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A series of lipophilic soft drugs structurally related to the nonclassical dihydrofolate reductase
(DHFR) inhibitors trimetrexate and piritrexim have been designed, synthesized, and evaluated
in DHFR assays, with special emphasis on the inhibition of P. carinii DHFR. The best inhibitors,
encompassing an ester bond in the bridge connecting the two aromatic systems, were
approximately 10 times less potent than trimetrexate and piritrexim. The metabolites were
designed to be poor inhibitors. Furthermore, molecular dynamics simulations of three ligands
in complex with DHFR from Pneumocystis carinii and from the human enzyme were conducted
in order to better understand the factors determining the selectivity. A correct ranking of the
relative inhibition of DHFR was achieved utilizing the linear interaction energy method. The
soft drugs are intended for local administration. One representative ester was selected for a
pharmacokinetic study in rats where it was found to undergo fast metabolic degradation to
the predicted inactive metabolites.

Introduction

The AIDS epidemic, cancer chemotherapy, and organ
transplantation have significantly increased the number
of patients with impaired immune systems who are
suffering from severe opportunistic infections including
pneumonia caused by the fungus Pneumocystis carinii.1-3

P. carinii pneumonia (PCP) is a serious disease with
high prevalence and constitutes the major cause of
death in patients with AIDS.4-8 However, with the
widespread use of highly active antiretroviral therapy
(HAART) and prophylaxis in patients known to be at
risk for developing PCP, the incidence of PCP in
patients with AIDS has declined dramatically.9-11 Cur-
rent treatment with trimethoprim (TMP, Figure 1), a
nonclassical inhibitor of dihydrofolate reductase (DHFR),
in combination with a sulfonamide is still the standard
therapy for PCP.7,9,12,13 Severe side effects associated
with sulfa drugs often lead to discontinuation of
therapy.5,14-16 Attempts have been made to use drugs
locally, and inhaled aerosolized pentamidine17 is cur-
rently used for prophylaxis,18-21 but it is inadequate for
treatment of active infection. When applied systemati-
cally, pentamidine exhibits considerable toxicity.9,13,19,22

Trimetrexate (TMQ)23,24 and piritrexim (PTX),25 two

lipophilic agents originally developed against cancer,26-30

are now used in clinic as second-line therapy in moder-
ate to severe PCP31 (Figure 1). Although TMQ and PTX
are both potent inhibitors of DHFR from P. carinii, they
are not selective and inhibit the mammalian enzyme
even more efficiently.32,33 The clinical use of TMQ and
PTX is therefore limited because of their systemic host
toxicity and requirement of expensive cotherapy with
the rescue agent leucovorin (5-formyl-tetrahydro-
folate).32,34-37 Leucovorin, a classical folate cofactor for
one-carbon metabolism, is taken up via active transport
only by mammalian cells and reverses toxicity associ-
ated with the lipophilic DHFR inhibitors.32,36,38 Today,
considerable research efforts are devoted to the identi-
fication of more selective and potent DHFR inhibitors
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with the overall goal to improve therapy and to mini-
mize the adverse effects.

The application of the soft drug concept could allow
design of new agents for inhalation therapy and could
make this route available to safer DHFR inhibitors. Soft
drugs are active isosteric-isoelectronic analogues of
lead compounds that are deactivated in a predictable
and controllable way after exerting their biological
effects.39 These drugs are intended to undergo a fast
metabolism, which minimizes toxicity to the host. Soft
drugs are most often used for local treatment and are
therefore, in general, administered near the site of
action.39 The concept has successfully been utilized, e.g.,
in the design of the recently launched inhaled anti-
asthma glucocorticosteroid budesonide,40 which essen-
tially lacks systemic side effects due to its rapid first-
pass metabolism in the liver.41

We aim to test the hypothesis of whether local
administration of soft drugs of lipophilic DHFR inhibi-
tors might provide a new entry to efficient and safe
treatment of PCP and, in a longer perspective, of other
serious pulmonary diseases. We herein report the
synthesis and the subsequent biological evaluation of a
series of ester soft drugs structurally related to TMQ
and PTX. Furthermore, molecular dynamics simulations
of three ligands in complex with DHFR from P. carinii
and the human enzyme were conducted to better
understand the molecular basis for the observed selec-
tivity. A pharmacokinetic study of one of the derivatives
was performed in rat in vivo.

Results

Chemical Synthesis. The synthetic approach em-
ployed for the preparation of the target compounds 1a-
10a, encompassing an ester bond in the bridge between
the aromatic ring systems, is outlined in Schemes 1 and
2. We have previously described42 the synthesis of
compounds 1a and 2a, as well as the metabolites 17a
and 18a. Thus, protection of the aminogroups of 15a
with pivalic anhydride in anhydrous DMF afforded the
dipivaloated aldehyde 16a, which was further oxidized
to the corresponding carboxylic acid with sodium chlo-
rite, employing 2-methyl-2-butene as a scavenger.43-45

After subsequent esterification, the two amino-protected
2,4-diaminoquinazoline esters were depivaloated using
ammonia in dioxane,46 finally yielding the desired esters
1a and 2a.

The synthesis of compound 14a is previously de-
scribed.42,47 The intermediates 14b,c, used for the
synthesis of 2b,c, were prepared from 13b,c according
to slightly modified literature procedures.48,49 Thus,
compounds 13b and 13c were synthesized by a HCl-
mediated condensation of malononitrile with triethyl
orthoformate and triethyl orthoacetate,48,49 respectively.
Dechlorination was followed by cyclization with guani-
dine in refluxing ethanol, affording the two substituted
2,4-diaminopyrido[2,3-d]pyrimidines 14b,c. Treatment
with a Ni-Al alloy in refluxing formic acid42,50 converted
the nitriles 14a,c into the aldehydes 15a,c, which were
further reduced to the corresponding alcohols 18a,c by
sodium borohydride in methanol.51,52 Prolonged reaction
time leads to overreduction of the alcohol to the 6-
methylanalogues.53 For the synthesis of 2d, commer-
cially available 18d was employed as starting material.

The bromination of the alcohols 18a-d was performed
with methods employed in antifolate chemistry, includ-
ing the use of dibromotriphenylphosphorane (Ph3PBr2)
in DMAc,54 HBr in dioxane,52,55 PBr3 in THF,56 or HBr
in AcOH.57 The last procedure provided the best results
in the present systems. Displacement of the bromide
with the appropriate carboxylic acids using potassium
carbonate or cesium carbonate as bases in DMF, DMSO,
or DMAc, respectively, afforded the esters 2b-9a in
various yields. The synthesis of the ester 8a is previ-
ously described.58 Compound 20a59,60 was prepared by
diazotation of 2,4,6-triaminoquinazoline, which was
obtained by reduction of commercially available 2,4-
diamino-6-nitroquinazoline. A standard Heck reac-
tion61-63 with phenyl acrylate provided the R,â-
unsaturated ester 10a in 40% yield (Scheme 2).

Finally, the two reference compounds 11a47 and 12a
were synthesized (Scheme 3). Diazotation of 2,4,6-
triaminoquinazoline to the nitrile 14a42,47 with potas-
sium cyanide and cuprous sulfate was followed by
hydrogenation over Raney Ni at atmospheric pressure
with aniline, providing 11a. A subsequent reductive
methylation using 37% formaldehyde and sodium cyano-
borohydride at pH 2-349,64 provided the N10-methylated
compound 12a in 89% yield.

