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Introduction

African trypanosomiasis, Chagas’ disease, and the different
forms of leishmaniases are human infectious diseases caused
by kinetoplastid parasites. The homodimeric FAD-containing
trypanothione reductase (TR, EC 1.8.1.12) is unique to these
parasites and belongs to the family of NADPH-dependent oxi-
doreductases, including the human glutathione reductase (GR).
TR is responsible for maintaining trypanothione
(bis(glutathionyl) ACHTUNGTRENNUNGspermidine) in its dithiol form (Equation 1):

TS2 þ NADPH þ Hþ ! TðSHÞ2 þ NADPþ ð1Þ

The enzyme plays a crucial role in thiol redox metabolism
and is known to be essential for all trypanosomatids studied
so far.[1, 2] TR/GR substrate recognition is governed by a differ-
ence in the charge of the active site, rendering these enzymes
mutually exclusive towards their disulfide substrates. The
active site of TR is negatively charged due to Glu 18, while an
Arg residue at the cognate position 37 in GR gives a positively
charged active site. Additionally, the active site of TR can ac-
commodate larger ligands and is more hydrophobic due to
Met 113 and Trp 21; the latter can also be involved in cation–
p[3] and p–p interactions.[1] Evidence that TR is a target for
drug design includes a study showing that a T. brucei strain ex-
pressing less than 10 % of normal TR levels was unable to
infect mice, and also showed extreme sensitivity to oxidative
stress in the absence of exogenous reducing agents.[2]

African sleeping sickness is invariably fatal if untreated. Cur-
rent therapy of the late encephalitic stage with the melamino-
phenyl arsenical drug melarsoprol (mel, shown) has severe side
effects with an overall mortality rate of 5 %. Mel can act as a
bis ACHTUNGTRENNUNGalkylating agent of dithiols including trypanothione and try-
panothione reductase.[4] The drug is actively taken up into try-
panosomes via the P2 adenosine transporter that recognizes
melamine and the amidine motifs as well as 6-amino purines.[5]

The mutation or loss of the P2 transporter correlates with re-

sistance to mel and also some diamidines in laboratory studies,
but the situation is more complex than originally thought with
other transporters also capable of carrying mel[6] and diami-
dines.[7–12] The P2 transporter is one of several purine transport-
ers in T. brucei, and is encoded by the TbAT1 gene,[13] the loss
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of which does not induce any notable negative impact on
growth of trypanosomes.[14]

The P2 transporter was shown to recognize melamine- and
benzamidine-based compounds,[5, 9, 15, 16] which explains why
these drugs enter via this transporter. Although loss of the
transporter can correlate with resistance to drugs that enter
via this route, it appears that other transporters also carry a
number of melamine- and benzamide-based compounds since
the TbAT1 knockout lines frequently do not show an altered
sensitivity to such compounds.[12] Thus, addition of melamine
moieties to any cytotoxin has the potential to add specificity
to the derivative through selective drug uptake. Apart from P2,
two other transporters were also identified in pentamidine and
possibly other melaminophenyl arsenicals uptake: the high af-
finity pentamidine transporter (HAPT1) and low affinity pen-
tamidine transporter (LAPT1).[17, 18] Diminished transport activity
by P2 and HAPT1 were observed in the T. brucei gambiense
subspecies that has been adapted to high levels of melamino-
phenyl arsenical resistance.[6]

With trypanothione reductase validated as a drug target in
trypanosomes, our work aims at the design of inhibitors of this
enzyme. A series of unsaturated Mannich bases illustrated by
1—possessing two electrophilic sites–-was identified as potent
and irreversible inhibitors of both Plasmodium falciparum thio-
redoxin reductase[19] and Trypanosoma cruzi trypanothione re-
ductase[20] (Scheme 1, mechanisms A and B, respectively). Inac-
tivation of TR was found to be more efficient than that of
human GR, probably because the protonated amino group of
the Mannich base is better recognized in the negatively
charged TR active site. Incubation of the enzyme with the

compounds in the presence of NADPH caused a covalent
modification of Cys 52 in the active site (Scheme 1, mechanism
B, adduct structure D). A divinylketone product of the parent
compound (Scheme 1, mechanism B, intermediate C) is respon-
sible for enzyme inactivation after base-catalyzed deamination
and dethiolation reactions. In addition, unsaturated Mannich
bases were revealed to be very reactive in polycondensation
reactions with trypanothione after deamination (Scheme 1,
mechanism A, adduct structure B). The specific reactivity of un-
saturated Mannich bases could explain the potent trypanocidal
effects of these compounds against T. brucei.[20] The identifica-
tion of the a,b-unsaturated b-dialkylaminoketone as the mini-
mal motif for mechanism-based inactivation of the trypano-
thione system, prompted us to design and synthesize new un-
saturated Mannich bases.

Because the divinylketone is too reactive to be considered
as a drug candidate, two strategies were followed to modulate
the reactivity and bioavailability of the enone. In the first ap-
proach, a melamine group was introduced to facilitate drug
uptake and to lower host drug cytotoxicity and metabolism
(compounds 3 a-c and 4). In the second approach, a related
phenolic Mannich base was synthesized as a potential prodrug
of quinone methide generated after biooxidation (compound
5).[21]

Results

Chemistry

Mel-derived Mannich base analogues were synthesized and in-
vestigated in this study (compounds 3–5). Different functional
groups were added to the aromatic ring in ortho, meta, and

para positions relative to the unsaturated ketone to vary the
Michael acceptor properties of the molecule. The melamine
derivatives were synthesized according to the procedure de-
scribed in Schemes 2–4. The starting compounds 10 a-b in
Scheme 2 were prepared via two different routes. In the first
route, the cyano function of 7 a–b was reduced with Raney-Ni
in formic acid after the protection of the amino group of deriv-
ative 6 as the acetamide with acetic anhydride. In the second
route, reduction of the nitro group of compounds 8 a-b to the
corresponding amine and oxidation of the methyl function to
the aldehyde were achieved in one step by a Zinin reaction
with Na2S·9H2O and sulfur in ethanol under basic conditions to
yield compounds 9 a-b. The unsaturated ketones 11 a-c were
obtained via a base-catalyzed Claisen–Schmidt condensation in
acetone. An easy isolation of the product was established by

Scheme 1. Proposed reaction mechanisms for the modification of thiols
(RSH) by an unsaturated Mannich base, such as compound 1 (Ar = 2-chloro-
phenyl).[20] Mechanism A: in the case of two reactive thiols, e. g. trypano-
thione in T. cruzi. Mechanism B: in the case of a single reactive protein thiol,
for example, Cys 52 in T. cruzi trypanothione reductase (TR).
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concentration of the reaction mixture resulting in the straight-
forward precipitation of the benzalacetone from the solution.
To generate compounds 13 a-c, the Mannich reaction was per-
formed under acidic conditions with paraformaldehyde and pi-
peridine hydrochloride followed by deprotection of the acet-
amide under standard conditions. The desired Mannich base
derivatives 3 a-c were synthesized via a nucleophilic substitu-
tion with 2-chloro-4,6-diamino-1,3,5-triazine. The melamine
compounds showed a low solubility in most organic solvents,
except DMSO and H2O. Purification was achieved by recrystalli-
zation from methanol or ethanol.

