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Several new 6-oxiranyl-, 6-oxiranylmethyluracils, and pyrimidinone derivatives, synthesized
by lithiation-alkylation sequence of 1,3,6-trimethyluracil, 1,3-dimethyl-6-chloromethyluracil,
and 2-alkoxy-6-methyl-4(3H)-pyrimidinones, showed a potent and selective antiviral activity
against Sendai virus (SV) replication. To gain insight into the structural features required for
SV inhibition activity, the new compounds were submitted to a pharmacophore generation
procedure using the program Catalyst. The resulting pharmacophore model showed high
correlation and predictive power. It also rationalized the relationships between structural
properties and biological data of these inhibitors of SV replication.

Introduction
Sendai virus (SV) is a murine subtype of parainflu-

enza 1 viruses (PIVs) belonging to the family of Paramyx-
oviridae. SV is an enveloped virus with nonsegmented
negative strand RNA and six major structural proteins.
Nucleoprotein (NP), large (L) protein, and P protein are
associated with the nucleocapside, while hemagglutinin-
neuraminidase (HN), fusion (F), and matrix (M) proteins
constitute the envelope. The surface glycoproteins F and
HN are the most important viral antigens that induce
humoral immune response in the hosts.1

PIV types 1, 2, and 3 were first discovered in 19562

and were recognized as important human pathogens
causing upper and lower respiratory tract infections. In
particular, they were identified as the major causes of
croup or laryngotracheobronchitis in children.3,4

In older children and adults PIVs cause frequent
reinfections that are generally mild in healthy persons
but may cause serious outcomes in immunocompro-
mized patients or patients with underlying cardiopul-
monary diseases.5,6 Immunocompromized hosts often
have upper respiratory tract symptoms similar to those
experienced by normal hosts, as well as a higher
incidence of lower respiratory tract symptoms. Lower
respiratory tract infection can lead to respiratory failure
and death in bone marrow transplantation recipients
of all ages, especially if the infection occurs in the period
soon after transplantation.7,8

To date, there is no licensed antiviral therapy for the
treatment of PIV infections. Ribavirin, a broad-spectrum

antiviral agent, is effective against PIV in cell culture
and has been used for the treatment of lower respiratory
tract disease in immunocompromized hosts.9 Case re-
ports documenting decreased viral load and clinical
improvement in children with severe combined immu-
nodeficiency following multiple treatments with aero-
solized ribavirin therapy have been described.10 How-
ever, the efficacy of therapy with ribavirin is still under
debate11 and the potential environmental release of drug
has caused concern in hospital personnel because of the
potential teratogenicity in the rodent model.12

At present, there is a lack of effective monotherapies
for specific respiratory viruses, particularly for parain-
fluenza viruses.

Sendai virus has been extensively used in studies that
have defined many of the basic biochemical and molec-
ular biological properties of the paramyxoviruses. More-
over, it has been employed as an in vivo experimental
model of parainfluenza virus infection or for in vitro
studies of new antiviral agents.13

Even if low molecular weight compounds such as
thapsigargin (a specific inhibitor of Ca2+-ATPase),14

ambazone (1,4-benzoquinone-guanylhydrazone-thiosemi-
carbazone),15 dihydroheptaprenol,16 and methylpred-
nisolone acetate17 have been tested, selective and spe-
cific antiviral agents against SV have been reported for
the first time by our research group.18

In particular, some 6-(oxiranylmethyl)uracil deriva-
tives (compounds 2a-g in Scheme 1), prepared during
a general screening of anti-HIV compounds, showed
very interesting activity as inhibitors of Sendai virus
even if associated with a non-negligible toxicity (evalu-
ated as alteration of normal cell morphology, viability,
and count).18

The goal of this work was the synthesis of new uracil,
pyrimidinone, and uridine derivatives possibly charac-
terized by high affinity and selectivity toward SV. In
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| Università degli Studi di Siena.

4554 J. Med. Chem. 2001, 44, 4554-4562

10.1021/jm010938i CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/22/2001



this paper we report the synthesis and biological evalu-
ation of compounds 3a-c, 5e, 6a-j, 8 (Schemes 1-3
and Table 1), and 12a,b and 13-15 (Scheme 5) showing
good anti-SV activity associated with very low toxicity.
We also provide a full description of the synthetic
preparation and biological evaluation of compounds 2a-
g, 5a-d, and 10a-c.

In addition, to investigate the structure-activity
relationships of these compounds, we have applied the
program Catalyst19 to develop a pharmacophore model
for SV inhibitors. The calculated model, able to rational-
ize the relationships between the chemical features of
the new structures and their biological data, consists
of a hydrophobic region and three hydrogen bond
acceptor features. It shows a good statistical significance
(r ) 0.85, rmsd ) 1.40) and successfully predicts the
affinities of the molecules of, and external to, the
training set.

