3 (616.8): C, 66.21; H, 10.79; N, 2.27; Br,
12.95. Found: C, 66.02; H, 10.64; N, 2.12; Br, 12.72.


4.1.1.15. D-erythro-2-N-Nicotinoyl-sphingosine (19).
Prepared from 1 (200 mg, 0.67 mmol) and nicotinoyl
chloride hydrochloride (97%, 245 mg, 1.34 mmol)
according to the Procedure A. The crude product was
purified by flash chromatography (elution with CHCl3–
MeOH–concd NH4OH, 5:1:0.05, v/v/v) following crystal-
lization from n-hexane–ethyl acetate (2:1) to give 195 mg
(72%) of pure 19 as a white microcrystalline powder, mp
104–106 �C; TLC Rf (CHCl3–MeOH, 8:1, v/v) Rf 0.17;
1H NMR (500 MHz, CDCl3) d 9.01 (d, 1H, J = 2.0,
2-HPy), 8.70 (dd, 1H, J = 1.6 and 4.8, 6-HPy), 8.11 (dt,
1H, J = 2.0 and 7.9, 4-HPy), 7.37 (dd, 1H, J = 4.8 and
7.9, 5-HPy), 7.12 (d, 1H, J = 7.2, NH), 5.84 (dtd, 1H,
J = 15.4, 6.7, 1.1, 5-H), 5.60 (ddt, 1H, J = 15.4, 6.7, 1.1,
4-H), 4.48 (t, 1H, J = 4.8, 3-H), 4.12 (m, 2H, 1-Ha and
2-H), 3.83 (dd, J = 4.0 and 12.1, 1-Hb), 2.05 (q, 2H,
J = 7.1, C(6)H2), 1.36 (m, 2H, C(7)H2), 1.24 (m, 20H,
CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-MS (CH3OH, rela-
tive intensity, %) m/z 830.9 ([2M+Na]+, 100), 405.2
(MH+, 3 and 3). Calcd for C24H40N2O m/z 404.3. Anal.
Calcd for C24H40N2O3 (404.6): C, 71.25; H, 9.97; N,
6.92. Found: C, 68.90; H, 9.85; N, 6.71.


4.1.1.16. D-erythro-2-N-[3 0-(300-Pyridyl)-propionoyl]-
sphingosine (20). Prepared from 1 (200 mg, 0.67 mmol)
and 3-pyridinopropionic acid (97%, 288 mg, 1.1 mmol)
according to the Procedure B. The crude product was
purified by flash chromatography (CHCl3–MeOH–

concd NH4OH, 65:10:1, v/v/v) to give pure 20
(240 mg, 64%) as a white solid. Analytical sample of
20 was obtained by crystallization from n-hexane–ethyl
acetate (5:1, v/v) to give white microcrystalline powder,
mp 83–84.5 �C; TLC Rf (CHCl3–MeOH, 8:1, v/v) Rf


0.18; 1H NMR (500 MHz, CDCl3) d 8.44 (d, 1H,
J = 1.5, 2-HPy), 8.40(dd, 1H, J = 1.5 and 4.2, 6-HPy),
7.45 (d, 1H, J = 7.7, 4-HPy), 7.37 (dd, 1H, J = 10.3 and
15.1, 5-HPy), 6.36 (d, 1H, J = 7.8, NH), 5.76 (dtd, 1H,
J = 15.4, 6.7, 1.1, 5-H), 5.48 (ddt, 1H, J = 15.4, 6.2,
1.1, 4-H), 4.24 (t, 1H, J = 4.5, 3-H), 3.91 (dd, 1H,
J = 3.5 and 11.4, 1-Ha), 3.85 (m, 1H, 2-H), 3.63 (dd,
1H, J = 3.4 and 11.4, 1-Hb), 2.97 (t, 2H, J = 7.4,
C(O)CH2CH2), 2.52 (t, 2H, J = 7.4, C(O)CH2CH2),
2.02 (q, 2H, J = 7.1, C(6)H2), 1.34 (m, 2H, C(7)H2),
1.24 (m, 20H, CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 887.0
([2M+Na]+, 100), 864.8([2M+H]+, 35), 433.0 (MH+,
4). Calcd for C26H44N2O3 m/z 432.3. Anal. Calcd for
C26H44N2O3 (432.64): C, 72.18; H, 10.25; N, 6.48.
Found: C, 71.44; H, 10.29; N, 6.45.


4.1.2. General procedure C for the preparation of CCPS
analogs. Mixtures of 6–18 (0.50 mmol), anhydrous pyri-
dine (2 mL), and anhydrous toluene (2 mL) were heated
in a sealed glass test-tube in an oil bath at 75–85 �C over
4.5 h. After completion, the reaction mixture was cooled
and evaporated to dryness. The afforded residues were
dried under the high vacuum (�1 torr at rt over 6 h)
and crystallized to give pure products.


4.1.2.1. D-erythro-2-N-[2 0-(100-Pyridinium)-acetyl]-
sphingosine Bromide (LCL150). Prepared from 6. Crude
product was crystallized from anhydrous ethanol–ace-
tone (1:5, v/v) to give a pure LCL150 in 72% yield as
a pale-brown microcrystalline powder, mp >104 �C (de-
comp.); TLC (CHCl3/(CH3)2 CO–MeOH–CH3COOH–
H2O, 20:8:6:2:1, v/v) Rf 0.15; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.44;


½a�22


D �7.8� (c 1, CHCl3) and �15.7� (c 1, MeOH); ½a�22


365


�30.0� (c 1, CHCl3) and �61.3� (c 1, MeOH); 1H NMR
(500 MHz, CD3OD) d 8.89 (dd, 2H, J = 6.8, 1.3, 2,6-
HPy) 8.66 (dt, 1H, J = 7.8, 1.3, 4-HPy), 8.14 (t, 2H,
J = 6.8, 3,5-HPy), 5.73 (dtd, 1H, J = 15.3, 6.7, 0.9, 5-H),
5.45 (ddt, 1H, J = 15.3, 6.5, 1.0, 4-H), 5.43(d, 2H,
J = 6.9, CH2-pyridinium ring), 4.16 (t, 1H, J = 6.7,
3-H), 3.98 (m, 1H, 2-H), 3.73 (dd, 1H, J = 11.3, 4.3,
1-Ha), 3.63 (dd, 1H, J = 11.3, 7.3, 1Hb), 2.05 (q, 2H,
J = 6.9, C(6)H2), 1.39 (m, 2H, C(7)H2), 1.28 (m, 20H,
CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) d 8.92 (d, 2H,
J = 6.0, 2,6-HPy), 8.72 (t, 1H, J = 7.8, 4-HPy), 8.20
(t, 2H, J = 6.7, 3,5-HPy), 5.86 (m, 1H, 5-H), 5.60 (m, 1H,
4-H), 4.67 (m, 2H, CH2-pyridinium ring), 4.35 (m, 1H,
3-H), 4.12 (m, 1H, 2-H), 3.82 (dd, 1H, J = 8.5, 2.3,
1-Ha), 3.63 (dd, 1H, J = 8.5, 5.1, 1Hb), 2.11 (q, 2H,
J = 7.0, C(6)H2), 1.43 (m, 2H, C(7)H2), 1.34 (m, 20H,
CH2), 0.93 (t, 3H, J = 7.0, CH3); 13C NMR (CD3OD) d
166.0 (C@O), 147.6 (C4Py), 147.4 (C2,6Py), 135.1
(C4@C5), 130.2 (C4@C5), 128.9 (C3,5Py), 128.7
(CH2-pyridinium ring), 73.3 (C3), 61.7 (C1), 57.8 (C2),
33.4 (C4@C5C6), 33.0, 30.75, 30.72, 30.6, 30.43 and
30.32 (C7–C16), 23.7 (C17), 14.4 (CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 419.4 (M+, 100). Calcd
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for [C25H43N2O3]+ m/z 419.3; Anal. Calcd for
C25H43BrN2O3 (499.5): C, 60.11; H, 8.68; N, 5.61; Br,
16.0. Found: C, 59.52; H, 8.77; N, 5.49; Br, 15.61.


4.1.2.2. D-erythro-2-N-[2 0-(100-Pyridinium)-acetyl]-4,5-
dihydrosphingosine bromide (LCL319). Prepared from 7.
Crude product was crystallized from anhydrous etha-
nol–acetone (1:5, v/v) to give a pure LCL319 in 80%
yield as a white microcrystalline powder, mp 119–
121 �C; TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–
H2O, 20:8:6:2:1, v/v) Rf 0.15; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.34;
½a�22


D �6.0� (c 0.5, MeOH); ½a�22


365 �28.0� (c 0.5,
MeOH); 1H NMR (500 MHz, CDCl3) d 9.32 (d, 2H,
J = 5.6, 2,6-HPy), 8.70 (br s, 1H, NH), 8.44 (t, 1H,
J = 6.0, 4-HPy), 8.02 (t, 2H, J = 6.8, 3,5-HPy), 6.02 (m,
2H, CH2-pyridinium ring), 4.00 (dd, 1H, J = 11.1, 3.5,
1-Ha), 3.85 (m, 1H, 2-H), 3.80 (m, 2H, 3-H and 1-
Hb), 1.59 (m, 2H, C(4)H2), 1.49 (m, 2H, C(5)H2), 1.25
(m, 24H, CH2), 0.88 (t, 3H, J = 7.0, CH3); (D2O) d
8.75 (d, 2H, J = 6.0, 2,6-HPy) 8.52 (t, 1H, J = 7.8, 4-
HPy), 8.00 (t, 2H, J = 7.1, 3,5-HPy), 5.48 (br s, 2H,
CH2-pyridinium ring), 3.93 (m, 1H, 3-H), 3.65 (m, 3H,
1Hab and 2-H), 1.40 (m, 2H, C(4)H2), 1.34 (m,
26H, CH2), 0.74 (t, 3H, J = 7.0, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 421.4 (M+, 100).
Calcd for [C25H45N2O3]+ m/z 421.3; Anal. Calcd for
C25H43BrN2O3 (501.5): C, 59.87; H, 9.04; N, 5.59; Br,
15.93. Found: C, 59.71; H, 9.09; N, 5.55; Br, 15.93.