Inhibition of Dihydrofolate Reductase. Com-
pounds 1a-12a were tested for their ability to inhibit
dihydrofolate reductase from P. carinii (pcDHFR) and
rat liver (rlDHFR). The methodologies of the assay are
described elsewhere.33,65 All results are presented as
IC50 values in Table 1 together with the reference
compounds shown in Figure 1. For comparison, the IC50
values for inhibition of Toxoplasma gondii DHFR
(tgDHFR) are shown. The IC50 values for the metabo-
lites 17a and 18a-d, formed after hydrolysis of the
esters, are also shown in the same table.

The impact of various linkers connecting the two ring
systems has previously been studied thoroughly,66 but
to our knowledge the biological effects of antifolates with
scissile ester bridges have not been reported. In general,
two-atom bridges are preferred, although derivatives
with three- and also four-atom bridges are frequently
acceptable and retain some inhibitory potency.67 A
comparison of compounds, comprising different tethers,
is presented in Table 1 (see 1a and 2a, 9a and 10a, and
11a and 12a). Two-atom bridge esters were not included
in this investigation because of their chemical instability
and their expected susceptibility to a too fast metabo-
lism in vivo. The N10-methylated reference compound
12a was approximately 10 times more potent in the
three assay systems than the secondary amine 11a, the
latter possessing the same two-atom linker as TMQ.
Incorporation of a three-atom ester delivered an inhibi-
tor 1a, which was almost as potent as 12a against
rlDHFR but with much poorer activity against pcDHFR.
On the other hand, when the three-atom bridge was
reversed to provide a methyleneoxycarbonyl linker in
2a, a significantly more potent inhibitor of pcDHFR was
achieved (cf. 1a and 2a). By elongation of the bridge
affording compounds 9a and 10a, the activity declined
vs pcDHFR. The methyleneoxycarbonyl unit was con-
sidered most suitable as a tether connecting the two ring
systems and was therefore retained in further studies.
Subsequently, the influence of (i) various substitution
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patterns of the phenyl ring with focus on methoxy
groups found in TMQ and PTX and (ii) the effect of some
different bicyclic heterocycles were examined.

Substitution of the ortho position with a methoxy
group in the phenyl ring, as seen in compounds 4a and

5a, resulted in poor inhibition of pcDHFR. Compound
4a exhibited in fact 70-fold less activity than the related
PTX against pcDHFR, while the effect on the inhibitory
capacity regarding tgDHFR was less pronounced. How-
ever, a migration of the ortho methoxy group in 4a to
the meta position provided an inhibitor 6a with signifi-
cantly better activity against pcDHFR. The three com-
pounds 3a, 6a, and 7a were all equipotent against
pcDHFR, but their activity toward rlDHFR differed.
Thus, 3a, the ester most structurally similar to TMQ,
was found to be a very potent inhibitor of rlDHFR,
which accounts for the very low rlDHFR/pcDHFR ratio
observed (0.05). Both 3a and 7a showed a good activity
against tgDHFR. The benzoic acid derivative, compound

Scheme 1a

a Reagents and conditions: (i) (a) H2, 10% Pd/C, Et3N, DMF, (b) guanidine hydrochloride, NaOMe, reflux; (ii) NaNO2, 2 M HCl, KCN,
Cu(II)SO4‚5H2O; (iii) Ni-Al alloy, 75% formic acid, reflux; (iv) pivalic anhydride, DMF, 80 °C; (v) NaClO2, 2-methyl-2-butene,
NaH2PO4‚1H2O; (vi) NaBH4, MeOH; (vii) 30% HBr in AcOH; (viii) K2CO3 or Cs2CO3, DMF or DMSO; (ix) phenylacetic acid, Cs2CO3,
DMAc.

Scheme 2a

a Reagents and conditions: (i) phenyl acrylate, Pd(OAc)2, P(o-
tol)3, Et3N, 80 °C.
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8a, exhibited the best selectivity against pcDHFR
among the compounds tested, but the affinity was in
the micromolar range.

Alterations of the inhibitors in the heterocyclic part
of the molecule exerted a strong impact on the biological
response, as obvious from a comparison of the series
a-d. Thus, replacing the carbon in the 8-position of 2a
for a nitrogen delivered an almost 10 times less powerful
inhibitor 2b, and incorporation of a second nitrogen into
the heterocycle, providing the pteridine analogue 2d,
rendered an IC50 value in the 10 µm range. A methyl
group at the 5-position (2c) improved the activity
considerably in accordance with what was observed in
related systems.48,68,69

As shown in Table 1, the activity of the hydroxy-
methyl metabolites 18a-d and that of the carboxylic
acid 17a, the latter also expected to be formed in vivo
after metabolic oxidation of 18a, are presented. All of
the potential metabolites, with 18c as the exception
(IC50 ) 8.5 µM), exhibited very low inhibitory potencies
against rlDHFR.

Molecular Dynamics. The linear interaction energy
(LIE) method has previously been used to predict the
absolute binding free energies of molecules similar to
methotrexate for human DHFR.70 Herein, we employ
the LIE method to predict the selectivity of inhibitors
against DHFR from different species (P. carinii and
human). The relative free energies of binding to these
enzymes were calculated for compounds 1a, 2a, and 3a.
The results from the calculations are presented in Table
2. When the affinities of the three inhibitors of dihy-
drofolate reductase from the two species are compared,
the relative binding free energies seem to agree well
with the experimental data. The potencies of the inhibi-
tors can be correctly ranked in both enzymes, with the
reservation that the calculations are based on human
DHFR and that rat liver DHFR is used in the experi-
mental assay. Substantial homology has been shown at
the N-terminal ends71,72 of the enzyme, and inhibitors
generally bind with similar affinities to both enzymes.73

Recently completed studies, soon to be published, show
substantial homology throughout.74

In the case of pcDHFR the simulations predict that
compound 1a is the least potent inhibitor, whereas 2a
and 3a have approximately equal affinities, 20 times
stronger than 1a. For hDHFR compound 1a is again
ranked as the least potent inhibitor. For the mammalian
enzyme compound 3a is predicted to bind 60 times more

strongly than 1a and 5 times more strongly compared
to 2a. The calculated selectivity ratios hDHFR/pcDHFR
agree nicely with the experimentally determined values
of rlDHFR/pcDHFR. Compound 3a, which was the most
potent compound among the three simulated inhibitors,
had the lowest selectivity ratio, i.e., higher selectivity
against mammalian DHFR, which is in accordance with
the experimental values.

Pharmacokinetics in Rat. We previously reported
the pharmacokinetic profile in rat of the classic anti-
folate ester 21 (Figure 2), which was found to be
relatively stable toward metabolism, both after oral and
after intravenous administration.58 After intravenous
administration, compound 21 was not prone to undergo
enzymatic hydrolysis and displayed a plasma half-life
(t1/2) of 1 h and a plasma clearance (CL) of 15 mL min-1

kg-1 compared to t1/2 of 0.9 h and a CL of 11 mL min-1

kg-1 for methotrexate, the reference substance, evalu-
ated in the same system. To be suitable as a soft drug,
a significantly faster metabolism was required. We
anticipated that the trimetrexate analogue, the lipo-
philic trimethoxy-substituted compound 3a, because of
its higher lipophilicity, should be better accommodated
in esterases and display an improved tendency to
metabolic degradation when subjected to the same
animal model. The pharmacokinetics of the quinazoline
ester 3a was evaluated in rat after oral and intravenous
administration. After oral administration, we were
unable to detect 3a in plasma after a period of 2 min
while the alcohol metabolite 18a appeared, suggesting
a very low systemic bioavailability. After intravenous
administration we found 3a, as well as the alcohol
metabolite 18a, in plasma (Figure 3). In vitro studies
in blood from human and rat showed that no metabo-
lism, of neither 21 nor 3a, had occurred after 45 min.
Furthermore, small amounts of the carboxylic acid
metabolite 17a were detected. As obvious from the curve
profile in Figure 3, compound 3a exhibits a very short
elimination half-life. Also, a very high plasma clearance
was measured, even higher than the liver blood flow,
indicating an extra hepatic elimination of compound 3a.
These results are consistent with the high activity of
esterases in other organs. Thus, we argue that lipophilic
esters related to 3a could provide sufficiently good
substrates to esterases to serve as soft drugs.