Chemistry

Apart from 1-[(2-hydroxyethoxy)methyl]-6-(phenyl-
thio)thymine (HEPT) and 3,4-dihydro-2-alkoxy-6-benz-
yl-4-oxypyrimidine (DABO) derivatives,20 only little
scattered data are available concerning the antiviral
activity of 6-substituted pyrimidines and uracils prob-
ably because the preparation of such compounds is not
a trivial task.21

Our previous work on the synthesis of bipyrimidino-
nes and bipyrimidinylmethane derivatives showed that
the metalation of 6-methyl-4(3H)-pyrimidinones takes
place at the methyl in the 6-position in an essentially
regiospecific manner.22 This metalation-alkylation se-
quence was used for the preparation of several types of
6-substituted uracils.23

To fully exploit the synthetic potential of this proce-
dure, we started to investigate the reaction of the
lithium derivative of 1,3,6-trimethyluracil 1 with several
acyclic and cyclic R-halogenoketones as electrophiles.
The reaction of 1a, prepared from 1 with lithium
diisopropylamide (LDA, 1.2 equiv) in THF at -78 °C,
with chloroacetone, 2-chloroacetophenone, 1-chloropi-
nacolone, 3-chloro-2-butanone, 2-chlorocyclopentanone,
and 2-chlorocyclohexanone, afforded 6-oxiranylmethyl
uracil derivatives 2a-g (Scheme 1) in acceptable yields
(Table 2).

In the case of 3-chloro-2-butanone, two possible dia-
stereoisomers, compounds 2d and 2e, were obtained
after chromatographic purification (ratio value 2d/2e )
1:5), and their stereochemistry was determined by a
series of 1D-NMR nuclear Overhauser effect (NOE)
measurements. In particular, the proximity of the 2′-
Me and 3′-Me protons in 2e was revealed by their
mutual NOE effect (8.1%), suggesting the E stereo-
chemistry. On the other hand, the Z stereochemistry of

Scheme 1

Table 1. Measured and Calculated Activity against
Parainfluenza 1 (Sendai) Virus and Cytotoxicity of the New
Compounds

compd

measured
ED50,a

µM

calculated
ED50,

µM

stereochemistry
assigned by

the programb
MTC,c

µM
CC50,d

µM

2a 0.24 0.82 R 0.48 4.0
2b 0.18 0.13 S 0.37 3.7
2c 0.59 0.57 S >0.79 7.9
2de >2 2.2 S,Rf >2 89
2ee >2 3 S,Sf >2 89
2f 0.42 0.97 R,Rf >0.84 8.4
2ge >2 0.72 S,Sf >2 40
3ae 338 320 S 446 1218
3b 1.11 0.75 S >223 1380
3c 116 60 S >333 547
5a 176 170 R,Rf >352 >352
5b 16.6 24 S 330 >330
5c 147 42 S 294 >294
5d 171 320 R,Sf 342 >342
5e 0.37 14 (4.4)h S 735 >360
6a 166 76 S 383 130
6b 152 130 S 305 170
6ce 146 110 S 292 90
6d 893 6.9 S 893 1620
6e 187 220 S >376 860
6fe 164 220 S 326 816
6g 186 230 S 373 1082
6he >446 300 S 446 1218
6i 300 290 S 397 1016
6j 195 110 S 376 579
8 267 270 S >305 375
10a 0.47 1 R,Rg >0.81 7.3
10b 0.38 0.57 R,Sg >0.80 7.7
10c 193 160 R,Rg 380 >380

a Inhibitory concentration required to reduce virus yield by 50%.
b Assigned to each compound by the program with the aim of fitting
the pharmacophore model (see Experimental Section). c Minimun
toxic concentration required to cause a microscopically detectable
alteration of normal cell morphology. The results listed are the
mean values of two or three independent determinations. d Con-
centration required to inhibit cell proliferation by 50%. e Com-
pounds constituting the test set. f Refers to the chiral center at
the 2′- and 3′-positions, respectively. g Refers to the chiral center
at the 1′- and 2′-positions, respectively. h In parentheses is the
calculated activity for an alternative orientation of 5e in the
pharmacophore model (see text).
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2d was confirmed by the lack of any detectable NOE
effect between 2′-Me and 3′-Me protons.

In a similar way, starting from 1, by application of
the same metalation reaction described above, followed
by quenching with 4-chlorobutyraldehyde,24 5-chloro-
2-pentanone, and 1-phenyl-4-chloro-1-butanone, the
1,3-dimethyl-6-(tetrahydrofuranylmethyl)uracils 3a-c
(Scheme 1) were obtained in yields ranging between
18% and 23% (Table 2).

The same metalation-alkylation sequence performed
on 2-alkyloxy-3,6-dimethyl-4(3H)-pyrimidinones 4a-d,
using various electrophiles, afforded compounds 5a-e
and 6a-j (Scheme 2). It is interesting to note that the
possible formation of bipyrimidinylmethane derivates
or C-2 transalkoxylation reactions (see below for the
preparation of compounds 4b-d) were not operative
side processes under these experimental conditions. In
particular, by using 2-methoxy-, 2-n-propyloxy-, and
2-cyclohexyloxy-3,6-dimethyl-4(3H)-pyrimidinones (4a,

4b, and 4c, respectively), in the presence of 2-chloro-
cyclohexanone, 2-chloroacetophenone, and 3-chloro-2-
butanone, the reaction sequence afforded 6-oxiranyl-
methyl-4(3H)-pyrimidinone derivatives 5a-e (Scheme
2) in yields ranging from 40% to 81% (Table 2). The
proximity of the 2′-Me and 3′-H protons of 5d was
revealed by their mutual NOE effect (9%), leading to
the conclusion that this compound represents the Z
isomer.