4.1.2.3. D-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL29). Prepared from 8. Crude
product was washed with n-hexane–ethyl acetate (2·
5 mL, 1:4, v/v/) and anhydrous ethyl acetate (2· 5 mL)
following crystallization from anhydrous ethyl acetate–
acetone (1:2, v/v) to give a pure LCL29 in 82% yield
as a white slightly hygroscopic microcrystalline powder.
TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–H2O,
20:8:6:2:1, v/v) Rf 0.19; RP TLC (C18 Silica, CH3CN–


MeOH–1 M NH4Cl (aq), 4:1:1.5 v/v) Rf 0.39; ½a�22


D


�3.20� (c 1, CHCl3) and �14.0� (c 1, MeOH); ½a�22


365


�15.0� (c 1, CHCl3) and �50.0� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 9.40 (d, 2H, J = 5.8, 2,6-HPy)
8.46 (t, 1H,J = 7.6 4-HPy), 8.08 (t, 2H, J = 7.1, 3,5-HPy),
7.72 (d, 1H, J = 7.0, NH), 5.72 (dtd, 1H, J = 15.4, 6.7,
0.6, 5-H), 5.49 (ddt, 1H, J = 15.4, 6.7, 1.1, 4-H), 4.8
(m, 2H, C(6)H2-pyridinium ring), 4.30 (m, 1H, 3-H),
3.85 (m, 2H, 2-H and 1-Ha), 3.69 (d, 1H, J = 11.3, 1-
Hb), 2.34 (m, 2H, COCH2), 2.15 (m, 2H, C(5)H2C(6)
H2-pyridinium ring), 2.0 (q, 2H, J = 7.2, C(6)H2), 1.77
(m, 2H, COCH2CH2), 1.49 (m, 2H, C(4)H2C(5)H2


C(6)H2-pyridinium ring), 1.33 (m, 2H, C(7)H2), 1.27 (m,
20H, CH2), 0.87 (t, 3H, J = 6.9, CH3); (CD3OD) d 9.01
(d, 2H, J = 6.4, 2,5-HPy) 8.59 (t, 1H, J = 7.7, 4-HPy),
8.11 (t, 2H, J = 6.8, 3,5-HPy), 7.71 (d, 1H, J = 8.8, NH),
5.68 (dtd, 1H, J = 15.4, 6.8, 0.7, 5-H), 5.45 (ddt, 1H,
J = 15.4, 7.3, 1.2, 4-H), 4.63 (t, 2H, J = 7.6, C(6)H2-pyri-
dinium ring), 4.06 (t, 1H, J = 6.9, 3-H), 3.88 (m, 1H, 2-H),
3.67 (dd, 1H, J = 11.4, 4.2, 1-Ha), 3.64 (dd, 1H, J = 11.4,
6.5, 1-Hb), 2.24 (m, 2H, COCH2), 2.02 (m, 4H,
C(5)(H2)C(6)H2-pyridinium ring and C(6)H2), 1.67 (m,
2H, COCH2CH2), 1.40 (m, 4H, C(4)(H2)C(5)(H2)

C(6)H2-pyridinium ring and C(7)H2), 1.27 (m, 20H,
CH2), 0.89 (t, 3H, J = 7.0, CH3); (D2O) d 8.96 (d, 2H,
J = 6.4, 2,6-HPy), 8.60 (dt, 1H, J = 7.8, 1.1, 4-HPy), 8.14
(t, 2H, J = 6.8, 3,5-HPy), 5.65 (dtd, 1H, J = 15.1, 6.8,
0.8, 5-H), 5.45 (ddt, 1H, J = 15.1, 6.8, 1.3, 4-H), 4.69 (t,
2H, J = 7.4, C(6)H2-pyridinium ring), 4.21 (t, 1H,
J = 6.1, 3-H), 3.95 (m, 1H, 2-H), 3.74 (dd, 1H, J = 11.5,
2.1, 1-Ha), 3.71 (dd, 1H, J = 11.5, 3.8, 1-Hb), 2.30 (m,
2H, COCH2), 2.07 (m, 4H, C(5)H2C(6)H2-pyridinium
ring and C(6)H2), 1.68 (m, C(7)H2), 1.44 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and COCH2


CH2), 1.29 (m, 20H, CH2), 0.89 (t, 3H, J = 7.1, CH3);
13C-NMR (CD3OD) d 175.8 (C@O), 147.0 (C4Py), 146.1
(C2,6Py), 134.8 (C4@C5), 131.2(C4@C5), 129.6 (C3,5Py),
73.9 (C3), 62.9 (C6-pyridinium-ring), 62.2 (C1), 57.0
(C2), 36.6 (C@OC2), 33.5 (C4@C5C6), 33.2 (C9 or
C10), 32.1(C5C6-pyridinium ring), 30.95, 30.92, 30.83,
30.63, 30.56 and 30.47 (C7–C16), 26.7 (C4C5C6-pyridin-
ium ring), 26.1 (C@OC2C3), 23.8 (C17), 14.5 (CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 475.4 (M+, 100).
Calcd for [C29H51N2O3]+ m/z 475.4; Anal. Calcd for
C29H51BrN2O3 Æ H2O (573.65): C, 60.72; H, 9.31; N,
4.88; Br, 13.93. Found: C, 60.19; H, 9.22; N, 4.78; Br,
14.21.


4.1.2.4. L-threo-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL124). Prepared from 9 as
LCL29 in 73% yield. Analytical sample of LCL124
was obtained by crystallization from anhydrous ethyl
acetate–acetone (1:2, v/v) as a white hygroscopic micro-
crystalline powder. TLC (CHCl3–(CH3)2CO–MeOH–
CH3COOH–H2O, 20:8:6:2:1, v/v) Rf 0.17; RP TLC
(C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5,


v/v) Rf 0.38; ½a�21


D �6.40� (c 1, CHCl3); ½a�21


365 �25.1� (c
1, CHCl3); 1H NMR (500 MHz, CDCl3) d 9.39 (d, 2H,
J = 5.6, 2,6-HPy) 8.47 (t, 1H, J = 7.8, 4-HPy), 8.09 (t,
2H, J = 7.5, 3,5-HPy), 7.53 (d, 1H, J = 7.9, NH), 5.72
(dtd, 1H, J = 15.4, 6.7, 0.5, 5-H), 5.49 (ddt, 1H,
J = 15.4, 6.7, 1.1, 4-H), 4.88 (t, 2H, J = 7.6, C(6)H2-pyr-
idinium ring), 4.25 (t, 1H, J = 5.8, 3-H), 3.83 (m, 1H, 2-
H), 3.72 (dd, 1H, J = 11.5, 4.0, 1-Ha), 3.67 (dd, 1H,
J = 11.5, 5.5, 1-Hb), 2.36 (t, 2H, J = 7.1, COCH2),
2.14 (m, 2H, C(5)H2C(6)H2-pyridinium ring), 1.98 (q,
2H, J = 7.0,C(6)H2), 1.74 (m, 2H, COCH2CH2), 1.47
(m, 2H, C(4)H2C(5)H2C(6)H2-pyridinium ring), 1.32
(m, 2H, C(7)H2), 1.23 (m, 20H, CH2), 0.86 (t, 3H,
J = 6.9, CH3); (CD3OD) d 9.00 (dd, 2H, J = 6.2, 1.2,
2,6-HPy) 8.59 (dt, 1H, J = 7.8, 1.3, 4-HPy), 8.11 (t, 2H,
J = 6.8, 3,5-HPy), 7.53 (d, 1H, J = 7.9, NH), 5.70 (dtd,
1H, J = 15.4, 7.0, 1.1, 5-H), 5.43 (ddt, 1H, J = 15.4,
6.7, 1.1, 4-H), 4.63 (t, 2H, J = 7.5, C(6)H2-pyridinium
ring), 4.21 (t, 1H, J = 6.2, 3-H), 3.86 (m, 1H, 2-H),
3.65 (dd, 1H, J = 11.0, 5.8, 1-Ha), 3.50 (dd, 1H,
J = 11.0, 6.3, 1-Hb), 2.26 (t, 2H, J = 7.3, COCH2),
2.02 (m, 4H, C(6)H2 and C(5)H2C(6)H2-pyridinium
ring), 1.68 (m, 2H, COCH2CH2), 1.41 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and C(7)H2),
1.27 (m, 20H, CH2), 0.89 (t, 3H, J = 6.9, CH3); (D2O)
d 8.98 (d, 2H, J = 5.9, 2,6-HPy), 8.66 (t, 1H, J = 7.6, 4-
HPy), 8.19 (t, 2H, J = 6.6, 3,5-HPy), 5.84 (dtd, 1H,
J = 15.1, 6.8, 0.8, 5-H), 5.55 (ddt, 1H, J = 15.1, 6.8,
1.3, 4-H), 4.73 (m, 2H, J = 7.5, C(6)H2-pyridinium ring),
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4.31 (t, 1H, J = 5.5, 3-H), 3.97 (m, 1H, 2-H), 3.74 (dd,
1H, J = 11.5, 4.4, 1-Ha), 3.62 (dd, 1H, J = 11.5, 6.6, 1-
Hb), 2.38 (m, 2H, COCH2), 2.12 (m, 4H,
C(5)H2C(6)H2-pyridinium ring and C(6)H2), 1.75 (m,
C(7)H2), 1.46 (m, 4H, C(4)H2C(5)H2C(6)H2-pyridinium
ring and COCH2CH2), 1.34 (m, 20H, CH2), 0.94 (t, 3H,
J = 6.4, CH3); 13C-NMR (CDCl3) d 174.9 (C@O), 145.5
(C4Py), 145.3 (C2,6Py), 133.6 (C4@C5), 129.6 (C4@C5),
128.8 (C3,5Py), 72.8 (C3), 62.9 (C1), 62.0 (C6-pyridin-
ium-ring), 56.5 (C2), 35.8(C@OC2), 32.66 (C6), 32.16
(C9 or C10), 31.13 (C5C6-pyridinium ring), 29.96,
29.92, 29.90, 29.81, 29.62, 29.60 and 29.55 (C8–C17),
25.11 (C4C5C6-pyridinium ring), 24.76 (C@OC2C3),
22.92 (C7), 14.35 (CH3); (CD3OD) d76.0 (C@O), 146.9
(C4Py), 146.1 (C2,6Py), 133.9 (C4@C5), 131.3 (C4@C5),
129.6 (C3,5Py), 72.0 (C3), 62.9 (C1), 62.6 (C6-pyridin-
ium-ring), 57.0 (C2), 36.6(C@OC2), 33.5 (C4@C5C6),
33.2 (C9 or C10), 32.1(C5C6-pyridinium ring), 30.9,
30.7, 30.6, 30.5, and 30.4 (C8-C17), 26.6 (C4C5C6-pyri-
dinium ring), 26.0 (C@OC2C3), 23.8 (C4@C5C6C7),
14.54 (CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 475.4 (M+, 100). Calcd for [C39H51N2O3]+ m/z
475.4. Anal. Calcd for C29H51BrN2O3 Æ H2O (573.65):
C, 60.72; H, 9.31; N, 4.88; Br, 13.93. Found: C, 60.45;
H, 9.09; N, 4.68; Br, 14.01.


4.1.2.5. L-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL187). Prepared from 10 as
LCL29 in 71% yield. Analytical sample was obtained by
crystallization from ethyl acetate–acetone (2:1, v/v/) as a


white hygroscopic powder; ½a�22


D +3.10� (c 1, CHCl3) and


+14.5� (c 1, MeOH); ½a�22


365 +14.2� (c 1, CHCl3) and
+51.2� (c 1, MeOH). Remaining data are identical as
reported for LCL29. Anal. Calcd for C29H51BrN2O3 � � �
H2O (573.65): C, 60.72; H, 9.31; N, 4.88; Br, 13.93.
Found: C, 60.11; H, 9.12; N, 4.98; Br, 13.71.


4.1.2.6. D-threo-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL272). Prepared from 11 as
LCL124 in 68% yield. Analytical sample was obtained
by crystallization from ethyl acetate–acetone (2:1, v/v/)
as a white hygroscopic powder; ½a�22


D +6.2� (c 1, CHCl3);
½a�22


365 +26.0� (c 1, CHCl3); remaining data are identical
as reported for LCL124. Anal. Calcd for C29H51


BrN2O3 Æ H2O (573.65): C, 60.72; H, 9.31; N, 4.88; Br,
13.93. Found: C, 60.23; H, 9.03; N, 4.64; Br, 13.63.