Discussion

Esterases are ubiquitous and are expressed in a
variety of tissues, including liver, stomach, small intes-
tine, colon, plasma, macrophage, and monocytes.75 A
diversity of structurally different, efficiently hydrolyzed
ester prodrugs have successfully been developed.76 Es-
terases also constitute suitable enzymatic systems for
metabolic deactivation of soft drugs.39 The rank of order
among esters tends to be similar in different tissues,42,77

but the stability of the ester bond shows in general a
high variability in different animal species.75,78 The
stability of esters in human is often much higher than
in rodent.79,80 Thus, for local therapy, e.g., inhalation,
we believe one should seek ester soft drugs that are
metabolized rapidly in rodent to ensure a sufficient
hydrolysis rate in human. In the design of soft drugs,
the improvement of the therapeutic index is the main
objective, and the avoidance of a long-term toxicity by

Scheme 3a

a Reagents and conditions: (i) H2 (1 atm), Raney Ni, aniline;
(ii) 30% formaldehyde, NaCNBH3.
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providing an easily accessible metabolic pathway for
degradation to inactive metabolites is a prerequisite.39

Hence, to become an optimal inhaled soft drug against
PCP, three requirements have to be fulfilled: (i) an
efficient deactivation to inactive metabolites must occur,
(ii) a high selectivity for pcDHFR to reduce the potential
toxicity to the mammalian host cells at the site of
administration must be achieved, and (iii) a sufficient
efficacy against PCP must be obtained after local
therapy alone. The recent reports that full protection
against P. carinii was not achieved after inhalation of
pentamidine, despite expected high local concentrations
in the lung, constitute a major concern for the soft drug
concept.15,81,82

Because we aimed to exploit structures related to
TMQ and PTX as starting points, suitable positions in

these molecules that can serve as handles for attacks
from esterases first had to be identified. These ester
bonds must be located in areas of the inhibitors not
directly involved in the binding to pcDHFR. The inclu-
sion of metabolically sensitive sites into (i) the lipophilic
aromatic part, (ii) the bicyclic heterocycle, or (iii) the
bridge connecting the two ring systems was initially
considered. Aryl carboxylic acids, e.g., compound 8a,
exhibit pronounced and unacceptable inhibitory activity
as a potential metabolite, and soft drugs based on the
corresponding esters in the aromatic part were therefore
excluded early as targets. Furthermore, because the
incorporation of labile scissile bonds into the heterocyclic

Table 1. Inhibition Concentrations (IC50, µM) of DHFR from P. carinii, T. gondii, and Rat Liver and Selectivity Ratios

IC50 (µM) selectivity indexa

compd pcDHFR rlDHFR tgDHFR pcDHFR tgDHFR

1a 2.5 0.42 0.36 0.17 1.2
2a 0.60 0.39 0.099 0.64 3.9
2b 5.45 3.9 1.9 0.72 2.1
2c 0.25 0.23 0.056 0.91 4.2
2d 9.8 7.0 5.8 0.72 1.2
3a 0.56 0.026 0.050 0.05 0.51
4a 2.4 0.42 0.22 0.17 1.9
5a 1.4 0.5 0.14 0.37 3.5
6a 0.46 0.35 0.15 0.76 2.4
7a 0.51 0.11 0.066 0.21 1.6
8a 1.0 1.1 1.0 1.1 1.1
9a 11.2 2.3 1.9 0.21 1.2
10a 2.1 1.29 0.189 0.61 6.8
11a 0.98 0.44 0.1 0.45 4.4
12a 0.096 0.069 0.011 0.72 6.0
17a 11%b @ 32 µM 3%b @ 32 µM 16%b @ 32 µM ND ND
18a 51.7 40.3 44.9 0.78 0.90
18b 17%b @ 104 µM 19%b @ 104 µM 9%b @ 104 µM ND ND
18c 10.5 8.5 3.2 0.81 2.6
18d 10%b @ 51 µM 2%b @ 51 µM 12%b @ 51 µM ND ND
PTXc 0.034 0.0044 0.017 0.13 0.26
TMQc 0.042 0.008 0.01 0.19 0.80
TMPc 26.8 121 2.7 4.5 44.8

a Defined as the ratio IC50(rlDHFR)/IC50(pcDHFR) or IC50(rlDHFR)/IC50(tgDHFR). b Percent inhibition at highest concentration tested
is given when IC50 cannot be calculated. c Data taken from refs 33 and 65.

Table 2. Experimental and Calculated IC50, Kd, and Selectivity Index Values

experimental values calculated valuesa

compd
relative IC50

pcDHFRb
relative IC50

rlDHFR
selectivity

index
relative Kd
pcDHFR

relative Kd
hDHFR

selectivity
index

1a 1 0.17 0.17 1 0.31 0.31
2a 0.24 0.16 0.64 0.049 0.025 0.51
3a 0.23 0.01 0.05 0.068 0.005 0.08

a The relative Kd values are obtained from the relation Kd(B)/Kd(A) ) exp[(∆Gbind(B) - ∆Gbind(A)]/(RT) where the errors in ∆Gbind are
0.6 kcal/mol. b The relative binding constants are normalized to 1 for the complex with lowest affinity (1a in complex with pcDHFR).

Figure 2.
Figure 3. Plasma concentrations vs time curves of compound
3a (b) and its metabolite 18a (9) after intravenous adminis-
tration of 3a to male SD rats. The values are the means ( SD
for three rats. The dose of 3a is normalized to 1 µmol/kg.
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system encompassing functionalities crucial for affinity
to DHFR seemed difficult to pursue with the bioactivity
retained, we focused our efforts on elaborations of the
tether arm. The methyleneoxycarbonyl linker in 3a
resulted in superior properties among the four esters
examined (cf. 3a and 1a, 9a, and 10a). Binding affinities
similar to that of the methyleneamino linker, found in
TMQ, were encountered, and 2a exhibited in fact a
better rlDHFR/pcDHFR ratio (0.64) than 11a (0.45),
which demonstrates that the three-atom chain is well
tolerated. Although the quinazoline ester 2a is about
15 times less potent than TMQ and PTX, it is notable
that 2a is slightly more selective. In summary, all
compounds tested were less potent than TMQ and PTX,
but in general, the ratio rlDHFR/pcDHFR was better.
The best selectivity ratio, 0.91, was obtained with 2c,
the inhibitor with the 5-methylpyrido[2,3-d]pyrimidine
structure also present in PTX. This has also previously
been found in related systems.83 Inhibitor 2c was also
the most active ester in the series against pcDHFR and
almost 40-fold more potent than the corresponding
pteridine analogue 2d. A comparison of 2b with 2c
reveals the remarkable impact of the 5-methyl group
on the binding affinity, as expected from previous
studies.48,68,69,83 It is noteworthy that fairly high rlDHFR/
tgDHFR ratios were achieved with 2c, 3a, 5a, and the
R,â-unsaturated four-atom bridge inhibitor 10a, exhibit-
ing ratios of 4.16, 3.92, 3.47, and 6.83, respectively. The
corresponding values for TMQ and PTX are 0.80 and
0.26, respectively. Although 2c is more selective than
2a (0.91 vs 0.64) toward pcDHFR, the latter dem-
onstrates a better and a more favorable metabolite
(rlDHFR)/soft drug (pcDHFR) ratio because of the fact
that the 5-methyl-substituted metabolite 18c is more
potent than metabolite 18a against rlDHFR (Table 3).