The presence of an amino group in the para position to the
enone was expected to lower the Michael acceptor properties
of the unsaturated Mannich base. For this reason, the synthesis
of compound 18 containing the amino motif in the meta posi-
tion and a chloride in the ortho position relative to the unsatu-
rated ketone (Scheme 3) was designed to increase the activity.
The unsaturated ketone 15 was obtained again via a Claisen–
Schmidt reaction from compound 14 but in contrast to the
general procedure, the reaction was performed in two steps
under milder conditions. Firstly, the alcohol intermediate was
formed using a catalytic amount of base at 0 8C. After isolation,
the Claisen–Schmidt product 15 was obtained via acid-cata-
lyzed dehydration. The nitro group of this compound was re-
duced with SnCl2 under acidic conditions to form the amine,
which was directly protected with acetic anhydride to give
acetamide 16. The resulting compound was then treated with
paraformaldehyde and piperidine hydrochloride under acidic
conditions to obtain the Mannich base 17. The deprotection of
the acetamide under standard conditions and the nucleophilic
substitution of the aniline 18 with 2-chloro-4,6-diamino-1,3,5-
triazine led to the desired Mannich base derivative 4.

The synthesis of the phenolic Mannich base derivative 5 is
shown in Scheme 4. The compound was formed via a nucleo-
philic substitution reaction of the 2-chloro-4,6-diamino-1,3,5-
triazine with the 4-amino-a-diethylamino-ortho-cresol dihydro-

Scheme 3. Synthesis of the unsaturated Mannich base derivative 4 contain-
ing the melamine motif in meta to the unsaturated ketone. Reagents and
conditions : a) acetone/water, 2 n NaOH, 30 min, 0 8C; b) MeOH/2.5 n H2SO4,
3 h , reflux; c) SnCl2, concd HCl, EtOH, 4 h, 70 8C; d) Ac2O, 24 h, RT; e) para-ACHTUNGTRENNUNGformaldehyde, piperidine hydrochloride, HCl, EtOH, 3 h, reflux; f) 8 n HCl,
3 h, reflux; g) 2-chloro-4,6-diamino-1,3,5-triazine, MeOH, 3 h, reflux.

Scheme 2. Synthesis of the unsaturated Mannich base derivatives containing the melamine motif in the para position relative to the unsaturated ketone
(compounds 3 a-c). Reagents and conditions : a) Ac2O, TEA in toluene; b) Ra-Ni, formic acid; c) NaOH, Na2S·9H2O, S in H2O, EtOH, 3 h, reflux; d) 1 n NaOH,
acetone, 1.5 h, RT; e) paraformaldehyde, piperidine hydrochloride, acid in EtOH, reflux, 1 d; f) 8 n HCl solution, reflux, 3 h; g) 2-chloro-4,6-diamino-1,3,5-tri ACHTUNGTRENNUNGazine
in MeOH, reflux, 2 h.
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chloride 19 in ethanol. The known N,N-dimethyl acrylophe-
none 20 was formed in a Sonogashira reaction according to
the previously described procedure (Scheme 5).[22]

Glutathionylation of Mannich base derivatives

The Michael acceptor properties of compounds 1, 2, 13 a and
20 possessing one or two sites for thiol alkylation were evalu-
ated by the rate of formation of the monoglutathionylated
Mannich base adducts upon addition of one equivalent of glu-
tathione (Scheme 1, adduct structure A). The reaction mecha-
nism of unsaturated Mannich bases, such as 1 and 2, towards
glutathione was previously studied[19] and confirmed. The Mi-
chael addition of thiols to the enone group of unsaturated
Mannich bases is much more rapid but also much more com-
plex than with unsaturated ketones because it is reversible,
that is, the reaction does not reach completion. Also, the retro-
Michael addition (Scheme 1, A Ð a,b-unsaturated Mannich
base) is more favored in the case of Mannich bases than for
the corresponding ketone series because of the intramolecular
deprotonation of the acidic a hydrogen. For this reason, addi-
tion of glutathione to unsaturated Mannich bases showed a
linear rate up to 30 % starting material consumption and
reached an equilibrium at which point both dethiolation
(retro-Michael addition) and deamination take place. Because
of the complexity of these reactions we analyzed the linear
phase of the Michael addition, that is, in short time periods
upon addition of only one equivalent of glutathione. The re-
sults were expressed as the time-dependent [Mannich base]:
[monoSG adduct] ratio given by the HPLC analysis and reten-
tion times (tR). The monoSG adducts of compounds 1 (1, tR =

14.04 min; monoSG adduct of 1, tR = 12.32/12.42 min), and 2
(2, tR = 14.54 min; monoSG adduct of 2, tR = 11.99/12.15 min)
appeared as a pair of two close peaks in the chromatogram re-
vealing both diastereoisomers formed upon Michael addition
of glutathione, while with 13 a (13 a, tR = 13.63 min; monoSG
adduct of 13 a, tR = 11.30 min), the monoSG adduct appeared
as a single peak corresponding to the quinone imine structure
(Figure 1).

For compounds 1, 2 and 13 a, the [Mannich base]:[monoSG
adduct] ratio reached the value of 1, after 3 min, 4 min and
30 min, respectively (Figure 2 a). When comparing compounds
2 and 13 a, these values are in agreement with the predicted

Figure 1. Structure of the quinone imine 13 a–SG adduct.

Figure 2. Glutathionylation rates of compounds 1, 2, and 13 a as MichaelACHTUNGTRENNUNGacceptors. a) Reaction of compound 1, 2, or 13 a in the presence of 1 equiv
GSH at pH ~7. The time-dependent formation of the glutathione–Mannich
base monoadduct is expressed as the [Mannich base]:[monoSG adduct] ratio
versus time (min). The inset is a closer view of the primary plot. b) Reaction
of compound 1 or 2 in the presence of 2 equiv GSH at pH ~7. The time-
dependent formation of the glutathione–Mannich base bisadduct isACHTUNGTRENNUNGexpressed as the [bisSG adduct] (%) versus time (min).

Scheme 4. Synthesis of the phenolic Mannich base derivative 5. Reagents
and conditions : a) 2-chloro-4,6-diamino-1,3,5-triazine in EtOH, reflux, 2 h.