4.1.2.7. D-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
4,5-dihydrosphingosine bromide (LCL143). Prepared
from 12 as LCL319 in 71% yield. Analytical sample
was prepared by crystallization from anhydrous ethyl
acetate–acetone (1:1, v/v) as a white microcrystalline
powder, mp �95 �C getting wet and melts with decom-
position above 155 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20: 8:6:2:1, v/v) Rf 0.20; RP
TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),


4:1:1.5 v/v) Rf 0.30; ½a�22


D �0.55� (c 0.5, MeOH); ½a�22


365


�3.5� (c 0.5, MeOH); 1H NMR (500 MHz, CD3OD) d
9.01 (dd, 2H, J = 6.7, 1.2, 2,5-HPy) 8.59 (t, 1H, J = 7.7,
4-HPy), 8.12 (t, 2H, J = 6.8, 3,5-HPy), 4.63 (t, 2H,
J = 7.5, C(6)H2-pyridinium ring), 4.06 (t, 1H, J = 6.9,
3-H), 3.83 (m, 1H, 2-H), 3.70 (dd, 1H, J = 11.2, 4.1,

1-Ha), 3.65 (dd, 1H, J = 11.2, 6.5, 1-Hb), 2.26 (t, 2H,
J = 7.2, COCH2), 2.03 (m, 2H, C(5)H2C(6)H2-pyridinium
ring), 1.69 (m, 2H, COCH2CH2), 1.50 (m, 2H,
COCH2CH2CH2), 1.42 (m, 2H, C(4)H2), 1.27 (m, 24H,
CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) 8.99 (d, 2H,
J = 5.7, 2,6-HPy), 8.67 (t, 1H, J = 7.8, 4-HPy), 8.20 (t,
2H, J = 6.8, 3,5-HPy), 4.74 (t, 2H, J = 7.4, C(6)H2-pyridin-
ium ring), 3.97 (m, 1H, 2-H), 3.80 (m, 3H, 2-H and 1-Hab),
2.40 (m, 2H, COCH2), 2.07 (m, 2H, C(5)H2C(6) H2-pyri-
dinium ring), 1.68 (m, 2H, COCH2CH2), 1.53 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and C(4)H2),
1.29 (m, 24H, CH2), 0.93 (t, 3H, J = 6.5, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 477.3 (M+, 100). Calcd
for [C29H53N2O3]+ m/z 477.4. Anal. Calcd for
C29H53BrN2O3 (557.65): C, 62.46; H, 9.58; N, 5.02; Br,
14.33. Found: C, 59.98; H, 9.60; N, 4.80; Br, 14.19.

4.1.2.8. D-erythro-2-N-[12 0-(100-Pyridinium)-dodecano-
yl]-sphingosine bromide (LCL88). Prepared from 13 as
LCL150 in 74% yield. Analytical sample was prepared
by crystallization from anhydrous ethyl acetate–acetone
(2:1, v/v) as a white microcrystalline powder, mp 79–
80 �C; TLC (CHCl3–(CH3)2CO–MeOH/CH3COOH–
H2O, 20:8:4:2:1, v/v) Rf 0.28; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5 v/v) Rf 0.38;


½a�20


D �0.51� (c 1, CHCl3) and �12.9� (c 1, MeOH); ½a�20


365


�8.50� (c 1, CHCl3) and �48.5� (c 1, MeOH);
1H NMR (500 MHz, CDCl3) d 9.40 (d, 2H, J = 6.0,
2,6-HPy) 8.48 (t, 1H,J = 7.4, 4-HPy), 8.12 (t, 2H,
J = 6.9, 3,5-HPy), 7.14 (d, 1H, J = 7.0, NH), 5.74 (dtd,
1H, J = 15.3, 6.7, 0.6, 5-H), 5.52 (ddt, 1H, J = 15.3,
6.7, 1.1, 4-H), 4.94 (t, 2H, J = 7.5, C(12)H2-pyridinium
ring), 4.29 (m, 1H, 3-H), 3.89 (m, 2H, 2-H and 1-Ha),
3.68 (dd, 1H, J = 13.0, 4.5, 1-Hb), 2.28 (t, 2H, J = 7.4,
COCH2), 2.05 (m, 4H, C(11)H2C(12)H2-pyridinium ring
and C(6)H2), 1.63 (m, 2H, COCH2CH2), 1.24 (m, 36H,
CH2), 0.86 (t, 3H, J = 7.3, CH3); (CD3OD) d 9.01 (dd,
2H, J = 6.7, 1.3, 2,5-HPy) 8.61 (tt, 1H, J = 7.8, 1.3
4-HPy), 8.11 (t, 2H, J = 7.8, 3,5-HPy), 7.60 (d, �0.2H,
J = 8.2, NH), 5.68 (dtd, 1H, J = 15.2, 6.6, 0.7, 5-H),
5.45 (ddt, 1H, J = 15.2, 7.4, 1.2, 4-H), 4.62 (t, 2H,
J = 7.6, C(12)H2-pyridinium ring), 4.04 (t, 1H, J = 7.3,
3-H), 3.85 (m, 1H, 2-H), 3.68 (d, 2H, J = 5.1, 1-Ha,b),
2.18 (t, 2H, J = 7.1, COCH2), 2.01 (m, 4H, C(11)H2


C(12)H2-pyridinium ring and C(6)H2), 1.57 (m, 2H,
COCH2CH2), 1.38 (m, 4H, C(10)H2C(11)H2C(12)
H2-pyridinium ring and C(7)H2), 1.27 (m, 32H, CH2),
0.88 (t, 3H, J = 7.1, CH3); (D2O) d 9.03 (d, 2H,
J = 6.1, 2,6-HPy), 8.72 (t, 1H, J = 7.9, 4-HPy), 8.24 (t,
2H, J = 5.5, 3,5-HPy), 5.80 (dtd, 1H, J = 15.0, 6.8, 0.8,
5-H), 5.55 (ddt, 1H, J = 15.0, 6.8, 1.3, 4-H), 4.78 (t,
2H,J = 7.3, C(12)H2-pyridinium ring), 4.20 (t, 1H,
J = 7.0, 3-H), 3.96 (m, 1H, 2-H), 3.87 (bs, 2H, 1-
Ha,b), 2.29 (t, J = 5.5, 2H, COCH2), 2.09 (m, 4H,
C(11)H2C(12)H2-pyridinium ring and C(6)H2), 1.62
(m, C(7)H2), 1.43 (m, 4H, C(10)H2C(11)H2C(12)H2-pyr-
idinium ring and COCH2CH2 ), 1.32 (m, 32H, CH2),
0.92 (t, 3H, J = 6.7, CH3); 13C NMR (CD3OD) d
176.43 (C@O), 147.04 (C4Py), 146.1 (C2,6Py), 134.86
(C4@C5), 131.42(C4@C5), 129.67 (C3,5Py), 73.8 (C3),
63.27 (C12-pyridinium-ring), 62.44(C1), 56.9 (C2),
37.45 (C@OC2), 33.58 (C4@C5C6), 33.24 (C15 or
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C16?), 32.66(C11C12-pyridinium ring), 30.97, 30.94,
30.92, 30.86, 30.72, 30.68, 30.63, 30.54, 30.52 and
30.25 (C6–C16), 27.34 (C10C11C12-pyridinium ring),
27.2 (C@OC2C3), 23.9 (C17), 14.61(CH3) ; ESI-MS
(CH3OH, relative intensity, %) m/z 559.4 (M+, 100).
Calcd for [C35H63N2O3]+ m/z 559.5. Anal. Calcd for
C35H63BrN2O3 (639.8): C, 65.71; H, 9.93; N, 4.38; Br,
12.49. Found: C, 65.32; H, 9.94; N, 4.30; Br, 12.10.


4.1.2.9. D-erythro-2-N-[12 0-(100-Pyridinium)-dodecano-
yl]-4,5-dihydrosphingosine bromide (LCL249). Prepared
from 14 as LCL319 in 72% yield. Analytical sample
was prepared by crystallization from anhydrous ethyl
acetate–acetone (2:1, v/v) as a white microcrystalline
powder, mp 69–71 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.29; RP
TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),


4:1:1.5 v/v) Rf 0.26; ½a�21


D +7.0� (c 1, CHCl3); ½a�22


365


+17.4� (c 1, CHCl3); 1H NMR (500 MHz, CDCl3) d
9.41 (d, 2H, J = 5.6, 2,6-HPy), 8.49 (t, 1H, J = 7.7, 4-
HPy), 8.13 (t, 2H, J = 7.5, 3,5-HPy), 7.31 (d, 1H,
J = 7.8, NH), 4.93 (t, 2H, J = 7.5, C(12)H2-pyridinium
ring), 3.93 (dd, 1H, J = 11.5, 4.5, 1-Ha), 3.82 (m, 1H,
2-H), 3.74 (m, 1H, 3-H), 3.70 (dd, 1H, J = 11.5, 3.0, 1-
Hb), 2.28 (t, 2H, J = 7.5, COCH2), 2.05 (m, 2H,
C(11)H2C(12)H2-pyridinium ring), 1.63 (m, 2H,
COCH2CH2), 1.49 (m, 2H, C(4)H2), 1.23 (m, 40H,
CH2), 0.86 (t, 3H, J = 7.1, CH3); (CD3OD) d 9.01 (dd,
2H, J = 6.6, 1.2, 2,6-HPy), 8.59 (dt, 1H, J = 6.8, 1,2, 4-
HPy), 8.11 (t, 2H, J = 6.9, 3,5-HPy), 4.62 (t, 2H,
J = 7.6, C(12)H2-pyridinium ring), 3.81 (m, 1H, 2-H),
3.70 (dd, 1H, J = 11.2, 4.3, 1-Ha), 3.68 (dd, 1H,
J = 11.4, 6.0, 1-Hb), 3.58 (m, 1H, 3-H), 2.21 (t, 2H,
J = 7.5, COCH2), 2.01 (m, 2H, C(11)H2C(12)H2-pyri-
dinium ring), 1.60 (m, 2H, COCH2CH2), 1.52 (m, 2),
1.38 (m, 4H, C(10)H2C(11)H2C(12)H2-pyridinium ring
C(4)H2), 1.27 (m, 36H, CH2), 0.89 (t, 3H, J = 7.1,
CH3); 13C-NMR (CD3OD) d 176.43 (C@O), 146.9
(C4Py), 146.04 (C2,6Py), 129.6 (C3,5Py), 72.4 (C3), 63.2
(C12-pyridinium-ring), 62.5 (C1), 56.8 (C2), 37.3
(COC2), 35.0 (C4) 33.18 (C15?), 32.61 (C11C12-pyridin-
ium ring), 30.9, 30.83, 30.65, 30.6, 30.57, 30.51, 30.42,
30,36 and 30.2 (C8–C15 and C4–C9), 26.6
(C10C11C12-pyridinium ring), 27.16 (COC2C3), 26.77
(C16), 23.8 (C17), 14.54 (CH3); ESI-MS (CH3OH, rela-
tive intensity, %) m/z 561.4 (M+, 100). Calcd for
[C35H65N2O3]+ m/z 561.5. Anal. Calcd for C35H63


BrN2O3 (639.8): C, 65.50; H, 10.21; N, 4.36; Br, 12.45.
Found: C, 65.19; H, 10.14; N, 4.32; Br, 12.35.