Compound 4a was prepared by regiospecific N-3
methylation of 2-methoxy-6-methyl-4(3H)-pyrimidinone
with dimethyl sulfate (Me2SO4) in NaOH (30% aqueous
solution) at room temperature in 90% yield. 4b-d were
prepared by the transalkoxylation reaction of the same
substrate with appropriate sodium alkoxides,25 followed
by methylation of the new obtained 2-alkoxy derivatives.
In the latter case, the alkylation of 2-n-propyloxy-6-
methyl-4(3H)-pirimidinone with Me2SO4 in NaOH (30%
aqueous solution) at 25 °C gave the desired N-3 deriva-
tive 4b as the only recovered product. The same reaction
performed with CH2N2 in MeOH at 25 °C afforded both
the N-3 methyl derivative 4b and the O-4 methyl
derivative 7. Compound 7 was also used as starting
material for the metalation-alkylation procedure to
give compound 8 (Scheme 3).

With the aim of applying this procedure to the
synthesis of 6-oxiranyluracil derivatives, we studied the
reaction of the lithium derivative of 1,3-dimethyl-6-
chloromethyluracil 9 with various carbonyl compounds
as electrophiles. The reaction of 9a, prepared from 9
with LDA (1.2 equiv) in THF at -78 °C with acetophe-
none and benzaldehyde afforded compounds 10a-c
(Scheme 4) in acceptable yields (Table 2). In compound
10a, obtained as the only recovered product, the prox-
imity of the 2′-Phe and 1′-H protons was revealed by
their mutual NOE effects (7.5%), suggesting the E
stereochemistry. In the case of diastereoisomers 10b
and 10c (ratio value 10b/10c ) 1:1.2) the stereochem-
istry was assigned on the basis of the value of the
coupling constant between vicinal 1′-H and 2′-H protons
(8.3, and 1.9 Hz, respectively), suggesting the Z stereo-
chemistry for 10b and the E stereochemistry for 10c.

Scheme 2

Table 2. Chemical and Physical Data of the New Compounds

compd formula mp, °C yield, %

2a C10H14N2O3 oil 48
2b C17H18N2O3 oil 65
2c C13H20N2O3 85.8 67
2d C11H16N2O3 oil 20
2e C11H16N2O3 oil 47
2f C12H16N2O3 oil 68
2g C13H18N2O3 155-157 83
3a C11H16N2O3 73-75 21
3b C12H18N2O3 82-84 23
3c C17H20N2O3 oil 18
5a C15H22N2O3 oil 40
5b C17H20N2O3 oil 65
5c C20H24N2O3 oil 69
5d C16H24N2O3 oil 73
5e C15H16N2O3 oil 81
6a C17H20N2O3 oil 15
6b C20H26N2O3 oil 36
6c C20H26N2O3 oil 63
6d C13H20N2O3 oil 85
6e C14H22N2O3 oil 35
6f C17H26N2O3 oil 41
6g C15H24N2O3 oil 46
6h C11H16N2O3 oil 33
6i C13H20N2O3 oil 23
6j C14H22N2O3 oil 38
8 C14H22N2O3 oil 78
10a C14H16N2O3 oil 56
10b C14H14N2O3 129-131 43
10c C14H14N2O3 162 35
12a C35H32N2O3 oil 80
12b C40H34N2O3 oil 69
13 C37H36N2O10 oil 47
14 C37H36N2O10 oil 28
15 C42H42N2O10 oil 23

Scheme 3
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Finally, to evaluate the influence on the anti-SV
activity of a sugar substituent at the N-1 of the uracil
ring, 2′,3′,5′-tri-O-benzoyl-3,6-dimethyluridine 1126 was
treated with chloroacetone and 2-chloroacetophenone in
the presence of LDA in dry THF at -78 °C (Scheme 5).
Under these experimental conditions the corresponding
6-(oxiranylmethyl)uridine derivatives 12a,b were ob-
tained as a chromatographically unseparable mixture
of diastereoisomers (ratio value 1:1) in 80% and 69%
yield, respectively (Table 2). Even if the synthesis of
5-oxiranyluridines is described in the literature,27 to the
best of our knowledge, this is the first report dealing
with the preparation of uridine derivatives bearing the
oxiranyl moiety in the C-6 position. The reaction was
then performed, under similar experimental conditions,
with 5-chloro-2-pentanone as the electrophile. The
6-(tetrahydrofuranylmethyl)uridine derivative 13 and
the unexpected 5-(tetrahydrofuranyl)uridine derivative
14 (Scheme 5) were obtained in 47% and 28% yield,
respectively. The structure of compound 14 was con-
firmed by the presence of an absorption signal of the
C-6 methyl moiety in the 1H NMR, while the integrity
of the C5-C6 double bond was verified by its IR
spectrum. We have not studied in detail the mechanism
of this reaction, but it is reasonable to suggest that the
N-1 sugar moiety in the syn orientation of the nucleoside
may affect the access of a very sterically demanding
electrophile, such as 5-chloro-2-pentanone, to the 6-posi-
tion. Thus, the C-5 alkylation may occur, through a
mesomeric form, as a side reaction. This hypothesis is
further confirmed by a probe experiment where an ever

more sterically hindered R-halogenoketone, the racemic
3-bromocamphor, was used as an electrophile. In this
case, the corresponding C5-alkylated uridine derivative
15 was obtained as the only recovered product in low
yield (23%) besides the unreacted substrate.