Scheme 5. Synthesis of the N,N-diethyl acrylophenone 20. Reagents andACHTUNGTRENNUNGconditions : a) PdCl2ACHTUNGTRENNUNG(PPh3)2, CuI, TEA, dry THF.
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reactivity of an unsaturated Mannich base possessing an elec-
tron-donating group on the phenyl ring in the para position
relative to the enone; the amino group in 13 a causes the Mi-
chael addition to be ~10 times slower because of the in-
creased electronic density in the double bond of the enone. In
the case of the unsaturated Mannich base 20 (tR = 16.75 min),
the Michael addition is so slow that the monoadduct was not
observed even after 3 weeks. When comparing compounds 1
and 2, both are almost as reactive in the first monoglutathio-
nylation reaction; the reaction is so rapid that, at time 0, the
[Mannich base]:[monoSG adduct] ratio cannot be estimated.
Because the pKa value of the amine leaving group was shown
to affect the rate of the base-dependent deamination reaction
and consequently the rate of the enzyme inactivation,[19] the
replacement of the piperidine in compound 2 by a dimethyla-
mine in derivative 1 as the leaving group of the unsaturated
Mannich base derivatives has, as expected, a significant influ-
ence on the formation of the bisglutathionylated Mannich
bases in this experiment (Scheme 1, adduct structure B). In the
case of compound 1 (bisSG adduct of 1, tR = 14.34 min) the bi-
sadduct formation is complete after 24 h, while for compound
2 (bisSG adduct of 2, tR = 14.19 min) the formation is complete
after 70 h (Figure 2 b). The reaction curve did not reach 100 %
because a small amount of GSH oxidized to GSSG under the
reaction conditions and did not participate further in the reac-
tion.

Enzymatic assay

The capability of compounds 2, 13 a and 3 a to inactivate thiol
redox enzymes was studied in assays using the two flavoen-
zymes P. falciparum TrxR and T. cruzi TR. The enzymes were
pre-incubated for 5 min with NADPH and the inhibitor or
DMSO (control). The residual activity was measured under
steady-state conditions in the presence of 100 mm NADPH and
the disulfide (3 mm DTNB or 100 mm TS2), and an aliquot of the
pre-incubated enzyme solution. Inhibition of the DTNB reduc-
tion rate by 45 % was observed after incubation of P. falci-
parum TrxR with compound 2 (50 mm), 13 a (100 mm), and 3 a
(400 mm), respectively. Thus, replacement of the hydrogen by
an electron-donating amino group para to the enone decreas-
es the Michael acceptor properties of the conjugated system
resulting in a significant loss of activity. The increased electron
density of the double bond led to a decrease in thiol attack at
this site. In contrast, incubation of TR with 200 mm of com-
pounds 2 and 13 a, and 100 mm of compound 3 a for 5 min re-
sulted in 58 %, 47 % and 52 % inactivation, respectively. Thus,
despite the weaker Michael acceptor properties, compound 3 a
was the most efficient TR inhibitor because the melamine
motif, a cyclic amidine group, improved the binding of com-
pound 3 a to TR, probably through specific ionic or cation–p

interactions[3] with the acidic and hydrophobic residues of the
TS2 binding site. In contrast, compound 20, introduced in the
study to evaluate the requirement of one or two electrophilic
centers for disulfide reductase inhibition, had no effect on TR,
even at a concentration of 400 mm.

Antiparasitic activities and toxicity in the primary screening
assays

The biological activities of the Mannich bases 2–5, 12 a-c, 13 a-
c, 17–18, and 20 against the intracellular amastigote stages of
T. cruzi and L. donovani and the bloodstream form of T. brucei
brucei, are given in table S1 (Supporting Information). The cy-
totoxicity of the compounds was determined in assays using
the mammalian MRC-5 cell line. The IC50 values represent the
drug concentration that inhibits the growth of the parasites or
the human cells by 50 %. Compounds with IC50 values below
5 mm towards T. cruzi and below 1 mm in the case of T. brucei
can be considered as trypanocidal lead molecules.

The newly synthesized derivatives did not display significant
activities against Leishmania species or T. cruzi. The phenolic
Mannich base 5 was completely inactive towards all parasites,
suggesting that oxidative metabolism to the reactive quinone
imine did not occur to a significant extent in T. brucei. The
most potent compounds against T. brucei were the unsaturat-
ed Mannich bases possessing two electrophilic centers (com-
pounds 2–4, 12 a-c, 13 a-c,17–18) rather than one electrophilic
center (compound 20). The introduction of the melamine
motif meta to the enone group (compounds 18, 4) significantly
lowered the IC50 values against the human cell line suggesting
high cytotoxicity ; this was not observed when the amino or
the melamino group was para to the enone group (com-
pounds 3 a, 3 c, 13 a-c). The melamine motif para position to
the enone did not result in any improvement in the trypanoci-
dal potencies of the final compounds 3 a-c when compared
with the parent unsaturated Mannich bases (2 and 13 a-c). The
converse was observed for compounds 12 a and 17 bearing an
acetamide group para and meta to the enone, respectively;
the introduction of a substituent at the meta position led to
an increase in activity against T. brucei with a twofold lower
toxicity against mammalian MRC-5 cells, and good activity
against L. infantum was observed for the first time.

P2 transporter studies in T. brucei brucei

To determine whether compounds 2, 3 a and 13 a are taken up
by T. brucei brucei (strain 427) via the P2 transporter two ap-
proaches were followed. Firstly, the IC50 values against several
T. brucei brucei lines were determined. The cell lines were the
wild type (strain 427), a TbAT1�/� knockout (KO) cell line[14] and
the B48 strain derived from the AT1 KO line by selection with
pentamidine.[6] The compounds exhibited potent trypanocidal
activity against all three strains (Table 1). The specific IC50

values against the wild-type cells ranged from 0.2 to 0.3 mm.
Against the TbAT1�/� knockout line, comparable IC50 values
were observed. In the case of the B48 cell line, the IC50 values
for compounds 2 and 3 a were even lower than for the wild-
type cells. Thus, neither the TbAT1�/� knockout cell line nor the
B48 cell line displayed any resistance to the Mannich bases.
This strongly suggests that the P2 and/or HAPT1 transporters
are not the main routes of uptake of these compounds.
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Uptake assay

Compounds 2, 3 a and 13 a, showing the highest activity
against the T. brucei brucei parasites (table S1, Supporting Infor-
mation), were studied for their ability to inhibit the adenosine
uptake by the P2 aminopurine transporter of T. brucei. The
[3H]adenosine uptake assay contained 1 mm inosine to saturate
the P1 transporters,[5] leaving P2 as the major route of entry
for substrates with affinity for purine transporters. As shown in
Figure 3, increasing concentrations of compounds 2 and 13 a
up to 100 mm did not completely block [3H]adenosine uptake,
suggesting that the compounds do not have a high affinity for
the P2 transporter. In contrast, the melamine derivative 3 a was
able to compete with the adenosine uptake with an IC50 value

(i.e. concentration whereby 50 % of the transporters are occu-
pied with the compound) of 4.0�0.4 mm. The ability of com-
pound 3 a to inhibit the uptake of [3H]adenosine correlates
with the presence of the melamine group attached to the
chlorobenzyl ring.