4.1.2.10. D-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-sphingosine bromide (LCL30). Prepared from
15 (2.15 g, 3.48 mmol), anhydrous pyridine (10 mL) and
anhydrous toluene (8 mL) according to the Procedure
C. The obtained mixture was cooled to room temperature,
diluted with ethyl acetate (20 mL), and left in the refriger-
ator (+4 �C) for 6 h. The formed precipitate was separated
by filtration, washed with ethyl acetate–acetone (10 mL,
1:1, v/v), and dried to give crude product (2.31 g). This
material was crystallized from acetone–ethanol (5:1, v/v)
to give LCL30 (2.16 g, 89%) as a white microcrystalline
powder, mp 116–118 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.33; RP

TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),


4:1:1.5, v/v); Rf 0.22; ½a�22


D �1.20� (c 1, CHCl3) and


�9.0� (c 1, MeOH); ½a�22


365 �11.8� (c 1, CHCl3) and


�36.0� (c 1, MeOH); ½a�37


D �12.0� (c 1, EtOH/H2O, 9:1,


v/v/); ½a�37


365 �56.0� (c 1, EtOH–H2O, 9:1,v/v); 1H NMR
(500 MHz, CDCl3) d 9.37 (d, 2H, J = 6.0, 2,6-HPy) 8.47
(t, 1H, J = 7.8, 4-HPy), 8.11 (t, 2H, J = 7.1, 3,5-HPy),
6.80 (d, 1H, J = 6.7, NH), 5.73 (dtd, 1H, J = 15.2, 6.6,
0.6, 5-H), 5.52 (ddt, 1H, J = 15.2, 6.5, 1.2, 4-H), 4.96
(t, 2H, J = 7.5, C(16)H2-pyridinium ring), 4.30 (m, 1H,
3-H), 3.93 (dd, 2H, J = 11.1, 4.5, 1-Ha), 3.91 (m, 2H,
2-H), 3.69 (dd, 1H, J = 11.1, 2.7, 1-Hb), 2.29 (t,
2H, J = 7.4, COCH2), 2.06 (m, 4H, C(15)H2C(16)
H2-pyridinium ring and C(6)H2), 1.65 (m, 2H,
COCH2CH2), 1.26 (m, 44H, CH2), 0.88 (t, 3H, J = 7.1,
CH3); (CD3OD) d 9.00 (dd, 2H, J = 5.5, 1.2, 2,5-HPy)
8.59 (tt, 1H, J = 7.8, 1.2 4-HPy), 8.11 (t, 2H, J = 7.0,
3,5-HPy), 5.68 (dtd, 1H, J = 15.3, 6.7, 0.8, 5-H), 5.44
(ddt, 1H, J = 15.3, 7.5, 1.3, 4-H), 4.63 (t, 2H, J = 7.5,
C(16)H2-pyridinium ring), 4.04 (t, 1H, J = 7.4, 3-H),
3.84 (dt, 1H, J = 7.5, 5.0, 2-H), 3.67(d, 2H, J = 5.1, 1-
Ha,b), 2.18 (t, 2H, J = 7.5, COCH2), 2.03 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.57 (m,
2H, COCH2CH2), 1.38 (m, 4H, C(14)H2C(15)H2C
(16)H2-pyridinium ring and C(7)H2), 1.27 (m, 40H,
CH2), 0.88 (t, 3H, J = 7.0, CH3); (D2O) d 9.01 (d, 2H,
J = 6.4, 2,6-HPy), 8.68 (t, 1H, J = 7.6, 4-HPy), 8.20 (t,
2H, J = 5.8, 3,5-HPy), 5.75 (dtd, 1H, J = 15.1, 6.6, 0.8,
5-H), 5.48 (ddt, 1H, J = 15.1, 6.8, 1.2, 4-H), 4.73 (t,
2H, J = 7.3, C(16)H2-pyridinium ring), 4.11 (t, 1H,
J = 6.9, 3-H), 3.87 (m, 1H, 2-H), 3.78 (br s, 2H, 1-
Ha,b), 2.25 (t, 2H, J = 5.5, 2H, COCH2), 2.06 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.58 (m,
C(7)H2), 1.39 (m, 4H, C(14)H2C(15)H2C(16)H2- pyridin-
ium ring and COCH2CH2), 1.29 (m, 32H, CH2), 0.85
(t, 3H, J = 6.7, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 615.6 (M+, 100). Calcd for [C39H71N2O3]+ m/z
615.5. Anal. Calcd for C39H71BrN2O3 (695.9): C, 67.3;
H, 10.28; N, 4.03; Br, 11.48. Found: C, 67.03; H, 10.34;
N, 4.06; Br, 11.26.

4.1.2.11. L-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-sphingosine bromide (LCL255). Prepared from
18 as LCL30 in 82% yield. Analytical sample was
obtained by crystallization from acetone–ethanol (5:1,
v/v/) as a white hygroscopic powder; ½a�20


D +12.0� (c 1,
MeOH); ½a�20


365 +44.2� (c 1, MeOH). Remaining data are
identical as reported for LCL30. Anal. Calcd for
C39H71BrN2O3 (695.9): C, 67.3; H, 10.28; N, 4.03; Br,
11.48. Found: C, 67.22; H, 10.05; N, 4.11; Br, 11.31.

4.1.2.12. L-threo-2-N-[16 0-(100-Pyridinium)-hexadeca-
noyl]-sphingosine bromide (LCL87). Prepared from 17
as LCL30 in 80% yield. Analytical sample of LCL87
was prepared by crystallization from acetone–ethanol
(5:1, v/v) as a white microcrystalline powder, mp 113–
115 �C; TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–
H2O, 20:8:4:2:1, v/v); Rf 0.32; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.23;


½a�22


D �12.1� (c 1, MeOH); ½a�22


365 �46.8� (c 1, MeOH); 1H
NMR (500 MHz, CDCl3) d 9.33 (d, 2H, J = 6.0, 2,6-
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HPy) 8.44 (t, 1H, J = 7.8, 4-HPy), 8.08 (t, 2H, J = 7.0, 3,5-
HPy), 6.51 (d, 1H, J = 7.8, NH), 5.69 (dtd, 1H, J = 15.2,
6.6, 0.6, 5-H), 5.42 (ddt, 1H, J = 15.2, 6.5, 1.2, 4-H),
4.92 (t, 2H, J = 7.5, C(16)H2-pyridinium ring), 4.35 (t,
1H, J = 4.5, 3-H), 3.84 (m, 1H, 2-H), 3.70 (m, 2H, 1-
Ha,b), 2.21 (t, 2H, J = 7.4, COCH2), 2.01 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.58 (m,
2H, COCH2CH2), 1.22 (m, 44H, CH2), 0.84 (t, 3H,
J = 7.0, CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 615.6 (M+, 100). Calcd for [C39H71N2O3]+ m/z
615.5. Anal. Calcd for C39H71 BrN2O3(695.9): C, 67.3;
H, 10.28; N, 4.03; Br, 11.48. Found: C, 67.03; H, 10.21;
N, 4.00; Br, 11.44.


4.1.2.13. D-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-4,5-dihydrosphingosine bromide (LCL345). Pre-
pared from 16 as LCL30 in 79% yield. Analytical sample
of LCL345 was prepared by crystallization from acetone/
ethanol (5:1, v/v) as a white microcrystalline powder, mp
100–101 �C; TLC (CHCl3–(CH3)2CO–MeOH–
CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.36; RP TLC
(C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5,


v/v) Rf 0.15; ½a�22


D +3.4� (c 0.5, MeOH); ½a�22


365 +3.3� (c
0.5, MeOH); 1H NMR (500 MHz, CDCl3) d 9.27 (d,
2H, J = 5.8 2,6-HPy), 8.41 (t, 1H, J = 7.7, 4-HPy), 8.05
(t, 2H, J = 7.0, 3,5-HPy), 7.18 (m, 1H, NH), 4.88 (t, 2H,
J = 7.6, C(16)H2-pyridinium ring), 3.91 (dd, 1H,
J = 11.6, 5.2, 1-Ha), 3.78 (m, 1H, 2-H), 3.71 (m, 1H, 3-
H), 3.65 (dd, 1H, J = 11.6, 2.8, 1-Hb), 2.26 (t, 2H,
J = 7.7, COCH2), 2.0 (m, 2H, C(15)H2C(16)H2-pyridin-
ium ring), 1.60 (m, 2H, COCH2CH2), 1.44 (m, 2H,
C(4)H2), 1.21 (m, 44H, CH2), 0.80 (t, 3H, J = 7.0,
CH3); (CD3OD) d 9.01 (dd, 2H, J = 6.6, 1.2, 2,6-HPy),
8.61 (dt, 1H, J = 6.8, 1.2, 4-HPy), 8.11 (t, 2H, J = 7.0,
3,5-HPy), 4.62 (t, 2H, J = 7.6, C(16)H2-pyridinium ring),
3.81 (m, 1H, 2-H), 3.68 (m, 2H, 1-Hab), 3.57 (m, 1H, 3-
H), 2.21 (t, 2H, J = 7.5, COCH2), 2.01 (m, 2H,
C(15)H2C(16)H2-pyridinium ring), 1.57 (m, 4H,
COCH2CH2 C(14)H2C(15)H2C(16)H2-pyridinium ring),
1.27 (m, 36H, CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) d
9.01 (br s, 2H, 2,6-HPy), 8.73 (t, 1H, J = 7.8, 4-HPy),
8.26 (t, 2H, J = 7.1, 3,5-HPy), 4.80 (t, 2H, J = 7.1,
C(16)H2-pyridinium ring), 3.91 (m, 2H, 1-Hab), 3.82
(m, 1H, 2-H), 3.70 (m, 1H, 3-H), 2.39 (m, 2H, COCH2),
2.11 (m, 2H, C(15)H2C(16)H2-pyridinium ring), 1.65
(m, 4H, COCH2CH2 C(14)H2C(15)H2C(16)H2-pyridin-
ium ring), 1.32 (m, 36H, CH2), 0.90 (t, 3H, J = 6.9,
CH3); 13C-NMR (CD3OD) d 176.5 (C@O), 147.02
(C4Py), 146.09 (C2,6Py), 129.7 (C3,5Py), 72.43 (C3),
63.27 (C16-pyridinium-ring), 62.6 (C1), 56.92 (C2),
37.43(COC2), 35.13 (COC2C3 and C4), 33.24, 32.7
(C15C16-pyridinium ring), 30.84, 30.79, 30.73, 30.67,
30.64, 30.51 and 30.28, (C5–C15 and C5–C13), 27.36
(C14C15C16-pyridinium ring), 27.26 (COC2C3C4),
26.78(C16), 23.9 (C17), 14.61 (CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 617.7 (M+, 100). Calcd
for [C39H73N2O3]+ m/z 617.6. Anal. Calcd for
C39H73BrN2O3 (697.9): C, 67.12; H, 10.54; N, 4.01; Br,
11.45. Found: C, 66.93; H, 10.45; N, 3.91; Br, 11.19.