Bioassay Results

All new products have been evaluated for their
antiviral activity against parainfluenza 1 replication in
Madin Darby canine kidney cells (MDCK cells).

To test viral production, supernatants from infected
cells (see Experimental Section) were harvested at
different time points after virus challenge and were
tested by measuring the hemagglutinin units (HAU),
as described by Garaci.28 In confluent MDCK cells,
cytotoxicity was evaluated on the basis of microscopic
examination of cell morphology, evaluation of cell vi-
ability after tripan blue staining, and cell count. The
viability of proliferating mouse myeloma cells (NSO cells
from American Tissue Culture Collection) and normal
human lymphocytes stimulated with PHA (5 µg/mL)
was measured by using tritiated thymidine incorpora-
tion tests. Statistical evaluation of the results allowed
us to calculate CC50 for both proliferating mouse my-
eloma cells and normal human lymphocytes.

Most of the analyzed compounds showed interesting
inhibitory activity. In particular, 2a-c, 2f, 5e, and
10a,b presented an ED50 (the inhibitory concentration
required to reduce virus yield by 50%) lower than
micromolar, while most of the remaining compounds

Scheme 4

Scheme 5
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were about 3 orders of magnitude less potent (Table 1).
Moreover, 3b presented a micromolar ED50 (1.1 µM)
with a selectivity index of about 200.

Some of the tested compounds showed an associated
toxic effect that, in the case of 2c, 2f, 3b-d, 5a, 6e, and
8, was not microscopically detectable at the concentra-
tion range in which compounds have been found active.

Results and Discussion

On the basis of the biological results reported above,
the following structure-activity relationships can be
tentatively reported. (i) The N,N-dimethyluracil scaffold,
very unusual for antiviral compounds, along with the
6-substitution on the uracil ring, seems to be an
important feature for active compounds. (ii) The sub-
stitution pattern and the stereochemistry of the oxirane
ring play an important role in modulating both the
activity and the toxic effect of the products. In particu-
lar, the 6-oxiranyl derivatives 10a and 10b, and the
6-oxiranylmethyl derivatives 2a-c, 2f, and 5e showed
very interesting activity depending on the size of the
hydrophobic substituent at the 2′-positions, with the
phenyl moiety associated with the best activity values
(2b, 5e, 10a,b). Moreover, the influence of the stereo-
chemistry on the antiviral activity can be highlighted
in 10b,c, with the former about 3 orders of magnitude
more active. (iii) The substitution of the oxiranyl moiety
with a tetrahydrofuranyl ring resulted in less active
compounds, with the exception of 3b, which is only 1
order of magnitude less active with respect to 2b.
Compound 3b showed an interesting selectivity index
(about 200) as a consequence of decreased toxic effects.
In addition, substituents at the 2′-position on the
tetrahydrofuranyl ring play an important role in modu-
lating both the activity and the toxic effect. In fact,
derivatives bearing a phenyl ring at the 2′-position
showed the highest activities, with 6c being the most
active compound of this series. The presence of a methyl
group at the same position gave rise to less active
products associated with low (6e) or no (6d) toxicity.
Unsubstituted derivatives are characterized by low
values of inhibitory activity and relevant toxicity. (iv)
Finally, nucleosides 12 and 13 showed an appreciable
antiviral activity.29

From the biological data reported in Table 1, it can
be seen that most of the cytotoxicity values associated
with the compounds are comparable to the values of the
antiviral activity. In fact, anti-SV activity for each
compound is very similar to the MTC and CC50 values.
Few exceptions to this trend are worthy of consideration.
In particular, compound 5b is characterized by a cyto-
toxic concentration about 20-fold higher than the anti-
viral dose (330 vs 16.6 µM, respectively). Moreover,
compound 5e shows a very interesting biological profile
with cytotoxic concentration at least 3 orders of mag-
nitude higher than the antiviral dose (>360 vs 0.37 µM,
respectively). Finally, 3b is characterized by a selectivity
index of about 200, with an antiviral activity 1 order of
magnitude higher than the most active compound 2b.

Computational Studies. To obtain a better under-
standing of the SARs of the above-described inhibitors
of Sendai virus replication, we performed molecular
modeling and pharmacophore generation experiments
using Catalyst software.

In particular, we report a study that applies a ligand-
based drug design (pharmacophore development) method
to rationalize the relationships between structures and
biological data. Accordingly, experimentally determined
affinities are used to derive a pharmacophore model that
describes the three-dimensional structural properties
required to have profitable interactions with the corre-
sponding binding site on SV.

This computational approach has been applied to a
set of 22 Sendai virus inhibitors (the training set, Table
1) chosen according to the Catalyst guidelines.30 These
compounds are characterized by activity values span-
ning ∼3.7 orders of magnitude, the minimum value of
0.18 µM being associated with compound 2b and the
maximum value of 893 µM being associated with
compound 6d.

Because no experimental data on the biologically
relevant conformations of the selected compounds (for
example, atomic coordinates derived from X-ray crystal-
lographic studies of their complexes with the putative
receptor) are available, we resorted to a molecular
mechanics approach to build the conformational model
to be used for pharmacophore generation. The molecules
were built within Catalyst and submitted to conforma-
tional analysis. All the conformers of each compound,
within a range of 20 kcal/mol with respect to the global
minimum, have been employed to derive a set of
pharmacophore hypotheses.