The Mannich base 3 a and the diamidine pentamidine both
competed with adenosine for P2 uptake. Since unsaturated
Mannich bases are able to alkylate proteins, we investigated
the reversibility of the impaired adenosine uptake caused by
compound 3 a. Reversible impairment of adenosine uptake
would indicate that both compounds are competitive sub-
strates for the transporter, while irreversible impairment would
indicate that compound 3 a alkylates the transporter. Wild-type
trypanosomes were pretreated with compound 3 a or pentami-
dine for 1 and 20 min, respectively, followed by washing, and
then subjected to an [3H]adenosine uptake assay. The
[3H]adenosine uptake by cells pretreated with compound 3 a
became saturated, achieving a maximum value of 8�2 pmoles
per 107 cells after ~2 min (Figure 4 a). There was no significant
difference between cells pretreated for 1 or 20 min with com-
pound 3 a or pentamidine (Figure 4 b) and untreated cells (Fig-
ure 4 c). Thus, compound 3 a does not covalently modify the
P2 transporter.

Discussion

Unsaturated Mannich bases can react spontaneously with
thiols, such as GSH present in cells at millimolar concentra-
tions, to form the monoadduct initially, through a reversible
Michael addition. During this process a base-dependent deami-
nation allows the second electrophilic center to be exposed
and the second Michael addition to occur. The bisadducts are
then expected to be extruded out of the cells by ATP-depen-
dent glutathione conjugate transporters. As shown here, the
presence of an electron-donating group on the phenyl ring

Table 1. Effects of Mannich base derivatives on the growth of T. brucei brucei strains lacking the P2 transporter.

T. brucei brucei strains IC50 values (mm)
Cpnd structure wild type P2-KO P2-KOR[a]

2 0.19�0.07 0.22�0.04 0.07�0.04

13 a 0.20�0.04 0.11�0.07 0.08�0.11

3 a 0.29�0.05 0.34�0.09 0.38�0.12

mel[b] 0.007 0.018 0.110[c]

[a] P2-KOR selected for pentamidine resistance. [b] mel = melarsoprol. [c] Data from reference [6] .

Figure 3. [3H]Adenosine uptake of T. brucei brucei (wild type) in the presence
of increasing concentrations of compounds 2 (&), 3 a (&), 13 a (~), andACHTUNGTRENNUNGpentamidine (*). The cells were incubated for 30 s in the presence of inosine
(1 mm) and the compound of interest. Tritium incorporation was measured
and the values given are the mean of raw data with standard deviationsACHTUNGTRENNUNGobtained in duplicate from three independent experiments.
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para to the enone led to a delay of the first Michael addition.
The Michael addition to compound 13 a, with a -NH2 group on
the phenyl ring para to the enone, was tenfold slower than
that of compound 2 because of the increased electronic densi-
ty at the double bond of the enone. This is a desired parame-
ter, as rapid clearance of the drug by glutathionylation is
avoided, allowing the drug to reach the parasite where the
more reactive dithiols will shift the equilibrium of Michael addi-
tion and base-dependent deamination reactions to comple-
tion. Notably, the reaction between an unsaturated Mannich
base (1 or 2) and trypanothione was observed to generate
polymers.[20] Once formed in the parasites these polymers are
not expected to be easily extruded, potentially causing the
specific toxicity towards T. brucei parasites.

The unsaturated Mannich base 2 was previously shown to
be active against T. brucei rhodesiense and L. donovani, exhibit-
ing IC50 values of 0.8 mm and 13.0 mm, respectively.[20] Therefore,
compound 2 was selected as a scaffold for the synthesis of
novel derivatives to increase the specificity and possibly the
potency of the unsaturated Mannich base. Two such com-
pounds were 13 a, with a primary amino group attached to
the chlorobenzyl ring at position 5, and 3 a which was modi-
fied by a melamine group at the same position.

Mutant cell types derived from T. brucei brucei (strain 427)
were included in the in vitro toxicity assay. These were the
TbAT1�/� knockout line and the KO-B48 line that was derived
from the knockout by selection of high level pentamidine re-
sistance, which led to loss of HAPT1 activity.[6, 14] Increasing re-
sistance towards the diamidines and melaminophenylarsenicals
has been documented for these cell types. For example, the re-
sistance factors exhibited by the TbAT1�/� and KO-B48 towards
pentamidine compared to the wild-type cells were 2.4 and
130, respectively.[6, 14] The unsaturated Mannich bases exerted
similar trypanocidal activity against all three cell lines including
the wild type. This indicates that these compounds continue
to enter trypanosomes regardless of the presence of the
TbAT1 or HAPT1 transporters. The P2 transporter apparently
plays a role in the uptake of compound 3 a, whereas the deriv-
atives that lack the melamine moiety (compounds 2 and 13 a)
do not inhibit the transporter. Compound 3 a appears to be a
reversible competitive substrate for the P2 transporter and not
an irreversible inhibitor since activity returned once the com-
pound had been removed. Thus, compound 3 a did not form
covalent thioether bond(s) with the P2 transporter. This result
is significant as it indicates that the unsaturated Mannich base
does not interact via Michael addition with carrier proteins at
the cell surface. Compound 3 a exhibited similar potency
against all three cell types tested (wild type, TbAT1�/� and KO-
B48) indicating that other route(s) of uptake exist, as has been
reported for some melamine-based nitroheterocycles and
monobenzamidine compounds.[23, 24] In these studies Stewart
and co-workers showed that the compounds have affinity for
P2 but continued to exhibit potent trypanocidal activity
against the TbAT1�/� mutants.[23, 24] These results are encourag-
ing in view of overcoming the problem of drug resistance and
cross resistance in the field. Various alternative routes of
uptake have been suggested for the auxotrophic parasites, in-
cluding the folate/biopterin transporters[25] and amino acid
transporters,[26] which should also be optimized in drug deliv-
ery.