The ability to predict the selectivity of inhibitors is
of great advantage in the development of novel chemical
entities aimed at interacting with proteins of pathogens
where the homologous protein in human is functionally
important. Sequence analysis and structural alignment
of DHFR from P. carinii and human reveal that there
are a few amino acid residues close to the active site

that differ significantly between the two species.84-88

Val115 in human corresponds to Ile123 in P. carinii,
which results in a slightly larger binding pocket in the
human enzyme. The change in selectivity ratio when
adding substituents to the phenyl ring, e.g., compound
3a, is anticipated to depend on the dissimilarity in the
composition of amino acids in proximity to this part of
the inhibitor. When the structures of the enzymes were
compared, three amino acid residues are identified in
this respect; Asp21, Phe31, and Asn64 in the human
enzyme correspond to Ser24, Ile33, and Phe69 in P.
carinii, respectively (Figure 4).

The greater selectivity against hDHFR for 3a may
partly be attributed to a hydrogen bond between one of
the methoxy groups on the phenyl ring and the amide
hydrogen of Asn64. To investigate the importance of
Asn64, we also performed one simulation of compound
3a in complex with the human Asn64Phe mutant. The
calculated affinity to this “hybrid” protein was inter-
mediate to that of the two wild-type proteins, indicating
that this interaction is important, but may not account
for the selectivity alone. In hDHFR, Phe31 may con-
tribute to stronger binding by a ring stacking with the
aromatic group of the inhibitor, an interaction that
cannot be accomplished by the corresponding isoleucine
in pcDHFR. The importance of Asp21 vs Ser24 is less
obvious.

Docking these ester-linked inhibitors to DHFR is not
trivial, although it seems that the diaminoquinazoline
ring binds in the same manner as the diaminopteridine
ring of methotrexate found in the hDHFR crystal
structure.89 The ester linkage has four rotatable bonds,
and the orientation of the ester oxygens is not clear

Figure 4. Stereoview showing the amino acid residues that are dissimilar in the binding site of pcDHFR (light blue) and hDHFR
(orange). The glutamates interacting with the 2,4-diaminoquinazoline ring are also shown. The conformation of compound 3a is
the one that gives us the highest score when docked into the active site of hDHFR using FlexX.

Table 3. Ratio of the IC50 Values for rlDHFR of the Metabolite
and pcDHFR of the Soft Drug

IC50 (µM)
compd pcDHFR rlDHFR

metabolite (rlDHFR)/
soft drug (pcDHFR) ratio

2a 0.60 67
18a 40.3
2c 0.25 33
18c 8.5
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because there are no polar groups in the proteins that
seem particularly suitable for interactions. Different
orientations of the carbonyl group were obtained among
the highest ranked conformations generated by FlexX,90

and therefore, simulations starting from a number of
different orientations were performed. The position of
the phenyl group and the torsional angles of the ester
linkage of inhibitors 1a and 2a appeared to be rather
flexible during the MD simulations, and hence, the
starting conformation was not crucial for the final
average energies.

Because of the relatively bulky methoxy groups of
inhibitor 3a, the aromatic ring does not appear to be as
flexible as the phenyl group of compounds 1a and 2a.
On the other hand, the ester linkage exhibits a high
flexibility and several rotamers of this moiety are
sampled during the simulations. However, the average
orientation of the carbonyl oxygen appeared to vary
depending on the surrounding enzyme, despite the large
structural resemblance.

Conclusion

In summary, a series of ester soft drugs has been
designed, synthesized, and evaluated in DHFR assays.
Molecular dynamics simulations have been performed
in order to determine the rank order of selectivity
indexes using the linear interaction energy approach.
These soft drugs, which are assumed to be rapidly
metabolized to inactive species in vivo, are intended to
be administered by inhalation to treat PCP. The best
compounds were approximately 10 times less potent
than trimetrexate and piritrexim in the DHFR assays
but provided, in general, slightly better pcDHFR selec-
tivity index. We believe that 2a and 2c should serve
equally well as prototypes for further optimization. On
the basis of the efficient elimination of 3a in vivo, the
compound was selected for a pharmacokinetic study
because of its structural resemblance to trimetrexate,
and also 2a and 2c can be anticipated to undergo a
sufficiently fast metabolic degradation. Although 2c is
2-3 times more potent against pcDHFR and also
provides a better selectivity pcDHFR index than 2a, the
hydroxymethyl metabolite 18c, which is generated from
2c, unfortunately still retains a notable activity against
rlDHFR, which makes compound 2c somewhat less
attractive.

Experimental Section
Chemistry. General Comments. 1H and 13C NMR spectra

were recorded on a JEOL JNM-EX270 spectrometer at 270
and 67.8 MHz, respectively, and a JEOL JNM-EX400 spec-
trometer at 400 and 100 MHz, respectively. Thin-layer chro-
matography (TLC) was performed by using aluminum sheets
precoated with silica gel 60 F254 (0.2 mm) type E (Merck).
Chromatographic spots were visualized by UV light or by an
acidic ethanolic solution of 2,4-dinitrophenylhydrazine. Col-
umn chromatography was conducted on silica gel 60 (0.040-
0.063 mm; Merck) unless otherwise noted. Centrifugal chro-
matography was carried out on a Harrison Research Chromato-
tron (model 7924T) with silica gel PF254 containing gypsum
(E. Merck) as the solid phase. Melting points (uncorrected)
were determined in open glass capillaries on an electrothermal
apparatus. Infrared (IR) spectra were recorded on a Perkin-
Elmer 1605 FT-IR spectrophotometer and are recorded in νmax

(cm-1). The elemental analyses were performed by Mikro Kemi
AB, Uppsala, Sweden, or Analytische Laboratorien, Gummers-
bach, Germany, and were within (0.4% of the calculated

values. All commercial chemicals were used without further
purification.

2-Amino-6-chloro-3,5-pyridinedicarbonitrile (13b).48,91

Malononitrile (6.87 mg, 104 mmol) and triethyl orthoformate
(8.65 mL, 52 mmol) were heated together under reflux in
pyridine (4.2 mL, 52 mmol). After 20 min, concentrated HCl
(80 mL) was added to the dark solid (foaming!). The reaction
mixture was stirred at 80 °C for 1 h and cooled to room
temperature. Water (100 mL) was added, and the solid was
filtered off and washed with water, ethanol, and diethyl ether.
Recrystallization from warm DMF (230 mL) and water (250
mL) gave 13b, which was collected and washed as above,
yielding 4.3 g (47%): mp 280 °C (sublimation) (lit.48,91 200 °C
sublimation); IR (KBr) 2230 (nitrile) cm-1; 1H NMR (DMSO-
d6) δ 8.57 (s, 2H, H-4), 8.42 (br s, 2H, NH2); 13C NMR (DMSO-
d6) δ 160.13, 154.80, 149.10, 115.20, 114.60, 95.13, 89.20.