The resulting pharmacophore hypotheses use chemi-
cal functions and their spatial location to explain the
differences in inhibitory activity within the training set.
The measured and calculated activity values for both
the training set and the test set are listed in Table 1.
All but 1 of the 10 generated hypotheses have in
common the presence of three hydrogen bond acceptor
groups (HBA) and one hydrophobic region (HY). Only
one selected hypothesis possesses an additional hydro-
phobe as a common chemical function instead of a
hydrogen bond acceptor.

Hypothesis 1, characterized by the highest scoring
and the best statistical parameters (correlation coef-
ficient and root-mean-square deviation (rmsd)), is the
most likely to yield relevant information about the
pharmacophore elements of the studied compounds.
Accordingly, hypothesis 1 has been chosen to represent
“the pharmacophore model”.

The regression analysis of “true” versus “estimated”
SV inhibition activity values for the training set exhib-
ited a correlation coefficient r of 0.85 and an rmsd of
1.40. Moreover, because of the relatively small range of
bits between hypothesis 1 and the null hypothesis (45
bits) corresponding to about a 75% chance of true
correlation, special care was taken to evaluate the
statistical significance of the pharmacophore model. In
particular, a randomized trial procedure derived from
the Fischer method31 was applied to the training set.
Experimental activities were scrambled 19 times to
obtain spreadsheets with randomized data. Nineteen
pharmacophore generation runs were performed using
the scrambled training sets. As a result, among the 190
resulting pharmacophore hypotheses, none was found
with a lower cost than hypothesis 1, suggesting that
there was at least a 95% chance of true correlation in
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the biological data. These findings indicate a reliable
ability to estimate the affinities of the training set.

As a representative example, Figure 1 shows the best-
fitted conformer of 2b (the most active compound of the
training set) into the pharmacophore model character-
ized by three hydrogen bond acceptors and a hydropho-
bic feature. The chemical functionalities of this hypoth-
esis are matched by the chemical groups of 2b. The
phenyl ring fits within the region of the hydrophobic
group (HY), the carbonyl groups at the 2- and 4-position
occupy two hydrogen bond regions (HBA2 and HBA3,
respectively), and finally, the oxirane oxygen is located
in the third hydrogen bond acceptor region (HBA1) of
the hypothesis. The conformer shown has a calculated
energy of 1.1 kcal/mol above the calculated lowest
energy conformer of compound 2b, and its activity is
properly estimated by the pharmacophore hypothesis
(estimated activity of 0.13 µM versus an experimental
value of 0.18 µM).

Compounds 2a, 2c, and 2f showed very similar
orientation with the respect to 2b, the methyl, tert-butyl,
and a portion of the condensed cyclohexyl substituent
at the 2′-position, respectively, lying within the hydro-
phobic region of the hypothesis.

The pharmacophore hypothesis is also able to distin-
guish between 10b (Z stereochemistry, ED50 ) 0.38 µM)
and 10c (E stereochemistry, ED50 ) 193 µM). Figure 2
shows the mapping of these two isomers on hypothesis
1. While compound 10b shows the same alignment on
the hypothesis as compound 2b, the phenyl ring of
compound 10c cannot interact with the hydrophobic
region, resulting in a lower estimated activity (the
activities of compounds 10b and 10c were correctly
estimated in 0.57 and 160 µM, respectively).

Compounds 5a-e of the training set are characterized
by structural properties similar to those of compounds
2a-g and, as expected, present similar orientations.
The key difference in the alignment of compounds 2 and
5 to the pharmacophore hypothesis is the consequence
of the alkoxy substitution at the 2′-position. In fact,
compounds 5 cannot reach one (the hydrogen bond
acceptor site HBA2) of the functional regions of the
hypothesis, resulting in a lower estimated activity.
Moreover, compounds 5b and 5c are predicted to be

more active than 5a and 5d (24 and 42 µM versus 170
and 320 µM, respectively) because of their phenyl group
that can function as a hydrophobic moiety fulfilling the
hydrophobic site HY of the hypothesis. On the other
hand, the methyl substituent at the 2′-position and the
condensed cyclohexyl ring of compounds 5a and 5d,
respectively, match HY less well than 5b or 5c. These
considerations suggest that the mapping to the hydro-
phobic feature of the hypothesis could explain the order
of magnitude difference in measured activity for com-
pounds 5b and 5c with respect to 5a and 5d.

Finally, the proposed model is unable to distinguish
between compounds 5b and 5c probably because the
hydrophobic group at the 2′-position, representing the
sole structural difference between the two compounds
(cyclohexyl versus n-propyl, respectively), lies in a region
of space defined by a hydrogen bond acceptor site.