Conclusions

Our studies were aimed at the identification of trypanocidal
Mannich base derivatives capable of inducing selective toxicity
through selective uptake of compounds into T. brucei using
the P2 aminopurine transporter and other carriers capable of
recognizing melamine-bearing moieties. The compounds syn-
thesized were investigated for their ability to antagonize
uptake of radiolabeled adenosine through the P2 transporter.
The result of the binding studies indicated that the com-

Figure 4. [3H]Adenosine uptake by T. brucei brucei pretreated with different
drugs. Wild-type cells were pre-incubated in the presence of inosine (1 mm)
for 1 min (^) or 20 min (&) with a) 1.5 mm 3 a, b) 2 nm pentamidine, or
c) without inhibitor. Uptake activities are expressed as 3[H]adenosine incor-
poration followed over 10 min as described in the Experimental Section. Tri-
tium incorporation was measured and the values represent the mean of raw
data with standard deviations obtained in duplicate from three independent
experiments.
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pounds without a melamine motif were potent trypanocidal
agents that appeared to be taken up effectively into cells de-
spite the absence of P2 and HAPT1 carriers. This suggests that
the main route of entry for the compounds was not the ami-
nopurine transporters. Accordingly, other transporters or pas-
sive diffusion could be involved in drug uptake. They also do
not bind irreversibly with nitrogen-rich molecules (e.g. pro-
teins) in spite of potential Michael reactions occurring. Howev-
er, the presence of the melamine moiety on compound 3 a did
confer some affinity for the P2 transporter, albeit to a lower
extent when compared to pentamidine, and weaker activity
against the parasites. It was not possible to directly correlate
the affinity of the P2 transporter and the trypanocidal activity
because there were no remarkable changes of in vitro activities
against T. brucei compared to the activity against the P2 trans-
porter deficient T. brucei knockout line.

Interestingly, compounds 2 and 13 a showed poor affinity
for the P2 transporter but marked in vitro activity against
T. brucei, especially against the pentamidine-resistant strain.
They also showed approximately the same trypanocidal activity
against T. brucei KO. Resistance resulting from simple loss of
the P2 transporter should not be an issue when other routes
of drug uptake exist for these compounds. Some of the ana-
logues synthesized with aromatic substitution variations
showed good trypanocidal activity in intact parasites with a
two- to tenfold lower toxicity against mammalian MRC-5 cells
(table S1, Supporting Information). Altogether, these novel
compounds appear to be promising candidates for trypanoso-
mal chemotherapy and overcoming drug resistance. Further
work is required to obtain better selectivity. We adopted the
premise that formation of the divinylketone is a necessary part
of the mechanism of action of these compounds (Scheme 1).
With this in mind, the N,N-diethyl acrylophenone 20 containing
only one electrophilic site was predicted to have a very low ac-
tivity against the parasites compared to other derivatives
where a divinylketone intermediate (two electrophilic sites)
can be formed. Due to the fact that the phenolic Mannich
base 5 showed very low activity against the intact parasites,
we concluded that no highly expressed oxidative metabolism
might transform the phenolic Mannich base to a reactive qui-
none imine in T. brucei.

Experimental Section

Chemistry

Melting points were determined on a B�chi melting point appara-
tus and were not corrected. 1H (300 MHz) and 13C (75 MHz) NMR
spectra were recorded on a Bruker DRX-300 spectrometer; chemi-
cal shifts were expressed in ppm relative to TMS; the protons are
indicated as Hvin (H linked to the double bond), Hpip (H linked to
the piperidine moiety) and HAr (H linked to the aryl group) in the
1H spectra; multiplicity is indicated as s (singlet), d (doublet), t (trip-
let), and m (multiplet) ; C indicates a quaternary carbon in 13C spec-
tra. Elemental analyses were carried out at the Mikroanalytisches
Laboratorium der Chemischen Fakult�t der Universit�t Heidelberg.
EI-MS, ESI-MS, FAB and MALDI-TOF were recorded using the facili-
ties at the Institut f�r Organische Chemie der Universit�t Heidel-

berg. Analytical TLC was carried out on pre-coated Sil G-25 UV254

plates from Macherey & Nagel. Flash chromatography was per-
formed using silica gel G60 (230–400 mesh) from Macherey &
Nagel. The unsaturated Mannich bases, 1-(2-chlorophenyl)-5-(dime-
thylamino)pent-1-en-3-one hydrochloride (1) and 1-(2-chlorophen-
yl)-5-(N-piperidino)pent-1-en-3-one hydrochloride (2) were synthe-
sized as previously described.[19] (E)-3-Diethylamino-1-phenylprope-
none (20) was formed in a Pd-catalyzed one-pot reaction with
TMSA, phenylcarboxylic acid chloride and diethylamine according
to described procedure.[22] 4-Amino-2-chloro-benzaldehyde (9 a)
was synthesized according to described procedure.[27, 28] N-(3-
Chloro-4-cyano-phenyl)acetamide (7 a), 4-amino-2-methyl-benzal-
dehyde (9 b), N-(3-chloro-4-formyl-phenyl)acetamide (10 a), and N-
[4-((E)-3-oxo-but-1-enyl)phenyl]acetamide (11 c) are known com-
pounds but were produced according to new routes. The purity of
new compounds 3–5, 12–19 was controlled by melting points and
elemental analyses that agreed with the calculated values within
0.4 %.

N-(3-Chloro-4-cyano-phenyl)acetamide 7 a : Ac2O (6.0 mL,
58 mmol) and dry TEA (18.5 mL, 133 mmol) were added dropwise
to a suspension of 4-amino-2-chloro-benzonitrile (8.1 g, 53 mmol)
in dry toluene (360 mL). The mixture was refluxed for 24 h. The
precipitate was filtered, washed with AcOH and water, and dried in
vacuo to obtain compound 7 a as a solid (7.9 g, 77 %): 1H NMR
(250 MHz, [D6]DMSO) d= 10.53 (s, 1 H, CONH), 8.02 (s, 1 H, HAr), 7.87
(d, J = 8.45 Hz, 1 H, HAr), 7.58 (d, J = 8.07 Hz, 1 H, HAr), 2.11 ppm (s,
3 H, CH3CONH).

4-Amino-2-methyl-benzaldehyde 9 b : A refluxing solution of
NaOH (27.0 g, 324 mmol), Na2S·9H2O (80 g, 468 mmol) and sulfur
(15 g, 468 mmol) in distilled water (500 mL) was treated slowly
with 1,2-dimethyl-4-nitro-benzene (54.04 g, 360 mmol) in EtOH
(300 mL). The solution was refluxed for 3 h and the EtOH was
evaporated. The mixture was extracted with chloroform, and the
organic phase was dried (MgSO4), filtered and evaporated in vacuo
to obtain 9 b as a solid (26 g, 54 %): 1H NMR (300 MHz, CDCl3) d=
10.00 (s, 1 H, CHO), 7.63 (d, J = 8.31 Hz, 1 H, HAr), 6.56 (d, J = 8.30 Hz,
1 H, HAr), 6.46 (s, 1 H, HAr), 2.59 ppm (s, 3 H, CH3).