2-Amino-6-chloro-4-methyl-3,5-pyridinedicarbo-
nitrile (13c).48,91 A stirred solution of malononitrile (15.59 g,
236 mmol), triethyl orthoacetate (21.6 mL, 118 mmol), and
pyridine (47.7 mL, 590 mmol) was heated under reflux for 40
min, cooled, and evaporated. The reaction mixture was treated
with concentrated HCl (131 mL) with stirring at 80 °C. The
mixture was cooled after 1 h, and water (220 mL) was added.
The solid was collected and washed with water, ethanol, and
diethyl ether. The crude product was recrystallized from warm
DMF (110 mL) and water (220 mL), affording 11.6 g (51%) of
13c: mp 275 °C (lit.48 >270 °C); IR (KBr) 2231 (nitrile) cm-1;
1H NMR (DMSO-d6) δ 8.30 (br s, 2H, NH2) 2.50 (s, 3H, CH3);
13C NMR (DMSO-d6) δ 160.06, 159.66, 154.74, 114.74, 114.12,
96.80, 89.99, 19.98.

[2,4-Diaminopyrido[2,3-d]pyrimidine-6-carbonitrile]
(14b).48 A solution of 13b (3.9 g, 21.8 mmol) in DMF (60 mL)
and triethylamine (3 mL) was hydrogenated at atmospheric
pressure over 10% Pd/C at room temperature for 26 h until
all of the starting material had been consumed according to
TLC. The catalyst was filtered off through Celite, and the
solution was evaporated to dryness in vacuo. The product was
purified by flash chromatography [pentane/ethyl acetate
(1:1)], yielding 1.0 g (32%) of 2-amino-3,5-pyridinedicarboni-
trile:48,92 1H NMR (DMSO-d6) δ 8.58 (d, J ) 2.3 Hz, 1H, H-4),
8.42 (d, J ) 2.3 Hz, 1H, H-6), 7.97 (br s, 2H, NH2); 13C NMR
(DMSO-d6) δ 160.65, 156.79, 146.24, 117.14, 115.28, 95.49,
89.63.

Sodium methoxide (1.25 g, 23.2 mmol) and guanidine
hydrochloride (2.22 g, 23.2 mmol) were stirred in ethanol (60
mL) for 20 min in a dry round-bottom flask. After addition of
2-amino-3,5-pyridinedicarbonitrile48,92 (660 mg, 5.8 mmol) the
mixture was refluxed for 60 h. After filtration and evaporation
under reduced pressure the crude product was dissolved in
concentrated acetic acid and precipitated with aqueous am-
monia, finally yielding 725 mg (67%) of 14b: IR (KBr) 2227
(nitrile) cm-1; 1H NMR (DMSO-d6) δ 8.88 (d, J ) 2.3 Hz, 1H,
H-5), 8.83 (d, J ) 2.3 Hz, 1H, H-7), 7.84 (br s, 2H, NH2), 7.02
(br s, 2H, NH2).

[2,4-Diamino-5-methylpyrido[2,3-d]pyrimidine-6-car-
bonitrile] (14c).48 Compound 14c was synthesized as de-
scribed above for compound 14b starting from 13c (4.0 g, 20.8
mmol), DMF (60 mL), and triethylamine (2.9 mL, 20.7 mmol).
Thin-layer chromatography showed the absence of the starting
material after 24 h [pentane/ethyl acetate (3:1)]. The catalyst
was removed by filtration through Celite, and the filtrate was
evaporated to dryness under reduced pressure. Recrystalliza-
tion from ethanol gave 2.6 g (80%) of 2-amino-4-methyl-3,5-
pyridinedicarbonitrile48 as yellow crystals: mp 220-223 °C
(lit.48 222-223 °C); IR (KBr) 2223 (nitrile) cm-1; 1H NMR
(DMSO-d6) δ 8.49 (s, 1H, H-6), 7.87 (br s, 2H, NH2), 2.47 (s,
3H, CH3); 13C NMR (DMSO-d6) δ 161.10, 156.36 (2C), 116.60,
114.59, 97.07, 90.35, 19.21.

Guanidine hydrochloride (2.42 g, 25.3 mmol) was added to
a suspension of sodium methoxide (1.37 g, 25.3 mmol) in
absolute ethanol (90 mL). The mixture was allowed to stir at
room temperature for 20 min before 2-amino-4-methyl-3,5-
pyridinedicarbonitrile48 (1.0 g, 6.3 mmol) was added. The
reaction mixture was heated under reflux for 10 days. The
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ethanol-insoluble product 14c and sodium chloride were
filtered off from the boiling mixture, and the solid cake was
stirred with boiling ethanol to remove any existing starting
material. The crude product was again collected and washed
with water, ethanol, and diethyl ether before it was dissolved
in boiling acetic acid (15%) and filtered. Addition of aqueous
ammonia caused precipitation of pure product, providing 870
mg (69%): mp >360 °C; IR (KBr) 2228 (nitrile) cm-1; 1H NMR
(DMSO-d6) δ 8.74 (s, 1H, H-7), 7.36 (br s, 2H, NH2), 6.92 (br
s, 2H, NH2), 2.83 (s, 3H, CH3).

General Procedure for the Synthesis of Compounds
15a-c.42,50,52 A combination of a method described by van Es
et al.93 and a modified version later described by Piper et al.50

was adopted for the synthesis of the aldehydes 15a-c. The
nitrile (14a-c, 16.2 mmol), Ni-Al alloy (6 g), and 75% formic
acid (70 mL) were refluxed for 75 min and then filtered while
hot through Celite and washed with boiling 75% formic acid
until the washings were colorless. The filtrate was concen-
trated in vacuo and washed with ethanol. The aldehyde was
recrystallized from hot water (230 mL). Filtration while hot
and precipitation of the final compound with 1 M NaOH gave,
after storage in the refrigerator overnight with subsequent
filtration under suction, the aldehyde as a solid.

General Procedure51,52 for the Synthesis of Com-
pounds 18a-c.42,48,51,52 The aldehyde (17a-c, 0.53 mmol) was
suspended in methanol (40 mL) with stirring. Small portions
of sodium borohydride (20 mg, 0.53 mmol) were added. TLC
showed full conversion to the alcohol after 45 min. The reaction
mixture was filtered, a few milliliters of water was added, and
the solution was evaporated under reduced pressure until
about 4 mL was left. The mixture was put into the refrigerator,
and the solid was later collected by filtration, yielding the
alcohols 18a-c as yellow powders.

General Procedure57 for the Synthesis of Compounds
19a-d.52,54,55,58 The appropriate alcohol (18a-d, 0.53 mmol)
was dissolved in acetic acid (14 mL). In the synthesis of 19b-
d, warming was necessary to obtain dissolution of the alcohols
18b-d. When the solution had reached room temperature,
30% hydrobromic acid in acetic acid (18 mL) was added to the
reaction mixture. After being stirred at room temperature for
24-48 h in the absence of light, the mixture was poured with
stirring into cold diethyl ether. The flask was put into the
refrigerator, and the formed precipitation was collected under
nitrogen and washed with cold diethyl ether. The bromomethyl
compounds 19a-d, generated as their hydrobromic salts, were
all used immediately in the next step without further purifica-
tion.

[2,4-Diaminopyrido[2,3-d]pyrimidine-6-methyl] Ben-
zoate (2b). Freshly prepared 19b (0.78 mmol) was added to
a suspension of benzoic acid (286 mg, 2.34 mmol) and potas-
sium carbonate (324 mg, 2.34 mmol) in dry DMF (18 mL). The
reaction mixture was stirred under nitrogen at room temper-
ature for 24 h before the crude product was evaporated under
reduced pressure on a small portion of silica gel. The silica
plug was loaded on the top of a silica column previously packed
with dichloromethane, and the crude ester was purified by
repeated flash chromatography [CHCl3/(MeOH + NH3) (19:1
and 39:1)], yielding 50 mg (22% over two steps): mp >360 °C;
IR (KBr) 1721 (ester) cm-1; 1H NMR (DMSO-d6) δ 8.75 (d, J
) 2.14 Hz, 1H, H-5), 8.49 (d, J ) 2.31 Hz, 1H, H-7), 8.00 (app
d, 2H, ArH), 7.67 (app t, 1H, ArH), 7.56 (br s, 2H, NH2), 7.53
(app t, 2H, ArH), 6.40 (br s, 2H, NH2), 5.35 (s, 2H, CH2); 13C
NMR (DMSO-d6) δ 165.64, 163.35 (2C), 161.14. 155.76, 133.47,
133.16, 129.52, 129.29 (2C), 128.79 (2C), 123.18, 104.01, 64.30.
Anal. (C15H13N5O2‚0.75H2O) C, H, N: calcd, 22.7; found, 22.2.