Compounds 5e and 5b have the same alignment on
the hypothesis as 2b, and their lower estimated activity
(14 and 24 µM, respectively) is explained by a missing
hydrogen bond acceptor group interacting with HBA2.
There is also an alternative mapping for 5e (estimated
activity 4.4 µM) that places the alkoxy oxygen atom
much closer to the center of the HBA function, resulting
in the proper interaction with the feature itself. These
findings led to the suggestion that the lack of interaction
involving the HBA feature at the 2′-position of the
inhibitors seems to be important for rationalizing the
trend of the activity values associated with compounds
2b, 5e, 5b, and 5c. In addition, the substituent at the
2′-position, which can allow for interaction with the
HBA feature of the hypothesis, is also the structural
key element in the case of the subset consisting of 3b,
6d, 6e, 6f, and 6g. While compounds 3b and 6d, which
are able to make contact with the HBA2 feature, show
an estimated activity of 0.75 and 6.9 µM, the activities
of 6e-g are predicted to be about 2 orders of magnitude
less (220, 220, and 230 µM, respectively), in good
agreement with experimental data. Moreover, the ad-
ditional lack of activity associated with compounds 3a,
6h, 6i, and 6j could be attributed to the susbstitution
of the 2′-methyl group with a hydrogen atom and
consequent decreased fitting of superimposition onto the
HY pharmacophore feature.

In light of these considerations, the HBA2 described
above could play a very important role in defining the

Figure 1. Compound 2b mapped to the four-feature best
hypothesis (the pharmacophore model) for Sendai virus inhibi-
tors. Chemical functionalities are color-coded: blue for a
hydrophobic region (HY) and green for hydrogen bond accep-
tors (HBA1, HBA2, and HBA3).

Figure 2. Compound 10b (Z enantiomer, in red) and 10c
(E enantiomer, in black) mapped to the four-feature best
hypothesis (the pharmacophore model) for Sendai virus inhibi-
tors. The aromatic ring of 10c cannot reach the hydrophobic
region (HY, blue) of the hypothesis. Color codes are as in
Figure 1.
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activity for all the compounds of the training set. In fact,
it is remarkable that the check performed by the
program for surface accessibility of the molecular fea-
tures32 (see Experimental Section) has found that all
the weakly active molecules are lacking a chemical
moiety that could function as a hydrogen bond acceptor
group corresponding to HBA2.

Conclusions

A qualitative structure-activity relationship analysis
suggested that the N,N-dimethyluracil scaffold associ-
ated with a 2- and/or 6-substitution seems to show an
important role in determining the activity against SV.
On the other hand, substituents at both the N-1 and
C-5 positions are still suitable in the search for more
active and less toxic SV inhibitors.

More accurate and quantitative SAR considerations
have been made by means of a pharmacophore model
for SV inhibitors. This computationally built model is
able to account for the major SARs associated with the
new compounds, mainly on the basis of a pharmacoph-
ore hydrophobic region and a hydrogen bond acceptor
group. In fact, both these features are common struc-
tural elements of compounds characterized by high
activity toward the Sendai virus.

Experimental Section
Chemistry. NMR spectra were recorded on a Bruker (200

MHz) spectrometer and are reported in δ values. Mass spectra
were recorded on a VG 70/250S spectrometer with an electron
beam of 70 eV. Elemental analyses were performed by a Carlo
Erba 1106 analyzer. Infrared spectra were recorded on a
Perkin-Elmer 298 spectrophotometer using NaCl plates. All
solvents are ACS reagent grade and were redistilled and dried
according to standard procedures. Melting points were re-
corded on a Mettler FP-80 apparatus. Chromatographic pu-
rifications were performed on columns packed with Merck
silica gel 60, 230-400 mesh for the flash technique. Thin-layer
chromatography was carried out using Merck platten Kieselgel
60 F254.

General Procedure for the Synthesis of Compounds
2a-g and 5a-e. An Example: 1,3-Dimethyl-6-(2′-methyl-
2′-oxiranylmethyl)uracil (2a). To a solution of compound 1
(1 mmol) in dry THF (6 mL) cooled to -78 °C, freshly prepared
lithium diisopropylamide (LDA, 1.2 mmol) was added dropwise
under nitrogen atmosphere. After the mixture was stirred for
30 min, chloroacetone (1.3 mmol) was added while maintaining
the temperature below -70 °C. The mixture was stirred for 6
h, quenched with a saturated NH4Cl solution (1 mL), and
allowed to warm to room temperature. The organic layer
diluted with EtOAc (60 mL) was then separated, dried with
Na2SO4, and evaporated under reduced pressure. The residue
was purified by flash chromatography using CHCl3/MeOH )
9.5:0.5 as the mobile phase to give compound 2a in 48% yield
(Table 1): oil, νmax (cm-1) 1690, 1660, 1490, 1370; δH (CDCl3)
1.34 (3H, s, CH3), 2.75 (2H, dd, J ) 14.44 Hz, CH2), 3.21 (3H,
s, N-CH3), 3.43 (3H, s, N-CH3), 3.49 (2H, dd, J ) 14.44 Hz,
CH2), 5.62 (1H, s, C5-H); δC (CDCl3) 25.48 (CH3), 27.92 (CH3),
33.12 (CH3), 40.00 (CH2), 52.51 (CH2), 72.41 (C), 102.94 (CH),
151.46 (C), 152.59 (C), 162.36 (C). Anal. (C10H14N2O3) C, H,
N. MS: m/e ) 210 (M+).