N-(3-Chloro-4-formyl-phenyl)acetamide 10 a : 4-Amino-2-chloro-
benzaldehyde 9 a (14.8 g, 95 mmol) was dissolved in Ac2O (250 mL)
and stirred overnight at RT. The orange-red suspension was poured
into ice water and the precipitate was filtered and dried in vacuo
to afford 10 a as white-yellow cristals (13.4 g, 72 %): mp: 150–
151 8C; 1H NMR (300 MHz, [D6]DMSO) d= 10.51 (s, 1 H, CHO), 10.20
(s, 1 H, CONH), 7.97 (s, 1 H, HAr), 7.83 (d, J = 8.62 Hz, 1 H, HAr), 7.57
(d, J = 8.52 Hz, 1 H, HAr), 2.11 ppm (s, 3 H, CH3CONH); 13C NMR
(75 MHz, [D6]DMSO) d= 188.31 (CH), 169.49 (C), 145.40 (C), 137.32
(C), 130.66 (CH), 126.72 (C), 119.05 (C), 117.40 (CH), 24.26 ppm
(CH3); MS (EI) m/z : 196.94 (M + ): Anal. calcd for C9H8ClNO2 : C 54.70,
H 4.08, N 7.09, Cl 17.94, found: C 54.78, H 4.23, N 6.99, Cl 18.17 %.

(E)-4-(2-Chloro-5-nitro-phenyl)but-3-en-2-one 15 : A solution of
compound 14 (10.49 g, 57 mmol) in acetone (400 mL) and water
(200 mL) was cooled to 0 8C and treated with aq NaOH (8 mL, 2 n)
until the colorless solution turned orange. The reaction mixture
was immediately neutralized with aq H2SO4 (2.5 n) and the organic
solvent was concentrated in vacuo. The precipitate was isolated,
redissolved in MeOH/2.5 n aq H2SO4 (1:1) and heated to reflux for
3 h. The reaction mixture was diluted with water and the precipi-
tate was filtered and dried in vacuo to afford 15 as a yellow-white
solid (10.8 g, 85 %): mp: 110–112 8C; 1H NMR (300 MHz, CDCl3) d=
8.52 (s, 1 H, HAr), 8.19 (d, J = 8.73 Hz, 1 H, HAr), 7.90 (d, J = 16.22 Hz,
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1 H, Hvin), 7.64 (d, J = 8.79 Hz, 1 H, HAr), 6.84 (d, J = 16.23 Hz, 1 H,
Hvin), 2.46 ppm (s, 3 H, CH3) ; 13C NMR (75 MHz, CDCl3) d= 197.24,
146.83, 141.31, 136.40, 134.35, 131.44, 131.25, 125.15, 122.48,
28.17 ppm; MS (EI) m/z : 225.02 (M + ) ; Anal. calcd for C10H8ClNO3 ·
0.4H2O: C 51.59, H 3.81, N 6.02, Cl 15.23, found: C 51.88, H 3.62, N
6.00, Cl 14.80 %.

N-[4-Chloro-3-((E)-3-oxo-but-1-enyl)phenyl]-acetamide 16 : A so-
lution of compound 15 (4.6 g, 20 mmol) in EtOH (65 g) was treated
with SnCl2 (17.27 g, 91 mmol) in concd HCl (35.5 g) and the reac-
tion was stirred for 4 h at 70 8C. After cooling to RT, the solid was
filtered and the filtrate was basified with NaOH solution. The result-
ing suspension was extracted with DCM, the combined organic
layers were dried (MgSO4), filtered, and the solvent was removed in
vacuo. The residue was dissolved in Ac2O and left overnight. The
reaction mixture was poured into ice water and the precipitate
was filtered and dried in vacuo to obtain compound 16 as a yellow
solid (4.8 g, 72 %): mp: 155–158 8C; 1H NMR (300 MHz, CDCl3) d=
8.52 (s, 1 H, HAr), 8.19 (d, J = 8.73 Hz, 1 H, HAr), 7.90 (d, J = 16.22 Hz,
1 H, Hvin), 7.64 (d, J = 8.79 Hz, 1 H, HAr), 6.84 (d, J = 16.23 Hz, 1 H,
Hvin), 2.46 ppm (s, 3 H, CH3) ; 13C NMR (75 MHz, CDCl3) d= 197.24,
146.83, 141.31, 136.40, 134.35, 131.44, 131.25, 125.15, 122.48,
28.17 ppm; MS (FAB) m/z : 238.0 (M + ) ; Anal. calcd for C12H12ClNO2 ·
0.6 HCl: C 55.53, H 4.89, N 5.40, Cl 21.85, found: C 55.40, H 4.68, N
5.42, Cl 17.20 %.

Claisen–Schmidt reaction (general procedure 1): A solution of aq
NaOH (5 %) and acetone (1:25) was stirred for 20 min at RT. The al-
dehyde was added and the reaction mixture was stirred for a fur-
ther 3 h. The reaction solution was triturated with water causing
the a,b-unsaturated ketone to precipitate. The solid was filtered,
washed with water and dried in vacuo.

N-[3-Chloro-4-((E)-3-oxo-but-1-enyl)phenyl]-acetamide 11 a : Com-
pound 10 a (3 g, 15 mmol) was used as the starting material and
treated according to the general procedure 1 to give compound
11 a as a light yellow solid (2.6 g, 73 %): mp: 185–187 8C; 1H NMR
(300 MHz, [D6]DMSO) d= 10.32 (s, 1 H, CONH), 7.92 (s, 1 H, HAr), 7.88
(d, J = 8.71 Hz, 1 H, HAr), 7.74 (d, J = 16.21 Hz, 1 H, Hvin), 7.49 (d, J =
8.69 Hz, 1 H, HAr), 6.82 (d, J = 16.19 Hz, 1 H, Hvin), 2.33 (s, 3 H,
CH3CONH), 2.08 ppm (s, 3 H, CH3CO); 13C NMR (75 MHz, [D6]DMSO)
d= 197.51 (C), 168.96 (C), 142.09, 136.95, 134.42, 128.54, 127.75,
126.07, 119.00, 117.78 (CH), 27.81 (CH3), 24.10 ppm (CH3); MS (EI)
m/z : 237.1 (M + ) ; Anal. calcd for C12H12ClNO2 : C 60.64, H 5.09, N
5.89, Cl 14.92, found: C 60.59, H 5.19, N 5.82, Cl 14.92 %.