4.1.2.14. D-erythro-2-N-[6 0-[100-[4000-[(400 00-N,N- Dimeth-
ylamino)-styryl]-pyridinium]-hexanoyl]]-sphingosine bro-
mide (LCL186). Prepared from 8 (167 mg, 0.35 mmol)

and 4-[40-(N,N-dimethylamino)-styryl]-pyridine (314 mg,
1.4 mmol) according to the Procedure C with the reaction
time extended to 70 h. Reaction mixture was concentrated
to the half of the volume and left in the refrigerator over-
night. The red precipitate was filtered, washed twice with
ethyl acetate, and dried under vacuum. This material was
treated with a warm (�45 �C) mixture of ethanol–chloro-
form (10 mL, 2: 3, v/v), sonicated for 10 min, and filtered
off to separate the excess of unreacted 4-[4 0-(N,N-dimeth-
ylamino)-styryl]-pyridine. The collected washings and ex-
tracts were concentrated to a volume of 3 mL and
subjected to a two-step flash chromatography. Elution
with CHCl3–EtOH (3:2, v/v) delivered the less polar
side-by products and the starting materials. After chang-
ing the eluent system to CHCl3–MeOH (3:2, v/v), a pure
product was obtained as a red solid (131 mg, 53% yield).
Analytical sample of LCL186 was obtained by crystalliza-
tion from acetone as a deep orange microcrystalline
powder, mp >105 �C (decomp.); TLC (CHCl3–
(CH3)2CO–EtOH–CH3COOH–H2O, 20:8:6:2:1, v/v) Rf


0.40; RP TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl
(aq), 4:1:1.5, v/v) Rf 0.40; UV–vis (50% EtOH) kmax (loge)
481.5 nm (4.72); fluorescence (Em, 50% EtOH) kmax (rel.
int.) = 525 nm (2.0); 1H NMR (500 MHz, CDCl3) d 8.84
(d, 2H, J = 7.7, 2-HPy), 7.98 (d, 1H, J = 4.7, NH), 7.77
(d, 2H, J = 7.7, 3-HPy), 7.60 (d, 1H, J = 15.9, Ar-
CH@CH-pyridinium ring), 7.50 (d, 2H, J = 9.0, 2-H-
Ar), 6.83 (d, 1H, J = 15.9, Ar-CH@CH-pyridinium ring),
6.68 (d, 2H, J = 9.0, 3-Ar), 5.73 (dt, 1H, J = 15.4, 6.8, 5-
H), 5.45 (dd, 1H, J = 15.4, 6.8, 4-H), 4.75 (br s, 1H, 3-
OH), 4.54 (m, 3H, 3-OH and C(6)H2-pyridinium ring),
4.35 (m, 1H, 3-H), 3.90 (m, 2H, 1-Ha and 2-H), 3.67 (d,
2H, J = 7.7, 1-Hb), 3.06 (s, 6H, N(CH3)2), 2.43 (m, 2H,
COCH2), 2.1 (m, 2H, C(5)H2C(6)H2-pyridinium ring),
1.90 (q, 2H, J = 7.2, C(6)H2), 1.78 (m, 2H, COCH2CH2),
1.48 (m, 2H, COCH2CH2CH2), 1.23 (m, 22H, CH2), 0.86
(t, 3H, J = 7. 1, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 620.4 (M+, 100). Calcd for [C39H62N3O3]+ m/z
620.5. Anal. Calcd for C39H62BrN3O3 (700.8): C, 66.84;
H, 8.92; N, 6.00; Br, 11.40. Found: C, 63.56; H, 8.75; N,
5.64; Br, 11.30.


4.1.2.15. D-erythro-2-N-(1 0-Octylnicotinoyl)-sphingo-
sine bromide (LCL275). Prepared from DD-erythro-2-N-
nicotinoyl-sphingosine (19, 202 mg, 0.5 mmol) and octyl
bromide (2 mL) according to the Procedure C with the
reaction time extended to 8 h. The crude product was
washed with warm n-hexane and crystallized twice from
ethyl acetate to give pure LCL275 (174 mg, 58%) as a
pale yellow powder, mp 117–118 �C; TLC (CHCl3–
(CH3)2CO–MeOH–CH3COOH–H2O, 20:8:6:2:1, v/v)
Rf 0.45; RP TLC (C18 Silica, CH3CN–MeOH–1 M
NH4Cl(aq), 4:1:1.5, v/v) Rf 0.47; ½a�20


D +4.60� (c 1,
MeOH); ½a�20


365 +20.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 10.53 (s, 1H, 2-HPy), 9.11 (d, 1H,
J = 8.1, 4-HPy), 9.07 (d, 1H, J = 7.4, NH), 8.73 (d, 1H,
J = 6.0, 6-HPy) 8.08 (dd, 1H, J = 8.1 and 6.1, 5-HPy),
5.85 (dtd, 1H, J = 15.4, 6.6, 1.2, 5-H), 5.45 (ddt, 1H,
J = 15.4, 7.1, 1.2, 4-H), 4.81 (t, 2H, J = 7.6, CH2-pyri-
dinium ring), 4.56 (m, 1H, 3-H), 4.38 (br s, 1H, 3-
OH), 4.2 (br s, 1H, 1-OH), 4.07 (dd, 1H, J = 12.1, 5.7,
1-Ha), 4.00 (m, 1H, 2-H), 3.90 (dd, 1H, J = 12.1, 2.3,
1-Hb), 2.10 (m, 2H, CH2 CH2-pyridinium ring), 2.03
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(q, 2H, J = 7.2, C(6)H2), 1.35 (m, 6H, C(7)H2, CH2 CH2


CH2-pyridinium ring and CH2CH2CH2CH2-pyridinium
ring), 1.24 (m, 26H, CH2), 0.87 (t, 3H, J = 6.9, CH3),
0.86 (t, 3H, J = 7.1, CH3); (CD3OD) d 9.42 (s, 1H, 2-
HPy), 9.12 (dt, 1H, J = 6.1, 1,3, 4-HPy), 9.07 (dt, 1H,
J = 8.2, 1,4, 6-HPy), 8.08 (dd, 1H, J = 8.0, 6.2, 5-HPy),
5.73 (dtd, 1H, J = 15.4, 6.6, 1.1, 5-H), 5.55 (ddt, 1H,
J = 15.4, 7.1, 1.1, 4-H), 4.68 (t, 2H, J = 7.7, CH2-pyri-
dinium ring), 4.21 (t, 1H, J = 6.8, 3-H), 4.16 (m, 1H,
2-H), 3.86 (dd, 1H, J = 11.5, 4.2, 1-Ha), 3.78 (dd, 1H,
J = 11.5, 7.2, 1-Hb), 2.02 (m, 4H, CH2CH2-pyridinium
ring and C(6)H2), 1.30 (m, 32H, CH2), 0.89 (t, 3H,
J = 6.9, CH3), 0.88 (t, 3H, J = 7.1, CH3); (D2O) d
10.50 (s, 1H, 2-HPy), 9.35 (d, 1H, J = 6.1, 1,3, 4-HPy),
9.15 (t, 1H, J = 7.1, 6-HPy), 8.46 (dd, 1H, J = 8.0, 6.1,
5-HPy), 5.92 (dtd, 1H, J = 15.2, 6.3, 1.1, 5-H), 5.62
(ddt, 1H, J = 15.2, 7.2, 1.1, 4-H), 4.99 (t, 2H, J = 7.0,
CH2-pyridinium ring), 4.41 (t, 1H, J = 8.0, 3-H), 4.27
(m, 1H, 2-H), 4.10 (dd, 1H, J = 11.7, 3.4, 1-Ha), 4.02
(dd, 1H, J = 11.7, 6.0, 1-Hb), 2.18 (m, 2H, C(6)H2),
2.0 (m, 2H, CH2CH2-pyridinium ring), 1.25 (m, 32H,
CH2), 0.84 (t, 3H, J = 6.9, CH3), 0.80 (t, 3H, J = 7.1,
CH3); 13C-NMR (CD3OD) d 163.8 (C@O), 147.5
(C2Py), 145.9 (C6Py), 144.9 (C3Py), 136.8 (C4Py),
135.1(C4@C5), 131.0 (C4@C5), 129.4(C5Py), 73.6 (C3),
63.7 (C1-pyridinium-ring), 61.8 (C1), 58.5 (C2),
33.5(C4@C5C6), 33.2 (C4@C5C6C7 or C4@
C5C6C7C8), 33.0 (C4@C5 C6C7 or C4@C5C6C7C8),
32.7 (C2C1-pyridinium ring), 30.91, 30.88, 30.85,
30.74, 30.6, 30.53, 30,41, 30.3 and 30.25 (C8–C16 and
C4–C6), 27.3 (C3C2C1-pyridinium ring), 23.85 (C17),
23.78 (C7CH3), 14.55 (CH3), 14.51 (CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 1515.3 ([2M+Br]+,
65), 517.5 (M+, 100). Calcd for [C32H57N2O3]+ m/z
517.4. Anal. Calcd for C32H57BrN2O3 (597.7): C,
64.30; H, 9.61; N, 4.69; Br, 13.37. Found: C, 64.05; H,
9.57; N, 4.71; Br, 13.24.


4.1.2.16. D-erythro-2-N-[3 0-[300-(100-Butyl)-pyridin-
ium]-propionoyl]-sphingosine bromide (LCL277). Pre-
pared from DD-erythro-2-N-[3 0-(300-pyridyl)-propionoyl]-
sphingosine (20) and butyl bromide in 68% yield as
LCL275 from 19. Analytical sample of LCL277 was
prepared by crystallization from ethyl acetate as a pale
yellow powder, mp 134–135 �C; TLC (CHCl3–
(CH3)2CO–MeOH–CH3COOH–H2O, 20:8:6:2:1, v/v)
Rf 0.21; RP TLC (C18 Silica, CH3CN–MeOH–1 M
NH4Cl(aq), 4:1:1.5, v/v) Rf 0.43; ½a�22


D �10.0� (c 1,
MeOH); ½a�22


365 �37.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 9.39 (s, 1H, 2-HPy), 8.45 (d,
1H, J = 6.1, 6-HPy), 8.32 (d, 1H, J = 7.8, 4-HPy),
8.17(d, 1H, J = 6.9, NH), 7.85 (dd, 1H, J = 7.8 and
6.1, 5-HPy), 5.85 (dtd, 1H, J = 15.2, 6.7, 1.1, 5-H),
5.45 (ddt, 1H, J = 15.2, 7.1, 1.1, 4-H), 4.81 (m, 2H,
CH2-pyridinium ring), 4.12 (m, 1H, 3-H), 3.76 (dd,
1H, J = 12.1, 5.8, 1-Ha), 3.63 (m, 1H, 2-H), 3.52 (dd,
1H, J = 12.1, 2.4, 1-Hb), 3.27 (m, 2H, COCH2), 3.05
(m, 1H, COCH2CH2), 2.95 (m, 1H, COCH2CH2), 2.0
(m, 4H, CH2CH2-pyridinium ring and C(6)H2), 1.43
(m, 2H, CH2)CH2CH2-pyridinium ring), 1.31 (m, 2H,
C(7)H2), 1.24 (m, 20H, CH2), 0.98 (t, 3H, J = 7.3,
CH3), 0.86 (t, 3H, J = 7.2, CH3); (CD3OD) d 8.89 (s,
1H, 2-HPy), 8.87 (d, 1H, J = 6.1, 6-HPy), 8.46 (d, 1H,