General Procedure for the Synthesis of Compounds
3a-c, 6a-j, and 8. An Example: 1,3-Dimethyl-6-(2′-tet-
rahydrofurylmethyl)uracil (3a). To a solution of compound
4a (1 mmol) in dry THF (6 mL) cooled to -78 °C, freshly
prepared lithium diisopropylamide (LDA, 1.2 mmol) was added
dropwise under a nitrogen atmosphere. After the mixture was
stirred for 30 min, 5-chloro-2-pentanone (1.3 mmol) was added
while maintaining the temperature below -70 °C. The mixture
was stirred for 6 h, quenched with a saturated NH4Cl solution

(1 mL), and allowed to warm to room temperature. The organic
layer diluted with EtOAc (60 mL) was then separated, dried
with Na2SO4, and evaporated under reduced pressure. The
residue was purified by flash chromatography using CHCl3/
MeOH ) 9.5:0.5 as the mobile phase to give compound 3a in
15% yield (Table 1): mp 73-75 °C (EtOAc/n-hexane), νmax

(cm-1) 1690, 1665, 1520; δH (CDCl3) 1.80 (2H, m, CH2), 2.01
(2H, m, CH2), 2.46 (2H, m, CH2), 3.34 (3H, s, N-CH3), 3.40 (3H,
s, N-CH3), 3.50 (2H, m, O-CH2), 3.93 (1H, m, CH), 5.60 (1H, s,
CH); δC (CDCl3) 26.13 (CH2), 27.78 (CH3), 30.39 (CH2), 33.31
(CH2), 65.62 (CH), 68.12 (CH2), 97.04 (CH), 153.81 (C), 161.94
(C), 170.0 (C). Anal. (C11H16N2O3) C, H, N. MS: m/e ) 224
(M+).

General Procedure for the Synthesis of Compounds
10a-c. An Example: (E)-1,3-Dimethyl-6-(2′-methyl-2′-
phenyl-1′-oxiranyl)uracil (10a). To a solution of 1,3-di-
methyl-6-chloromethyl uracil 9 in dry THF (6 mL) cooled to
-78 °C, freshly prepared lithium diisopropylamide (LDA, 1.5
mmol) was added dropwise under a nitrogen atmosphere. After
the mixture was stirred for 30 min, acetophenone (1.3 mmol)
was added while maintaining the temperature below -70 °C.
The mixture was stirred for 6 h, quenched with a saturated
NH4Cl solution (1 mL), and allowed to warm to room temper-
ature. The organic layer diluted with EtOAc (60 mL) was then
separated, dried with Na2SO4, and evaporated under reduced
pressure. The residue was purified by flash chromatography
using CHCl3/MeOH ) 9.5:0.5 as the mobile phase to give
compound 10a in 56% yield (Table 1): oil, νmax (cm-1) 1700,
1655; δH (CDCl3) 1.86 (3H, s, CH3), 3.17 (3H, s, N-CH3), 3.37
(3H, s, N-CH3), 3.86 (1H, s, CH), 5.69 (1H, s, CH), 7.24 (5H,
m, Ph-H); δC (CDCl3) 23.83 (CH3), 27.71 (CH3), 31.42 (CH3),
61.15 (CH), 65.53 (C), 100.56 (CH), 126.04, 128.38, 128.44 (Ph),
135.48 (C), 148.17 (C), 152.15 (C), 162.10 (C). Anal. (C14H16N2O3)
C, H, N. MS: m/e ) 272 (M+).

General Procedure for the Synthesis of Compounds
12a,b and 13-15. An Example: 3-Methyl-6-(2′′-methyl-2′′-
oxiranylmethyl)-2′,3′,5′-tri-O-benzoyluridine (12a). To a
solution of 3,6-dimethyl-2′,3′,5′-tri-O-benzoyluridine 11 in dry
THF (6 mL) cooled to -78 °C, freshly prepared lithium
diisopropylamide (LDA, 1.5 mmol) was added dropwise under
a nitrogen atmosphere. After the mixture was stirred for 30
min, chloroacetone (1.3 mmol) was added while maintaining
the temperature below -70 °C. The mixture was stirred for 6
h, quenched with a saturated NH4Cl solution (1 mL), and
allowed to warm to room temperature. The organic layer
diluted with EtOAc (60 mL) was then separated, dried with
Na2SO4, and evaporated under reduced pressure. The residue
was purified by flash chromatography using CHCl3/MeOH )
9.5:0.5 as the mobile-phase to give compounds 12a in 80% yield
(Table 1): oil, νmax (cm-1) 2988, 1720, 1680, 1540, 1420; δH

(CDCl3) 1.30 (3H, m, CH3), 2.10 (2H, m, CH2), 3.38 (3H, s,
N-CH3), 4.0-4.20 (2H, m, CH), 4.50-4.80 (3H, m, CH + CH2),
5.61 (1H, s, CH), 6.15 (2H, m, CH), 6.64 (1H, m, CH), 7.30-
8.10 (15H, m, Ph-H); δC (CDCl3) 20.80 (CH3), 27.78 (CH3),
38.44 (CH2), 48.39 (CH2), 58.56 (C), 63.59 (CH2), 70.75 (CH),
73.31 (CH), 81.0 (CH), 81.43 (CH), 98.46 (CH), 128.20 (CH),
128.71 (CH), 128.90 (CH), 129.42 (CH), 130.96 (C), 132.60
(CH), 132.92 (C), 135.59 (CH), 146.85 (C), 159.80 (C), 160.41
(C), 162.31 (C), 166.84 (C), 170.0. Anal. (C35H32N2O10) C, H,
N. MS: m/e ) 640 (M+).