N-[3-Methyl-4-((E)-3-oxo-but-1-enyl)phenyl]-acetamide 11 b : N-(4-
Formyl-3-methyl-phenyl)acetamide 10 b (3 g, 17 mmol) was used
as the starting material and treated according to the general pro-
cedure 1 to give compound 11 b as a light yellow solid (3.1 g,
84 %): mp: 143–145 8C; 1H NMR (300 MHz, CDCl3) d= 10.07 (s, 1 H,
CONH), 7.72 (d, J = 16.30 Hz, 1 H, Hvin), 7.66 (m, 1 H, HAr), 7.49 (s, 1 H,
HAr), 7.46 (m, 1 H, HAr), 6.65 (d, J = 16.11 Hz, 1 H, Hvin), 2.39 (s, 3 H,
CH3), 2.33 (s, 3 H, CH3), 2.05 ppm (s, 3 H, CH3) ; 13C NMR (75 MHz,
CDCl3) d= 197.86 (C), 168.56 (C), 141.04 (C), 139.70 (CH), 138.61 (C),
127.51 (C), 127.24 (CH), 126.38 (CH), 120.38 (CH), 116.84 (CH), 27.46
(CH3), 24.06 (CH3), 19.53 ppm (CH3); MS (FAB) m/z : 218.2 (M + ) ;
Anal. calcd for C13H15NO2 : C 71.87, H 6.96, N 6.45, found: C 71.89, H
7.02, N 6.49 %.

N-[4-((E)-3-Oxo-but-1-enyl)phenyl]acetamide 11 c : 4-Acetamido-
benzaldehyde (5 g, 31 mmol) was used as the starting material and
treated according to the general procedure 1 to give compound
11 c as light yellow solid (6.06 g, 81 %).

Mannich reaction (general procedure 2): The suspension of piper-
idine hydrochloride (1.1–1.3 equiv) and paraformaldehyde (1.25–
1.3 equiv) in dry EtOH was refluxed for 1.5–2 h. The reaction mix-
ture was treated with aq HCl (25 %) until a colorless solution was
obtained (~1 drop). The reaction mixture was treated with the a,b-
unsaturated ketone (1 equiv) and heated at reflux overnight. The
solvent was removed in vacuo and the residue was washed with
acetone and recrystallized from pure EtOH or EtOH/water (95:5).

N-[3-Chloro-4-((E)-3-oxo-5-piperidin-1-yl-pent-1-enyl)phenyl]ace-
tamide 12 a : Compound 11 a (2.5 g, 11 mmol) was used as the
starting material and treated according to the general procedure 2
to give compound 12 a as a yellow solid (1.1 g, 31 %): mp: 208–
210 8C; 1H NMR (300 MHz, CD3OD) d= 8.03 (d, J = 16.09 Hz, 1 H,
Hvin), 7.90 (s, 1 H, HAr), 7.82 (d, J = 8.71 Hz, 1 H, HAr), 7.51 (d, J =
8.56 Hz, 1 H, HAr), 6.92 (d, J = 16.06 Hz, 1 H, Hvin), 3.66–3.52 (m, 2 H,
CH2), 3.52–3.40 (m, 2 H, CH2), 3.39–3.26 (m, 2 H, Hpip), 3.10–2.90 (m,
2 H, Hpip), 2.18 (s, 3 H, CH3CO), 2.08–1.68 (m, 5 H, Hpip), 1.68–
1.41 ppm (m, 1 H, Hpip) ; 13C NMR (75 MHz, CD3OD) d= 197.84 (C),
172.34 (C), 143.28 (C), 139.94 (CH), 137.07 (C), 129.53 (CH), 128.44
(C), 126.99 (CH), 121.41 (CH), 119.57 (CH), 54.82 (CH2), 53.12 (CH2),
36.17 (CH2), 24.25 (CH2), 24.17 (CH3), 22.61 ppm (CH2); MS (FAB)
m/z : 335.3 (M + ) ; Anal. calcd for C18H23ClN2O2 · 1HCl: C 58.23,
H 6.51, N 7.54, Cl 19.10, found: C 58.11, H 6.56, N 7.49, Cl 19.34 %.

N-[3-Methyl-4-((E)-3-oxo-5-piperidin-1-yl-pent-1-enyl)phenyl]ace-
tamide 12 b : Compound 11 b (3 g, 14 mmol) was used as the start-
ing material and treated according to the general procedure 2 to
give compound 12 b as a yellow solid (2.21 g, 51 %): mp: 199–
201 8C; 1H NMR (300 MHz, CDCl3) d= 7.97 (d, J = 15.8 Hz, 1 H, Hvin),
7.69 (d, J = 8.45 Hz, 1 H, HAr), 7.51 (d, J = 7.41 Hz, 1 H, HAr), 7.49 (s,
1 H, HAr), 6.80 (d, J = 16.09 Hz, 1 H, Hvin), 3.47 (t, 2 H, CH2), 3.16 (t,
2 H, CH2), 2.46 (s, 3 H, CH3CONH), 2.17 (s, 3 H, CH3-Ar), 2.00–
1.50 ppm (m, 10 H, Hpip) ; 13C NMR (75 MHz, CDCl3) d= 198.65 (C),
172.52 (C), 142.69 (C), 142.66 (CH), 141.37 (C), 130.14 (C), 128.95
(CH), 126.13 (CH), 122.97 (CH), 119.31 (CH), 55.18 (CH2), 53.55 (CH2),
46.15 (CH2), 24.69 (CH2), 24.54 (CH3), 24.16 (CH2), 23.52 (CH2), 23.06
(CH2), 20.46 ppm (CH3). MS (FAB) m/z : 315.2 (M + ) ; Anal calcd for
C19H26N2O2 · 1.2HCl · 0.2H2O: C 63.08, H 7.69, N 7.74, Cl 11.76,
found: C 62.83, H 7.94, N 8.09, Cl 11.36 %.

N-[4-((E)-3-Oxo-5-piperidin-1-yl-pent-1-enyl)phenyl]-acetamide
12 c : N-[4-((E)-3-Oxo-but-1-enyl)phenyl]acetamide 11 c (2 g,
9.84 mmol) was used as the starting material and treated accord-
ing to the general procedure 2 to give compound 12 c as a yellow
solid (1.3 g, 45 %): mp: 221–222 8C; 1H NMR (300 MHz, CD3OD) d=
7.72 (d, J = 16.22 Hz, 1 H, Hvin), 7.66 (s, 4 H, HAr), 6.83 (d, J = 16.23 Hz,
1 H, Hvin), 3.70–3.42 (m, 4 H, CH2), 3.22–2.84 (m, 3 H, Hpip), 2.17 (s,
3 H, CH3CO), 2.05–1.45 ppm (m, 7 H, Hpip) ; 13C NMR (75 MHz,
CD3OD) d= 198.48 (C), 172.25 (C), 145.50 (CH), 142.56 (C), 131.13
(C), 130.69 (CH), 125.13 (CH), 121.14 (CH), 54.79 (CH2), 53.13 (CH2),
45.76 (CH2), 24.25 (CH2), 24.15 (CH3), 22.63 ppm (CH2); MS (ESI) m/z :
301.3 (M + ) ; Anal. Calcd for C18H24N2O2 · 1HCl: C 64.18, H 7.48, N
8.32, Cl 10.52, found: C 64.01, H 7.49, N 8.25, Cl 10.70 %.