J = 7.9, 4-HPy), 7.99 (dd, 1H, J = 7.9, 6.1, 5-HPy),
5.68 (dtd, 1H, J = 15.2, 6.8, 1.1, 5-H), 5.43 (ddt, 1H,
J = 15.2, 7.0, 1.1, 4-H), 4.58 (t, 2H, J = 7.6, CH2-pyr-
idinium ring), 4.03 (t, 1H, J = 7.0, 3-H), 3.86 (m, 1H,
2-H), 3.63 (dd, 1H, J = 11.2, 4.2, 1-Ha), 3.56 (dd,
1H, J = 11.2, 6.9, 1-Hb), 3.14 (m, 2H, COCH2), 2.66
(m, 2H, COCH2CH2), 2.0 (m, 4H, CH2CH2-pyridin-
ium ring, C(6)H2), 1.40 (m, 4H, C(7)H2,
CH2CH2CH2-pyridinium ring), 1.27 (m, 20H, CH2),
1.0 (t, 3H, J = 7.4, CH3), 0.89 (t, 3H, J = 6.9, CH3);
(D2O) d 8.91 br, 1H, 2-HPy), 8.87 (d, 1H, J = 6.0, 6-
HPy), 8.58 (d, 1H, J = 8.0, 4-HPy), 8.13 (dd, 1H,
J = 8.0, 6.0, 5-HPy), 5.83 (dtd, 1H, J = 15.2, 6.8, 1.1,
5-H), 5.59 (ddt, 1H, J = 15.2, 7.0, 1.1, 4-H), 4.72 (t,
2H,J = 7.3, CH2-pyridinium ring), 4.26 (t, 1H,
J = 5.7, 3-H), 3.99 (m, 1H, 2-H), 3.77 (dd, 1H,
J = 11.1, 4.1, 1-Ha), 3.73 (dd, 1H, J = 11.1, 6.6, 1-
Hb), 3.27 (m, 2H, COCH2), 2.85 (m, 2H,
COCH2CH2), 2.07 (m, 4H, CH2CH2-pyridinium ring,
C(6)H2), 1.45 (m, 4H, C(7)H2, CH2CH2CH2- pyridin-
ium ring), 1.33 (m, 20H, CH2), 1.02 (t, 3H, J = 7.2,
CH3), 0.93 (t, 3H, J = 6.7, CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 489.5 (M+, 100). Calcd for
[C30H53N2O3]+ m/z 489.4. Anal. Calcd for
C30H53BrN2O3 (569.7): C, 63.25; H, 9.38; N, 4.92;
Br, 14.03. Found: C, 63.03; H, 9.47; N, 4.86; Br, 14.28.


4.1.3. Solubility of CCPS analogs and Cers in water. The
assay was carried out according to the published method
used for the solubility assessment of CPB and its ana-
logs.82 Saturated solutions of Cers and CCPS analogs
were prepared by dissolving a known amount of lipid (gen-
erally 25 mg of CCPS lipid or 4 mg of Cer) in the appropri-
ate volume of double distilled water. The solubility
measurements were performed in a constant-temperature
shaking bath by increasing and decreasing temperature
between 20 and 40 �C. Solubility of C2-, C6-, and C16-
Cers was measured by a direct infusion of the aqueous
solution of lipids into LC–MS system. The obtained ana-
lytical results were processed as reported.21,95


4.1.4. Stability assays. Samples of LCL29, 30, 88, and
150 were dissolved in phosphate buffer solutions (pH
4.5, 7.4, and 8.5) and allowed to stand at 40 �C over a
period of 48 h. After that period of time, the lipid
solutions were analyzed by RP TLC and LC–MS as
described below.


4.1.5. Molecular hydrophobicity. The flow rates of CCPS
analogs (Rf values) were determined by RP-TLC using
C18-silica gel plates and acetonitrile–methanol–1 M
NH4Br(aq) (4:1:1.5, v/v/v) as the eluent. The molecular
hydrophobicity (RM) values were calculated from the
following equation: RM = log(1/Rf � 1).65


4.2. Biology


4.2.1. Cell culture. MCF7 cells (breast adenocarcinoma,
pleural effusion) were purchased from American type
Culture Collection (ATCC) (Rockville, MD, USA),
grown in RPMI 1640 media (Life Technologies, Inc.)
supplemented with 10% fetal calf serum (FCS) (Summit
Biotechnology, CO, USA), and maintained under stan-
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dard incubator conditions (humidified atmosphere 95%
air, 5% CO2 37 �C). A parallel set of cells was used to
determine cell proliferation and to prepare lipid extracts
for MS analysis.


4.2.2. Cell proliferation. Cells were seeded at a density
of �50% corresponding to 1 · 106 cells, in 10 mL of
10% FCS and after an overnight incubation were treat-
ed with LCL compounds at concentration 0–20 lM in
ethanol (ethanol level was kept below 0.1%) and the
changes in cell numbers after 24 or 48 h were deter-
mined and expressed as a percentage of the untreated
controls. Briefly, media were removed, cells were
washed twice with PBS, detached using 1% trypsin,
and centrifuged at 800 rpm. Cell pellets were resus-
pended in PBS and Trypan blue (Sigma Chemicals,
St. Louis, MO, USA) was added (1:1 dilution). Under
light microscope, the percentage of unstained and
stained cells was assessed.


4.2.3. LC–MS analysis of endogenous Cers and cellular
level of CCPS and dhCCPS analogs. Advanced analyses
of Cers and ceramidoids were performed by the Lipido-
mics Core at MUSC on Thermo Finnigan TSQ 7000,
triple-stage quadrupole mass spectrometer operating in
a Multiple Reaction Monitoring (MRM) positive ioni-
zation mode as described.95 Quantitative analysis of
the cellular level of CCPS and dhCCPS analogs was
based on the calibration curves generated by spiking
an artificial matrix with the known amounts of the tar-
get standards and an equal amount of the internal stan-
dards (IS). The target analyte to IS peak area ratios
from the samples were similarly normalized to their
respective IS and compared to the calibration curves
using a linear regression model.
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Abstract—Eighteen novel triazole compounds containing thioamide were designed and synthesized. Their structures were confirmed
by elemental analysis, 1H NMR, IR, and MS. The title compounds exhibited certain antifungal activity. And the geometry struc-
tures of the title compounds were optimized by means of the density functional theory (DFT) method at B3LYP/6-31G* level. The
quantitative structure–activity relationship (QSAR) of the title compounds was systematically investigated. A correlative equation
between FA and DELH, V was well established by using the multiple linear regression (MLR).
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


The fungicides containing triazole,1,2 which have the
most species and the quick development, are the germi-
cides absorbed inside by plants. Basing on the high effi-
ciency and the qualities of disinfecting and regulating
the growth of plants widely, the kind of fungicides are
concerned, such as triazolone, triazolol, and so on,
which have become an important type of fungicides.3–5


In addition, the fungicides containing triazole have high
prevention and cure against fungi and have the function
to increase the yield. The pyrrolamide and pyrrol thio-
acid amide containing thioacid amide have the protec-
tive effects on plants, which can protect the plants
from the vegetable pathogenic microorganism.6 N-(4-
Pyridyl)-thioacid amide has the function to prevent
and cure the harmful pest.


The thioacid amide groups were introduced to triazole
molecule, which are favorable to increase the bio-activ-
ity and to generate new protective spectrum. So we have

0968-0896/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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designed and synthesized 18 novel triazole compounds
containing thioamide.


The series of new triazole compounds containing
thioamide have been synthesized and the structures were
characterized by IR analysis, elemental analysis, NMR
analysis and MS analysis. There were little documents
reporting about the QSAR studies of triazole com-
pounds, and the QSAR studies of these species are
favorable to the development of pesticides research
fields, so in order to investigate the QSAR (quantitative
structure–activity relationship) of this series of com-
pounds deeply, we performed conformation analysis of
the title compounds by using molecular mechanics.
And the geometry structures of the 18 derivatives were
optimized by means of the density functional theory
(DFT) method. The QSAR equation of these com-
pounds was established and discussed.

2. Results and discussion


2.1. Molecular descriptors and methods


Eighteen novel compounds were synthesized and the
structures were characterized by IR analysis, elemental
analysis, NMR analysis, and MS analysis, as shown in
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Figure 1. General structure of title compounds.


Table 1. Bioassay data of title compounds
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Figure 1 and Table 1. According to Disc paper method,7


the antifungal trial was carried out against wheat head
blight, the fungicidal activities (50 lg/ml) of title com-
pounds for inhibition of wheat head blight (FA) are also
listed in Table 1.


The three-dimensional structures of title compounds
were built by the Chem3D package.8 And the molecular
mechanics MM2 force field containing MM2 section of

Table 2. Physicochemical and topological parameters of title compounds

Chem3D software was applied to search for lower
energy conformations for each molecule9 (step interval,
2.0 fs; frame interval, 10 fs; terminated step, 10000 steps;
heating/cooling rate, 4.18 kJ/atom ps; target tempera-
ture, 300 K).


Basing on the lower energy conformations calculated by
MM2 force field, the steady geometry structures of title
compounds were optimized with DFT method at the hy-
brid functional B3LYP (Becke’s three-parameter10 func-
tional employing the Lee, Yang, and Parr correlation
functional11) and the medium-size basis set 6-31G* level.
Through the frequency calculations for each optimized
molecule at 298.15 K and 1 atm pressure, there were no
imaginary frequencies appearing, which indicated that
the stable structures optimized are reasonable and reli-
able. Then quantum-chemical descriptors were obtained
as follows: the highest occupied molecular orbital energy
(EHOMO), the lowest unoccupied molecular orbital ener-
gy (ELUMO), energy difference (DELH) between the fron-
tier molecular orbitals (HOMO and LUMO) and dipole
moments (l). The quantum chemistry calculation was
performed by Gaussian98 package on Pentium IV PC.


The molecular modeling system HYPERCHEM
(Hypercube Inc., USA) software was further employed
to calculate the following parameters from the energy-
minimized structures: molecular volume (V), logarithm
of n-octanol/water partition coefficient (log P), molar
refractivity (MR), and polarizability (P).


Balaban index (BIndx) and shape coefficient (Shpc) were
calculated from the topology indices server of
Chem3Dsoftware. The descriptors obtained on the
ground are listed in Table 2.


2.2. Statistical analysis


Multiple linear regression (MLR) analysis and correla-
tion analysis were carried out by the statistics software
SPSS 13.0 version, a program developed by the Apache
Software Foundation. It is necessary to establish QSAR







Table 3. Pearson correlation matrix of the parameters used in this study


Table 4. Regression and statistics parameters of bi-parametric models
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equation where the numbers of compounds exceed three
times that of selected parameters.


In MLR analysis, the descriptors in the regression
equation must be independent and the correlation of
each one of the descriptors with each other and with
FA was calculated and are presented by a Pearson cor-
relation matrix in Table 3. To eliminate the inter-corre-
lated parameters and minimize the information overlap
in the models, the predictor variables with lower inter-
correlation (|r| < 0.5) were only considered.12 The equa-
tions containing the collinear descriptors were removed
and the remaining multi-linear equations were estab-
lished between FA and structural parameters following
the forms: FA = b0 + b1D1 + b2D2 + � � � + bnDn, where
FA represents the fungicidal activities of title com-
pounds, D1,D2, . . . ,Dn are the descriptors, the inter-
cept (b0) and the regression coefficients of the
descriptors (b1,b2, . . . ,bn) were determined by using
the least squares method, and n is the number of the
descriptors.