Biology. SV Growth Inhibition Assay in MDCK Cells.
MDCK cells were grown in RPMI 1640 supplemented with 5%
fetal calf serum (FCS) and antibiotics in a 5% CO2 atmosphere.
Confluent cell monolayers were infected with SV (10 HAU/
105 cells) prepared by allantoic inoculation of embrionated
eggs. After incubation for 1 h at 37 °C (adsorption period), virus
inocula were removed, monolayers were washed three times
with PBS and incubated with fresh medium containing 2%
FCS. All the products were added, at the appropriate dilution,
after the adsorption period and maintained in the culture
media until the end of the experiments.

Molecular Modeling and Pharmacophore Generation
Studies. A training set of 22 derivatives with biological data
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ranging from 0.18 to 893 µM was selected from the original
set and used in this study.

To find a pharmacophore able to describe the ligand-
receptor interactions, instead of a superimposition approach
based on atoms or groups of the chemical structures, the
following steps have been carried out by means of the Catalyst
software.

i. Energy Minimization, Geometry Optimization, and
Conformational Analysis of all the Compounds of the
Training Set. Because no experimental data on the biologi-
cally relevant conformations of these compounds are available
(for example, atomic coordinates derived from X-ray crystal-
lographic studies of the complexes between the receptor with
an embedded inhibitor), there was a need to build their
conformational models to be used in the hypothesis generation
step. Moreover, it is well-known that the biological activity of
chiral compounds is usually due to one of the diastereoisomers
or enantiomers. Because of this fact and taking into account
the presence of at least one asymmetric carbon atom common
to all the compounds of the training set, it was arbitrarily
decided to model the chiral compounds with undefined chiral-
ity, allowing the pharmacophore model generation procedure
to choose which configuration of the asymmetric carbon atoms
was the most appropriate. Compounds 5d and 10a-c were
modeled with the appropriate Z,E stereochemistry and with
undefined R,S chirality. The enantiomer or diastereoisomer
of each compound chosen by the program to fit the proposed
pharmacophore model has been reported in Table 1. To the
best of our knowledge, there are no experimental data sup-
porting the hypothesis that specific enantiomers or diastere-
oisomers are more active than the corresponding mirror-image
enantiomers or diastereoisomers because of the fact that any
enantiopure compound has been evaluated for its inhibitory
properties against the Sendai virus.

The compounds used in this study were built using the
Catalyst 2D-3D sketcher, and a representative family of
conformations were generated for each molecule using the
Poling algorithm33 and the “best conformational analysis”
method. This approach has been selected because it represents
the method of choice when the conformations are to be used
for hypothesis generation, as in this case.

Conformations were selected that fell within 20 kcal/mol
range above the lowest energy conformation found.

ii. Generation of Binding Hypotheses for Compounds
of the Training Set and Analysis of the Generated
Hypotheses. The training set of molecules, with their associ-
ated conformational models, was submitted to hypothesis
generation. The chemical functions used in this generation step
included “hydrogen bond acceptor lipid” (HBA), “hydrophobic”
(HY), and “ring aromatic” (RA).34 The hydrogen bond acceptor
lipid includes the basic nitrogen not considered in the hydrogen
bond feature. A ring aromatic function was used in addition
to the generic hydrophobic one in order to emphasize that an
aromatic interaction is likely to be an important feature
because some of the compounds present an aromatic ring
within their structure. Moreover, the ring aromatic function
allows consideration of directionality of the interactions with
the receptor showing the ring centroid and a projected point
along the normal to the ring plane.

Because of the small molecular size of compounds of the
training set, the minimum permitted interfeature spacing was
reduced to 1 Å. The default value of about 3 Å works well for
most medium to large molecules, but it is not good for small
molecules that do not have many features or for hypotheses
where features are close together. In addition, the hypothesis
generator was constrained to report only hypotheses with four
features.

To be considered available, a chemical function must be
surface accessible and thus able to interact with the receptor.32

On the basis of these considerations, while the carbonyl and
methoxy groups are classified as HBA by the program (see
compounds 2b and 5e), oxygen atoms of substituents larger
than methoxy groups are buried and thus unable to interact
with the hypothetical receptor.

The ideal and null hypotheses have a cost of 90.76 and
163.01 bits, respectively, while the 10 resulting hypotheses
possessed costs from 118.30 to 133.45 bits. Although the
program assigns a general score to each hypothesis generated
(based on the correlation between the observed and estimated
activities for each compound in the training set), a thorough
analysis of the structural and functional fitting of compounds
listed in Table 1 was carried out in order to select the
hypothesis that would represent better the most active com-
pounds. We expected that the best hypothesis selected (hy-
pothesis 1) corresponds to the most probable common arrange-
ment of chemical functionalities for this set of Sendai virus
inhibitors. The best hypothesis, which was confirmed by the
Fischer test to have at least a 95% chance of true correlation,
yielded a low rmsd of 1.40 and an r of 0.85, indicating a good
correlation among the data in the training set.

The validity and predictive power of hypothesis 1 were
further assessed using anti-SV compounds outside the training
set. The predicted activities of such compounds, calculated by
Catalyst on the basis of the pharmacophore model, are
reported in Table 1.
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