[2,4-Diamino-5-methyl-pyrido[2,3-d]pyrimidine-6-meth-
yl] Benzoate (2c). Compound 2c was prepared as described
above in the synthesis of 2b starting with 19c (0.74 mmol),
benzoic acid (267 mg, 2.19 mmol), and potassium carbonate
(303 mg, 2.19 mmol) in dry DMF (20 mL). The mixture was
stirred under nitrogen at room temperature for 48 h before it
was worked up as for 2b, yielding 36 mg (16% over two steps)
of the final ester: mp >360 °C; 1H NMR (DMSO-d6) δ 8.59 (s,
1H, H-7), 7.97 (app d, 2H, ArH), 7.65 (app t, 1H, ArH), 7.51

(app t, 2H, ArH), 7.07 (br s, 2H, NH2), 6.35 (br s, 2H, NH2),
5.40 (s, 2H, CH2), 2.73 (s, 3H, CH3); 13C NMR (DMSO-d6) δ
165.67, 164.24, 162.67, 162.21, 156.01, 146.76, 133.50, 129.62,
129.26 (2C), 128.87 (2C), 122.58, 105.45, 63.36, 17.82. Anal.
(C16H15N5O2‚0.70H2O) C, H, N: calcd, 21.75; found, 21.12.

[2,4-Diaminopteridine-6-methyl] Benzoate (2d). Com-
pound 19d (0.52 mmol) in anhydrous DMF (2 mL) was added
dropwise to a mixture of benzoic acid (191 mg, 1.56 mmol) and
potassium carbonate (216 mg, 1.56 mmol) in dry DMF (10 mL).
The reaction mixture was stirred under nitrogen at room
temperature for 2 days. Workup was performed as described
above for 2b, providing 52 mg (34% over two steps) of the ester
as a yellow solid: mp >360 °C; IR (KBr) 1719 (ester) cm-1; 1H
NMR (DMSO-d6) δ 8.88 (s, 1H, H-7), 8.02 (app d, 2H, ArH),
7.70-7.60 (m, 4H, NH2 + ArH), 7.53 (app t, 1H, ArH), 6.73
(br s, 2H, NH2), 5.45 (s, 2H, CH2); 13C NMR (DMSO-d6) δ
165.58, 163.27, 162.83, 155.78, 150.32, 142.54, 133.61, 129.37
(2C), 129.25, 128.87 (2C), 121.61, 65.44. Anal. (C14H12N6O2‚
0.75H2O) C, H, N.

(2,4-Diaminoquinazoline-6-yl)methyl 3′,4′,5′-Trimeth-
oxybenzoate (3a). Freshly prepared 19a (1.58 mmol) in
DMSO (15 mL) was added dropwise to a mixture of 3,4,5-
trimethoxybenzoic acid (368 mg, 1.7 mmol) and powdered
potassium carbonate (523 mg, 3.8 mmol) in anhydrous DMSO
(5 mL). The reaction mixture was allowed to stir at room
temperature under an atmosphere of nitrogen for 48 h until
water (200 mL) was added, and the flask was put into the
refrigerator. The precipitate was collected by filtration and
washed with water. A solution of the crude product in
methanol containing suspended silica gel was evaporated in
vacuo. Further purification was performed as in the case of
2b, using CHCl3/MeOH (19:1) as eluent, finally affording 129
mg (21% over two steps) of a white powder: mp 223-227 °C;
IR (KBr) 1702 (ester) cm-1; 1H NMR (DMF-d6) δ 8.23 (d, J )
1.70 Hz, 1H, H-5), 7.62 (dd, J ) 8.55, 1.92 Hz, 1H, H-7), 7.37
(br s, 2H, NH2), 7.36 (s, 2H, ArH), 7.28 (d, J ) 8.55 Hz, 1H,
H-8), 6.02 (br s, 2H, NH2), 5.39 (s, 2H, CH2), 3.96 (s, 6H), 3.82
(s, 3H); 13C NMR (DMSO-d6) δ 165.28, 162.45, 161.06, 152.76,
152.56, 141.82, 132.90, 127.21, 124.76, 124.52 (2C), 123.97
(2C), 109.89, 106.55, 66.67, 60.16, 56.00 (2C). Anal. (C19H20N4O5)
C, H, N.

(2,4-Diaminoquinazoline-6-yl)methyl 2′,5′-Dimethoxy-
benzoate (4a). Compound 4a was prepared as in the case of
2d starting with 19a (1.58 mmol) in anhydrous DMF (15 mL),
2,5-dimethoxybenzoic acid (862 mg, 4.73 mmol), and potassium
carbonate (654 mg, 4.73 mmol) in dry DMF (5 mL). After 48 h
at room temperature under an atmosphere of nitrogen the
mixture was filtered and worked up as for 2b, using CHCl3/
MeOH (39:1) as eluent, to provide 160 mg (29% over two steps)
of the pure ester: mp 195-197 °C; IR (KBr) 1703 (ester) cm-1;
1H NMR (DMF-d6) δ 8.22 (app s, 1H, H-5), 7.69 (dd, J ) 8.57,
1.98 Hz, 1H, H-7), 7.48 (br s, 2H, NH2), 7.31 (d, J ) 8.58 Hz,
1H, H-8), 7.29-7.17 (m, 3H, ArH), 6.15 (br s, 2H, NH2), 5.34
(s, 2H, CH2), 3.83 (s, 3H), 3.80 (s, 3H); 13C NMR (DMF-d6) δ
165.89, 163.50, 161.67, 153.39, 153.28, 152.60, 133.39, 128.52,
124.84, 124.21, 121.62, 118.91, 116.14, 114.66, 110.51, 66.85,
56.59, 55.73. Anal. (C18H18N4O4‚0.25H2O) C, H, N.