In the preliminary analysis by analyzing the correlation
matrix (Table 3), it is observed that FA had the better
relation with MR (r = 0.687), so the mono-parametric
Eq. 1 was obtained with MR as independent and FA
as dependent parameter.


2.3. Mono-parametric model

FA ¼ �48:749ð�19:397Þ þ 0:715ð�0:189ÞMR


n ¼ 18; r ¼ 0:687; R2
A ¼ 0:439; SEE ¼ 8:17881;


F ¼ 14:287: ð1Þ
Here and hereafter, the figure within the parentheses
indicates the standard error of each regression coeffi-
cient and the constant in the resultant equations at
95% confidence interval. Eq. 1 shows a better correla-
tion coefficient (r = 0.687), and explained 43.9% of the
variance in FA data only. So this model did not give
an enough explanation for the relationship between
FA and structure parameters.


The statistical quality13 of the regression equations was
gauged by parameters like correlation coefficient (r) or
squared correlation coefficient (r2), explained variance
(R2


A, i.e., adjusted R2), standard error of estimate

(SEE), and variance ratio (F).14–16 The better regression
models were selected on the basis of the higher r, F value
(a statistic of assessing the overall significance) and the
lower SEE.


Through different combinations of two parameters
which have no inter-correlation with each other, the ser-
ies of equations were obtained, and the regression and
statistical parameters are exhibited in Table 4. Accord-
ing to r, the best equation 8 was obtained.


2.4. Bi-parametric models

FA ¼ �34:346ð�30:519Þ � 144:331ð�43:791ÞDELH


þ 0:078ð�0:028ÞV n ¼ 18; r ¼ 0:759;


R2
A ¼ 0:520; SEE ¼ 7:56346; F ¼ 10:208: ð8Þ


This bivariate combination of DELH and V showed
good statistics (r = 0.759) and explained up to 52% of
the variance in FA data. The SEE values were decreased







Table 5. Regression and statistics parameters of tri-parametric models Table 6. Observed, predicted FA and residual based on Eq. 40
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to the extent as compared to Eq. 1. However, F value
was 10.208 only. So there existed certain outliers which
may be acting through different mechanism of action.


Different combinations of three-parameters which have
no inter-correlation with each other were also discussed,
and the regression parameters and statistics are shown
in Table 5. According to r, the best equation 33 was
obtained.


2.5. Tri-parametric models

Figure 2. Plot of observed FA versus predicted FA based on Eq. 40.

FA ¼ �16:596ð�30:127Þ � 105:186ð�48:809ÞDELH


þ 1:509ð�0:474ÞP � 7:670ð�25:092ÞShpc


n ¼ 18; r ¼ 0:792; R2
A ¼ 0:548; SEE ¼ 7:33837;


F ¼ 7:874: ð33Þ
In view of the Shpc being significantly smaller than its
standard deviation in the tri-parametric equation 33,
the model had to be discarded. Such models are not
allowed statistically.


According to Eq. 8, the compounds 1, 3, 14 exhibited
the worse residuals between observed and predicted
FA, �9.87633, �14.06744, and 17.52856, respectively.
As indicated the compounds 1, 3, 14 may be acting
through different mechanism to FA. After deletion of
compounds 1, 3, and 14 from Eq. 8, Eq. 40 was
obtained, and the value of correlation coefficient r was
increased to 0.969, which exhibited excellent correlation
between structure descriptors (DELH, V) and FA. Addi-
tion, the explained variance reached 93.9% and there
was the lowest SEE (3.03495). So the best model
Eq. 40 was obtained, where DC is deleted compound
which behaves as outlier.


FA ¼ �17:326ð�13:246Þ � 221:495ð�19:656ÞDELH


þ 0:073ð�0:012ÞV
n ¼ 15; DC ¼ 1; 3; 14 r ¼ 0:969; R2


A ¼ 0:939;


SEE ¼ 3:03495; F ¼ 92:591: ð40Þ
The experimental, predicted FA by Eq. 40 and residual
values are listed in Table 6 and the plot of observed

FA versus predicted FA based on Eq. 40 is shown in
Figure 2. Obviously, there is a close activity value.


Eq. 40 gave important information at the molecular
level as to the structure–activity relationship of this type
of compounds. The negative coefficient of DELH in the
equation showed that lower value corresponded to the
greater FA. As it is indicated in Table 2, the least value
of DELH for compounds 7 and 9, which have the high-
est activity. On the contrary, the greater value of DELH
for compound 13 was corresponded to the smaller FA.
DELH represented energy difference between the fron-
tier molecular orbitals. From the Pearson correlation
matrix in Table 3, there was best correlation between
DELH and ELUMO (r = 0.994) and the plot of DELH
versus ELUMO of title compounds is shown in Figure
3, which indicated that ELUMO had the greatest
contributions to DELH. The smaller DELH, the lower
ELUMO. From the molecular orbital theory of chemical
reactivity, LUMO, as an electron acceptor, represents
the ability to obtain electron. And transition states are
formed during interaction between LUMO (electron
acceptor) and HOMO (electron donor) of the reacting







Figure 3. Plot of DELH versus ELUMO of title compounds.
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compound.17 It becomes easier to obtain electron with
the decreasing of ELUMO, which led to the higher activ-
ities of molecule. The LUMO orbital energies and the
2D contours of the molecular electrostatic potential of
the highest FA compounds 7 and 9 are represented in
Figures 4 and 5, respectively. Through Figure 4, it is
shown that the main activity sites of compounds 7 and
9 were carbonyl group and parts of benzene ring con-
nected to C@O group directly. Besides, the higher elec-
trostatic potentials are revealed around carbonyl group
from Figure 5.


In addition, V was the other important factor to affect
FA of title compounds. In germicide molecules, the
substituting groups or structure units regarded as toxi-
phore had the main bactericidal effect, and the groups

cpd. 7


Figure 4. The LUMO orbital energy of compounds 7, 9.


cpd. 7


Figure 5. The 2D contours of the molecular electrostatic potential of compo

regarded as shaped charges can osmose the cell mem-
brane of organism to prompt the effect of toxiphore.
The difference of substituting groups or structure units
of compounds led to the variance of molecule volume.
That is, the variety of V had direct relations with the
effect of toxiphore, which further affected FA. According
to Eq. 40, the positive coefficient of V indicated an over-
all increase in size of molecules for improved FA of mol-
ecule. The greater V of title compounds was favorable to
osmose the cell membrane of organism to enhance the
effect of toxiphore, which increased the FA of the title
compounds.

3. Conclusions


In summary, 18 novel triazole compounds were synthe-
sized and confirmed by elemental analysis, 1H NMR,
IR, and MS. The title compounds exhibited certain anti-
fungal activity. A correlative equation 40 between FA
and DELH, V was well established by using the multiple
linear regression (MLR). FA of the title compounds had
negative correlative to DELH and had positive correla-
tive to V.

4. Experimental


4.1. Synthesis and characterization of title compounds


The synthetic route of title compounds is shown in
Figure 6.


4.1.1. Preparation of intermediates I.18 According to the
reported document,18 seven intermediates (I) were
obtained by the reaction between the seven kinds of

cpd. 9


cpd. 9


unds 7, 9.
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Figure 6. Synthetic route for the title compounds.


Table 9. The corresponding intermediates III
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betone (the corresponding substituted group R1) and
bromine, which are listed in Table 7.


4.1.2. Preparation of intermediates II.19 According to
the reported document,19 four intermediates (II) were
obtained which are listed in Table 8.


4.1.3. Preparation of intermediates III.20 According to
the reported document,20 18 intermediates III were
obtained by the reaction between intermediate I or II
and R3–H which are listed in Table 9.


4.1.4. Preparation of title compounds IV. The key inter-
mediate III (3.72 g, 0.02 mol) was dissolved in 1,4-di-
oxane solution (40 ml), then a mixture of phenyl
isothiocyanate (2.24 g, 0.02 mol) and the pulverous
KOH (1.12 g, 0.02 mol) was added and it was stirred

Table 7. The corresponding intermediates I


Table 8. The corresponding intermediates II

at room temperature for 1 h. The precipitated
product added in acetone (20 ml) was washed, fil-
tered, and dried to give kali salt. The kali salt was
dissolved in 30 ml aqueous solution and stirred. One
milliliter rortis chlorohydric acid was added dropwise
to the stirred solution then heated to 60 �C. The pre-
cipitated product was separated out (about 3 h), then
filtered to get the crude product, recrystallized with
alcohols to gain the yellow solids, and purified by
column chromatography (mineral ether/acetic ether,
2:1) to obtain yellow crystals. The 18 compounds
of this series were prepared adopting the same
above-mentioned procedures, which were performed
by IR analysis, elemental analysis, NMR analysis,
and MS analysis.
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4.1.4.1. 3-(3,4-Dichlorophenyl)-3-oxo-N-phenyl-2-(1H-
1,2,4-triazol-1-yl)propanethioamide (1). Mp: 153–155 �C;
IR (KBr) cm�1: 1700, 1493, 1117, 3434; MS (70 eV): m/z
(%) 256, 227, 173, 147, 136, 109, 75; 1H NMR
(300 MHz): dh 6.90 (s, 1H, CH), 7.00–7.60 (m, 8H,
Ar–H), 8.00 (s, 1H, Tr–H), 8.8 (s, 1H, Tr–H), 12.30 (s,
1H, N–H); Elem. Anal.: Found % (Calcd %) C 52.20
(52.18), H 3.12 (3.09), N 14.30 (14.32).


4.1.4.2. 3-(4-Methoxyphenyl)-3-oxo-N-phenyl-2-(1H-
1,2,4-triazol-1-yl)propanethioamide (2). Mp: 155–
156 �C; IR (KBr) cm�1: 1685, 1057, 1138, 3433; MS
(70 eV): m/z (%) 217, 189, 137, 109, 135, 104, 91, 77,
51; 1H NMR (300 MHz): dh 1.20 (s, 3H, CH3), 3.84 (s,
1H, CH), 7.09–8.00 (m, 9H, Ar–H), 8.07 (s, 1H, Tr–
H), 8.80 (s, 1H, Tr–H), 12.55 (s, 1H, N–H); Elem. Anal.:
Found % (Calcd %) C 61.30 (61.35), H 4.60 (4.58), N
15.88 (15.90).


4.1.4.3. 3-(Biphenyl-4-yl)-3-oxo-N-phenyl-2-(1H-1,2,4-
triazol-1-yl)propanethioamide (3). Mp: 175–177 �C; IR
(KBr) cm�1: 1697, 1500, 1130, 3432; MS (70 eV): m/z
(%) 263, 181, 158, 104, 77, 55, 135, 91; 1H NMR
(300 MHz): dh 4.15 (s, 1H, CH), 7.20–7.80 (m, 14H,
Ar–H), 8.00 (s, 1H, Tr–H), 8.24 (s, 1H, Tr–H), 12.55
(s, 1H, N–H); Elem. Anal.: Found % (Calcd %) C
69.30 (69.33), H 4.52 (4.55), N14.08 (14.06).