(2,4-Diaminoquinazoline-6-yl)methyl 2′,3′,4′-Trimeth-
oxybenzoate (5a). Compound 5a was prepared as described
above for 2d starting with 19a (0.53 mmol), 2,3,4-trimethoxy-
benzoic acid (335 mg, 1.58 mmol), and potassium carbonate
(218 mg, 1.58 mmol) in DMF (total amount: 5 mL). The
reaction was allowed to proceed for 2 days before it was filtered
and worked up as for 2b, yielding 34 mg (17% over two
steps): mp 216-218 °C; 1H NMR (DMF-d6) δ 8.19 (app s, 1H,
H-5), 7.65 (dd, J ) 8.57, 1.98 Hz, 1H, H-7), 7.53 (d, J ) 8.91
Hz, 1H, ArH), 7.51 (br s, 2H, NH2), 7.28 (d, J ) 8.58 Hz, 1H,
H-8), 6.91 (d, J ) 8.91 Hz, 1H, ArH), 6.24 (br s, 2H, NH2),
5.28 (s, 2H, CH2), 3.88 (s, 3H), 3.78 (s, 3H), 3.76 (s, 3H); 13C
NMR (DMF-d6) δ 165.71, 163.84, 161.98, 158.02, 154.90,
152.85, 143.63, 133.91, 128.97, 127.13, 125.12, 124.74, 118.69,
110.87, 108.34, 67.08, 62.05, 60.95, 56.50. Anal. (C19H20N4O5‚
0.25H2O) C, H, N.
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(2,4-Diaminoquinazoline-6-yl)methyl 3′,5′-Dimethoxy-
benzoate (6a). Compound 6a was prepared as described
above for 2d starting with 19a (0.53 mmol), 3,5-dimethoxy-
benzoic acid (287 mg, 1.58 mmol), and potassium carbonate
(218 mg, 1.58 mmol) in DMF (total amount: 5 mL). The
reaction was allowed to proceed for 2 days before it was filtered
and worked up as for 2b, yielding 42 mg (23% over two
steps): mp 219-221 °C; 1H NMR (DMF-d6) δ 8.19 (d, J ) 1.65
Hz, 1H, H-5), 7.63 (dd, J ) 8.58, 1.65 Hz, 1H, H-7), 7.42 (br s,
2H, NH2), 7.25 (d, J ) 8.58 Hz, 1H, H-8), 7.11 (d, J ) 2.31 Hz,
2H, ArH), 6.77 (t, J ) 2.31 Hz, 1H, ArH), 6.10 (br s, 2H, NH2),
5.33 (s, 2H, CH2), 3.81 (s, 6H); 13C NMR (DMF-d6) δ 166.32,
163.80, 162.92, 161.66, 153.90, 133.62, 132.79, 128.37, 125.77,
124.69, 110.98, 107.76 (2C), 105.57, 67.62, 55.98 (2C). Anal.
(C18H18N4O4) C, H, N.

(2,4-Diaminoquinazoline-6-yl)methyl 3′,4′-Dimethoxy-
benzoate (7a). Compound 7a was prepared as described
above for 2d starting with 19a (0.53 mmol), 3,4-dimethoxy-
benzoic acid (287 mg, 1.58 mmol), and potassium carbonate
(218 mg, 1.58 mmol) in DMF (total amount: 5 mL). The
reaction was allowed to proceed for 2 days before it was filtered
and worked up as for 2b, yielding 56 mg (30% over two steps)
of the pure ester: mp 212-215 °C; 1H NMR (DMF-d6) δ 8.19
(d, J ) 1.65 Hz, 1H, H-5), 7.63 (dd, J ) 8.25, 1.98 Hz, 1H,
H-7), 7.62 (dd, J ) 8.58, 1.98 Hz, 1H, H-7), 7.52 (d, J ) 1.98
Hz 2H, ArH), 7.44 (br s, 2H, NH2), 7.25 (d, J ) 8.58 Hz, 1H,
H-8), 7.08 (d, J ) 8.25 Hz, 1H, ArH), 6.11 (br s, 2H, NH2),
5.31 (s, 2H, CH2), 3.87 (s, 3H, CH3), 3.84 (s, 3H, CH3); 13C NMR
(DMF-d6) δ 166.41, 163.79, 162.95, 154.19, 153.82, 149.61,
133.58, 128.68, 125.71, 124.55, 124.06, 122.98, 112.60, 111.68,
110.96, 67.14, 56.22, 56.06. Anal. (C18H18N4O4) C, H, N.

(2,4-Diaminoquinazoline-6-yl)methyl Phenylacetate
(9a). Freshly prepared 19a (0.53 mmol) in dry DMAc (5 mL)
was added dropwise to a suspension of phenylacetic acid (287
mg, 1.05 mmol) and cesium carbonate (514 mg, 1.58 mmol) in
dry DMAc (5 mL). The reaction mixture was allowed to stir
for 24 h at room temperature under an atmosphere of nitrogen.
The workup was performed as for 2b, providing 79 mg (49%
over two steps) of pure compound: mp 183-185 °C; IR (KBr)
1712 (ester) cm-1; 1H NMR (DMSO-d6) δ 7.97 (d, J ) 1.65 Hz,
1H, H-5), 7.45 (dd, J ) 8.58, 1.65 Hz, 1H, H-7), 7.35-7.21 (m,
5 + 2H, ArH + NH2), 7.16 (d, J ) 8.58 Hz, 1H, H-8), 5.99 (br
s, 2H, NH2), 5.08 (s, 2H), 3.73 (s, 2H); 13C NMR (CD3OD) δ
173.46, 164.85, 162.23, 152.61, 135.70, 135.04, 130.80, 130.50
(2C), 129.68 (2C), 128.22, 125.11, 124.78, 111.32, 67.67, 42.13.
Anal. (C17H16N4O2‚0.25H2O) C, H, N.

2,4-Diamino-6-iodoquinazoline (20a).59,60 Sodium nitrite
(0.207 g, 3.00 mmol) in 1 mL of water (0 °C) was added to a
cold solution of 2,4,6-triaminoquinazoline (0.5 g, 2.9 mmol) in
2 M hydrochloric acid (8 mL). The mixture was allowed to stir
on an ice bath for 15 min. Potassium iodide (0.498 g, 3.00
mmol) in water (4 mL) was added to the mixture, and the
reaction was allowed to proceed for 2 h before it was heated
to 70 °C for only a short while. The reaction mixture was cooled
to room temperature, and 7 M aqueous ammonia (4 mL) was
added. The formed precipitate was filtered off and dissolved
in DMF and filtered. After precipitation with water and
subsequent filtration, the crude mixture was purified by flash
chromatography [CH2Cl2/(MeOH + NH3(aq)) (9:1)]. Concentra-
tion of the pooled fractions afforded a powder, which was
recrystallized from DMF and water, finally yielding 166 mg
(20%) of pure product: 1H NMR (DMSO-d6) δ 8.37 (d, J ) 1.65
Hz, 1H, H-5), 7.72 (dd, J ) 8.58, 1.98 Hz, 1H, H-7), 7.45 (br s,
2H, NH2), 6.99 (d, J ) 8.91 Hz, 1H, H-8), 6.24 (br s, 2H, NH2).

Phenyl (2,4-Diaminoquinazoline-6-yl)acrylate (10a).
Phenyl acrylate (150 mg, 1.01 mmol) and triethylamine (0.14
mL, 1.01 mmol) dissolved in dry DMF (2 mL) were added to a
Pyrex flask containing 20a (58 mg, 0.20 mmol), palladium
acetate (2.5 mol %), and tri(o-tolyl)phosphine (5 mol %) in dry
DMF (2 mL). The reaction mixture was heated to 80 °C and
stirred overnight before it was evaporated under reduced
pressure on a small portion of silica gel. Workup was per-
formed as described above for 2b, yielding 25 mg (40%) of pure
compound: mp >360 °C; 1H NMR (DMF-d6) δ 8.54 (d, J )

1.98 Hz, 1H, H-5), 7.98 (dd, J ) 8.58, 1.98 Hz, 1H, H-7), 7.87
(d, J ) 15.84 Hz, 1H), 7.62 (br s, 2H, NH2), 7.49 (app t, 2H,
ArH), 7.31-7.26 (m, 4H, H-8 + ArH), 6.80 (d, J ) 15.84 Hz,
1H), 6.41 (br s, 2H, NH2); 13C NMR (DMF-d6) δ 165.75, 163.71,
162.57, 155.57, 151.54, 146.80, 132.07, 129.78 (2C), 126.17,
126.03, 125.97, 125.72, 122.29 (2C), 114.42, 110.85. Anal.
(C17H14N4O2‚1H2O) C, H, N.