4.1.4.4. 3-(2-Fluoro-4-methylphenyl)-3-oxo-N-phenyl-
2-(1H-1,2,4-triazol-1-yl)propanethioamide (4). Mp: 168–
170 �C; IR (KBr) cm�1: 1686, 1512, 1132, 3436; MS
(70 eV): m/z (%) 220, 192, 137, 109, 75, 55, 135, 91; 1H
NMR (300 MHz): dh 1.29 (s, 3H, CH3), 6.42 (s, 1H,
CH), 7.07–7.34 (m, 8H, Ar–H), 7.66 (s, 1H, Tr–H),
8.43 (s, 1H, Tr–H), 12.58 (s, 1H, N–H); Elem. Anal.:
Found % (Calcd %) C 61.03 (61.00), H 4.25 (4.27), N
15.80 (15.81).


4.1.4.5. 3-(2-Fluoro-5-methylphenyl)-3-oxo-N-phenyl-
2-(1H-1,2,4-triazol-1-yl)propanethioamide (5). Mp: 166–
167 �C; IR (KBr) cm�1: 1698, 1513, 1131, 3435; MS
(70 eV): m/z (%) 219, 192, 136, 91, 77, 55; 1H NMR
(300 MHz): dh 2.34 (s, 3H, Ph–CH3), 7.04 (s, 1H, CH),
7.05–8.08 (m, 8H, Ar–H), 7.71 (s, 1H,Tr–H), 8.35 (s,
1H, Tr–H), 13.58 (s, 1H, N–H); Elem. Anal.: Found %
(Calcd %) C 61.03 (61.00), H 4.25 (4.27), N 15.80 (15.81).


4.1.4.6. 2-(1H-Benzo[d][1,2,3]triazol-1-yl)-3-oxo-N,3-
diphenylpropanethioamide (6). Mp: 156–158 �C; IR
(KBr) cm�1: 1699, 1518, 1082, 3403; MS (70 eV): m/z (%)
255, 178, 150, 136, 1118, 104, 93, 77, 51; 1H NMR
(300 MHz): dh 7.01 (s, 1H, CH), 7.01–7.97 (m, 14H, Ar–
H), 12.83 (s, 1H, N–H); Elem. Anal.: Found % (Calcd
%) C 67.70 (67.72), H 4.34 (4.33), N 15.06 (15.04).


4.1.4.7. 2-(1H-Benzo[d][1,2,3]triazol-1-yl)-3-(biphenyl-
4-yl)-3-oxo-N-phenylpropanethioamide (7). Mp: 156–
158 �C; IR (KBr) cm�1: 1693, 1507, 1049, 3370; MS
(70 eV): m/z (%) 331, 254, 177, 150, 136, 118, 104, 93,
77; 1H NMR (300 MHz): dh 7.05(s, 1H, CH), 7.17–
7.36 (m, 18H, Ar–H), 13.83(s, 1H, N–H); Elem. Anal.:
Found % (Calcd %) C 72.32 (72.30), H 4.52 (4.49), N
12.45 (12.49).

4.1.4.8. 2-(1H-Benzo[d][1,2,3]triazol-1-yl)-3-(4-meth-
oxyphenyl)-3-oxo-N-phenylpropanethioamide (8). Mp:
136–138 �C; IR (KBr) cm�1: 1685, 1494, 1129, 3446;
MS (70 eV): m/z (%) 273, 165, 136, 118, 105, 91, 77,
55; 1H NMR (300 MHz): dh 1.09 (s, 3H, CH3), 7.04 (s,
1H, CH), 7.04–7.29 (m, 13H, Ar–H), 11.83 (s, 1H, N–
H); Elem. Anal.: Found % (Calcd %) C 64.62 (64.60),
H 4.63 (4.65), N 14.34 (14.35).


4.1.4.9. 2-(1H-Benzo[d][1,2,3]triazol-1-yl)-3-(4-chlor-
ophenyl)-3-oxo-N-phenylpropanethioamide (9). Mp:
137–139 �C; IR (KBr) cm�1: 1591, 1485, 1079, 3425;
MS (70 eV): m/z (%) 290, 168, 148, 136, 118, 104, 93,
77; 1H NMR (300 MHz): dh 6.05 (s, 1H, CH), 7.01–
7.80 (m, 13H, Ar–H), 12.13 (s, 1H, N–H); Elem. Anal.:
Found % (Calcd %) C 61.95 (61.99), H 3.75 (3.72), N
13.75 (13.77).


4.1.4.10. 2-(1H-Benzo[d][1,2,3]triazol-1-yl)-3-oxo-N-
phenyl-3-p-tolylpropanethioamide (10). Mp: 146–147 �C;
IR (KBr) cm�1: 1701, 1498, 1131, 3433; MS (70 eV):
m/z (%) 269, 178, 150, 136, 119, 104, 91, 77, 55; 1H
NMR (300 MHz): dh 1.24 (m, 3H, CH3), 4.94 (m, 1H,
CH), 7.28–7.89 (m, 13H, Ar–H), 13.33 (s, 1H, N–H);
Elem. Anal.: Found % (Calcd %) C 68.39 (68.37), H
4.70 (4.69), N 14.45 (14.48).


4.1.4.11. 1-(1-(4-Methoxyphenyl)-1-oxo-3-(phenylami-
no)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-carboxylic
acid (11). Mp: 179–181 �C; IR (KBr) cm�1: 1595, 1493,
1137, 3446; MS (70 eV): m/z (%) 261, 231, 215, 187, 136,
119, 91, 77, 55; 1H NMR (300 MHz): dh 1.41 (s,3 H,
CH3), 4.90–5.01 (s, 1H, CH), 7.25–7.35 (m, 9H, Ar–
H), 7.58 (s, 1H, Tr–H), 13.83 (s, 1H, N–H), 11.2 (s,
1H, O–H); Elem. Anal.: Found % (Calcd %) C 57.60
(57.57), H 4.02 (4.06), N 14.12 (14.13).


4.1.4.12. 1-(1-Oxo-1-phenyl-3-(phenylamino)-3-thioxo-
propan-2-yl)-1H-1,2,4-triazole-3-carboxylic acid (12).
Mp: 192–194 �C; IR (KBr) cm�1: 1699, 1496, 1160,
3432; MS (70 eV): m/z (%) 231, 186, 169, 136, 119, 91,
77, 55; 1H NMR (300 MHz): dh 4.61 (s, H, CH), 4.91
(s, 1H, CH), 7.26–7.43 (m, 10H, Ar–H), 7.72 (s, 1H,
Tr–H), 13.23 (s, 1H, N–H), 11.2 (s,1H,O–H); Elem.
Anal.: Found % (Calcd %) C 59.02 (59.00), H 3.82
(3.85), N 15.27 (15.29).


4.1.4.13. 1-(1-(3,4-Dichlorophenyl)-1-oxo-3-(phenyla-
mino)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-carbox-
ylic acid (13). Mp: 159–161 �C; IR (KBr) cm�1: 1684,
1471, 1117, 3430; MS (70 eV): m/z (%) 300, 283, 256,
176, 148, 136, 119, 93, 77; 1H NMR (300 MHz): dh


4.14 (s, 1H, CH), 7.18–7.35 (m, 8H, Ar–H), 7.57 (s,
1H, Tr–H), 11.50 (s, 1H, N–H), 9.2 (s, 1H, O–H); Elem.
Anal.: Found % (Calcd %) C 49.68 (49.67), H 2.80
(2.78), N 12.85 (12.87).


4.1.4.14. 1-(1-(2,4-Dichlorophenyl)-1-oxo-3-(phenyla-
mino)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-carbox-
ylic acid (14). Mp: 186–188 �C; IR (KBr) cm�1: 1593,
1493, 1138, 3437; MS (70 eV): m/z (%) 301, 283, 256,
177, 147, 136, 118, 91, 77; 1H NMR (300 MHz): dh


3.02 (s, 1H, CH), 6.92–7.43 (m, 8H, Ar–H), 7.69 (s, H,
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Tr–H), 13.50 (s, 1H, N–H), 12.2 (s, 1H, O–H); Elem.
Anal.: Found % (Calcd %) C 49.68 (49.67), H 2.80
(2.78), N 12.85 (12.87).


4.1.4.15. 1-(1-(2-Fluoro-5-methylphenyl)-1-oxo-3-(phe-
nylamino)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-car-
boxylic acid (15). Mp: 189–191 �C; IR (KBr) cm�1: 1735,
1494, 1172, 3463; MS (70 eV): m/z (%) 264, 246, 218,
136, 119, 91, 77, 55; 1H NMR (300 MHz): dh 2.31 (s,
3H, Ph–CH3), 7.09–8.12 (m, 8H, Ar–H), 8.83 (s, 1H,
Tr–H), 13.33 (s, 1H, N–H), 12.23 (s, 1H, O–H); Elem.
Anal.: Found % (Calcd %) C 57.25 (57.28), H 3.80
(3.79), N 12.89 (12.87).


4.1.4.16. 1-(1-(4-Fluorophenyl)-1-oxo-3-(phenylamino)-
3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-carboxylic acid
(16). Mp: 182–184 �C; IR (KBr) cm�1: 1703, 1500, 1162,
3432; MS (70 eV): m/z (%) 249, 232, 204, 136, 123, 118,
95, 77, 55; 1H NMR (300 MHz): dh 4.42 (m, 1H, CH),
7.08–7.89 (m, 9H, Ar–H), 7.68 (s, 1H, Tr–H), 13.13 (s,
1H, N–H), 10.87 (s, 1H, O–H); Elem. Anal.: Found %
(Calcd %) C 56.26 (56.24), H 3.40 (3.41), N 14.56
(14.58).


4.1.4.17. 1-(1-(2,4-Difluorophenyl)-1-oxo-3-(phenyla-
mino)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-carbox-
ylic acid (17). Mp: 224–225 �C; IR (KBr) cm�1: 1699,
1513, 1108, 3470; MS (70 eV): m/z (%) 267, 251, 223,
142, 136, 118, 93, 77, 55; 1H NMR (300 MHz): dh 3.42
(m, 1H, CH), 7.18–7.59 (m, 8H, Ar–H), 7.68 (s, 1H,
Tr–H), 13.13 (s, 1H, N–H), 10.87 (s, 1H, O–H); Elem.
Anal.: Found % (Calcd %) C 53.75 (53.73), H 3.03
(3.00), N 13.88 (13.92).


4.1.4.18. 1-(1-(2-Fluoro-4-methylphenyl)-1-oxo-3-(phe-
nylamino)-3-thioxopropan-2-yl)-1H-1,2,4-triazole-3-car-
boxylic acid (18). Mp: 177–179 �C; IR (KBr) cm�1: 1698,
1503, 1131, 3445; MS (70 eV): m/z (%) 263, 246, 218,
136, 118, 93, 75, 55, 51; 1H NMR (300 MHz): dh 1.31
(s, 3H, Ph–CH3), 7.09–8.12 (m, 8H, Ar–H), 8.83 (s,
1H, Tr–H), 15.47 (s, 1H, N–H), 11.73 (s, 1H, O–H);
Elem. Anal.: Found % (Calcd %) C 57.26 (57.28), H
3.80 (3.79), N 14.05 (14.06).
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