2,4-Diamino-6-anilinomethylquinazoline (11a).47 A
heated solution of 2,4-diaminoquinazoline-6-carbonitrile (14a,
100 mg, 0.54 mmol) in 50% acetic acid (5 mL) was cooled,
treated with aniline (60 µL, 0.64 mmol), and hydrogenated over
Raney Ni (300 mg) at atmospheric pressure for 20 h. After
filtration and evaporation under reduced pressure the product
was purified on an Al2O3 column [CHCl3/(MeOH + NH3) (9:
1)], affording 75 mg (52%) of the pure compound: mp 196-
198 °C (lit.47 190-197 °C); 1H NMR (DMSO-d6) δ 7.97 (d, J )
1.65 Hz, 1H, H-5), 7.49 (dd, J ) 8.58, 1.98 Hz, 1H, H-7), 7.18
(br s, 2H, NH2), 7.15 (d, J ) 8.58 Hz, 1H, H-8), 7.04 (app t,
2H, ArH), 6.61 (app d, 2H, ArH), 6.51 (app t, 1H, ArH), 6.06
(t, J ) 5.61 Hz, 1H, NH), 5.87 (br s, 2H, NH2), 4.22 (d, J )
5.61 Hz, 2H, CH2); 13C NMR (DMSO-d6) δ 162.32, 160.60,
151.73, 148.71, 132.29, 131.42, 128.77 (2C), 124.36, 122.29,
115.76, 112.31 (2C), 109.90, 46.88.

2,4-Diamino-6-(N-methylanilino)methylquinazoline
(12a). Sodium cyanoborohydride (106 mg, 1.69 mmol) was
added to a suspension of 11a (150 mg, 0.57 mmol) and 37%
formaldehyde (0.1 mL) in acetonitrile (24 mL). The reaction
mixture was stirred at room temperature under an atmosphere
of nitrogen. After 10 min, concentrated hydrochloric acid was
added dropwise until a clear solution was obtained (pH 2-3).
The reaction mixture was allowed to stir for an additional hour
before thin-layer chromatography showed total consumption
of the starting material. After evaporation in vacuo, a small
volume of water was added together with aqueous ammonia
until the pH reached 8-9. The resulting suspension was
refrigerated before the product was collected by filtration.
Drying in a vacuum oven at 70 °C yielded 141 mg (89%) of
pure compound: mp 203-205 °C; 1H NMR (DMF-d6) δ 8.02
(s, 1H, H-5), 7.42 (dd, J ) 8.58, 1.98 Hz, 1H, H-7), 7.38 (br s,
2H, NH2), 7.22 (d, J ) 8.58 Hz, 1H, H-8), 7.17 (app t, 2H, ArH),
6.83 (app d, 2H, ArH), 6.65 (app t, 1H, ArH), 5.99 (br s, 2H,
NH2), 4.57 (s, 2H, CH2), 3.05 (s, 3H, N-CH3); 13C NMR (DMF-
d6) δ 163.26, 161.58, 152.68, 150.18, 132.02, 131.46, 129.20
(2C), 125.32, 121.96, 116.42, 112.90 (2C), 110.80, 56.48, 38.32.
Anal. (C16H17N5‚0.75H2O) C, H, N.

Computational Method. The linear interaction energy
(LIE) method can be used for estimation of the binding free
energy for protein-ligand complexes and is described in detail
elsewhere.94,95 A general version of the LIE formula can be
written as96

where the van der Waals and electrostatic components of the
ligand-surrounding interaction energy Vl-s are denoted by the
superscripts vdW and el, respectively. The terms 〈 〉p and 〈 〉w

denote average energies from simulations of the solvated
protein complex and of the free ligand in water. Here, we use
the values R ) 0.181 and â ) 0.5 previously determined for a
set of protein-ligand complexes with similar polar binding
sites.95 While no constant term (γ) was needed for that set of
complexes, a recent study showed that a γ ) -3 kcal/mol was
required to reproduce binding affinities of a set of human
thrombin inhibitors.96 Our earlier results from LIE calculations
of methotrexate analogue affinities for human DHFR also give
some indication that γ * 0 may be needed to reproduce the
absolute binding free energies in this case.58 However, here
we are only interested in examining the relative binding free
energies, for which a constant term in eq 1 will cancel, and no
attempt to recalibrate eq 1 is made. It may be noted in this
respect that the earlier parametrization of eq 196 did yield
accurate relative binding energies for the thrombin complexes,
although the additional constant term was needed to reproduce
the absolute affinities. Furthermore, it should be pointed out

∆Gbind ) R(〈Vl-s
νdW〉p - 〈Vl-s

νdW〉w) + â(〈Vl-s
el 〉p - 〈Vl-s

el 〉w) + γ (1)
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that the experimental binding results herein are given in terms
of IC50 and not Kd values, but for relative affinities a direct
comparison of the two quantities should nevertheless be
meaningful. All energy averages were calculated from MD
simulations performed using the software package Q97 and the
GROMOS87 force field.98 Nonstandard charges of NADPH and
the inhibitors were derived as in earlier work.58,99 The starting
coordinates for the simulations of dihydrofolate reductase from
P. carinii were taken from the crystal structure of the ternary
complex with the enzyme in complex with NADPH and
trimethoprim100 (PDB entry 1DYR). The structure of human
DHFR was the L22Y mutant enzyme in complex with NADPH
and methotrexate101 (PDB entry 1DLS) from which the wild-
type enzyme was modeled prior to simulation. The protein
modeling and the building of the inhibitors were done using
InsightII (Biosym/MSI, San Diego). Docking of the inhibitors
into the active sites was performed using FlexX.90 The
protein-inhibitor complex was soaked in an 18 Å spherical
grid of SPC98 water molecules. Water molecules generated
closer than 2.4 Å to protein or inhibitor atoms were removed.
Ionic groups on the protein within about 10 Å from the
inhibitors were included, whereas those far from the active
site were modeled as neutral dipolar groups. The net charge
of the protein and the cofactor was zero. Simulations of the
free inhibitors were carried out in water spheres of the same
size as the protein simulations. The water molecules were
subjected to radial and polarization surface restraints,98 and
the local reaction field (LRF)102 was used for handling long-
range electrostatics. The system was heated to 300 K by
increasing the temperature incrementally during a 30 ps
equilibration phase, keeping the protein atoms restrained in
their crystallographic positions. The system was then equili-
brated without restraining the protein in the simulation sphere
for 50 ps. Data collection was performed at 300 K using
500 000 time steps of 1.5 fs.

Pharmacokinetics in Rat. The pharmacokinetics of 3a
was evaluated in male SD rats, weighing 233-264 g, after
intravenous (1 µmol/kg) and oral (10 µmol/kg) administration,
three animals for each route of administration. The test
compound was dissolved in a DMA/PEG400/citrate buffer (40:
40:20) vehicle to the concentration of 2 µmol/mL. The intra-
venous dose (100 µL) was given as a bolus into a tail vein.
The oral dose (1 mL) was given by gavage. Blood was collected
by repeated sampling from the tail vein opposite the intrave-
nous administration site at 2, 10, 30, 60, 120, 240, and 360
min. No anesthetics were used during the experiment. Plasma,
prepared by centrifugation of the blood for 5 min at 3000 g in
4 °C, was precipitated with ethanol, and the supernatant was
analyzed for the presence of the compound using a LC-MS/
MS technique. The formed metabolites 17a and 18a, respec-
tively, were also quantified. As standards for the bioanalysis,
the test formulations were added to blank plasma and diluted
stepwise, giving rise to standard curves ranging from 2000 to
6000 nM. The concentration of compound in the test formula-
tions was determined before and after each experiment by LC-
MS. For calculation of the pharmacokinetic parameters, the
noncompartmental analysis model in WinNonlin Professional
(version 2.1), Scientific Consulting, was used.
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