N-[4-Chloro-3-((E)-3-oxo-5-piperidin-1-yl-pent-1-enyl)phenyl]-
acetamide 17: Compound 16 (2.5 g, 11 mmol) was used as the
starting material and treated according to the general procedure
to give compound 17 as a yellow-white solid (2.1 g, 60 %): mp:
203–207 8C; 1H NMR (300 MHz, CD3OD) d= 8.17 (s, 1 H, HAr), 8.04 (d,
J = 16.16 Hz, 1 H, Hvin), 7.56 (d, J = 8.76 Hz, 1 H, HAr), 7.42 (d, J =
8.72 Hz, 1 H, HAr), 6.89 (d, J = 16.12 Hz, 1 H, Hvin), 3.73–3.22 (m, 5 H,
CH2, Hpip), 3.04 (t, J = 11.35 Hz, 2 H, Hpip), 2.05–1.38 ppm (m, 7 H,
Hpip) ; 13C NMR (75 MHz, CD3OD) d= 197.38 (C), 171.86 (C), 140.12
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(CH), 139.58 (C), 133.73 (C), 131.49 (CH), 130.82 (C), 128.82 (CH),
124.34 (CH), 119.58 (CH), 54.76 (CH2), 52.98 (CH2), 45.73 (CH2), 24.27
(CH2), 23.96 (CH3), 22.61 ppm (CH2); MS (FAB) m/z : 335.1 (M + ) ;
Anal. Calcd for C18H23ClN2O2 · 1HCl: C 58.23, H 6.51, N 7.54, Cl
19.10, found: C 57.87, H 6.57, N 7.47, Cl 19.10 %.

Deprotection (general procedure 3): The acetamide (1 equiv) was
dissolved in an excess of aq HCl (8 n) and the reaction mixture was
heated at reflux for 3 h. After removal of the solvent, the residue
was recrystallized from EtOH/diethylether.

(E)-1-(4-Amino-2-chloro-phenyl)-5-piperidin-1-yl-pent-1-en-3-one
13 a : Compound 12 a (395 mg, 1.18 mmol) was used as the starting
material and treated according to the general procedure 3 to give
compound 13 a as a brown solid (329 mg, 95 %): mp: 174–175 8C;
1H NMR (300 MHz, CD3OD) d= 8.04 (d, J = 15.27 Hz, 1 H, Hvin), 7.99
(d, J = 7.82, 1 H, HAr), 7.47 (s, 1 H, HAr), 7.34 (d, J = 8.55 Hz, 1 H, HAr),
7.01 (d, J = 16.13 Hz, 1 H, Hvin), 3.67–3.34 (m, 5 H, CH2, Hpip), 3.13–
2.92 (m, 2 H, Hpip), 2.06–1.45 ppm (m, 7 H, Hpip) ; 13C NMR (75 MHz,
CD3OD) d= 197.24 (C), 138.79 (CH), 138.50 (C), 137.44 (C), 131.93
(C), 130.68 (CH), 128.69 (CH), 123.90 (CH), 121.91 (CH); 54.72 (CH2);
52.99 (CH2); 36.31 (CH2); 24.42 (CH2); 22.59 ppm (CH2); MS (FAB)
m/z : 293.2 (M + ) ; Anal. calcd for C16H21ClN2O · 1.8HCl · 0.3H2O: C
52.82, H 6.48, N 7.70, Cl 27.28, found: C 52.54, H 6.34, N 7.55, Cl
27.52 %.

(E)-1-(4-Amino-2-methyl-phenyl)-5-piperidin-1-yl-pent-1-en-3-
one 13 b : Compound 12 b (2 g, 6.36 mmol) was used as the start-
ing material and treated according to the general procedure 3.
After cooling with an ice bath, the red solution was diluted with
water, made alkaline with concd NaOH solution and extracted with
DCM. The combined organic layers were dried (MgSO4), filtered
and the organic solvent was removed in vacuo to afford 13 b as an
orange solid (1.06 g, 63 %): mp: 177–179 8C; 1H NMR (300 MHz,
CD3OD) d= 8.00 (d, J = 16.12 Hz, 1 H, Hvin), 7.88 (d, J = 9.05 Hz, 1 H,
HAr), 7.34 (s, 1 H, HAr), 7.33 (d, J = 6.70, 1 H, Hvin), 6.91 (d, J =
16.08 Hz, 1 H, Hvin), 3.68–3.34 (m, 5 H, CH2, Hpip), 3.05 (t, J = 12.18 Hz,
2 H, Hpip), 2.55 (s, 3 H, CH3-Ar), 2.02–1.43 ppm (m, 7 H, Hpip) ; 13C NMR
(75 MHz, CD3OD) d= 197.62 (C), 141.88 (C), 140.66 (CH), 135.40 (C),
133.69 (C), 129.53 (CH), 128.93 (CH), 126.14 (CH), 122.13 (CH), 54.69
(CH2), 53.09 (CH2), 36.07 (CH2), 24.2 5 (CH2), 22.63 (CH2), 19.82 ppm
(CH3); MS (FAB) m/z : 273.3 (M + ) ; Anal. calcd for C17H24N2O ·
2.1HCl: C 58.83, H 7.70, N 8.07, Cl 19.41, found: C 58.51, H 7.74, N
8.03, Cl 19.56 %.

(E)-1-(4-Amino-phenyl)-5-piperidin-1-yl-pent-1-en-3-one 13 c :
Compound 12 c (2 g, 6.66 mmol) was used as the starting material
and treated according to the general procedure 3 to give com-
pound 13 c as a red-brown solid (1.6 g, 94 %): mp: 112–114 8C;
1H NMR (300 MHz, CDCl3) d= 7.51 (d, J = 16.04, 1 H, Hvin), 7.39 (d,
J = 8.23 Hz, 2 H, HAr), 6.67 (d, J = 8.21, 2 H, HAr), 6.58 (d, J = 16.08 Hz,
1 H, Hvin), 4.03 (br s, 2 H, NH2-Ar), 2.93–2.79 (m, 2 H, CH2), 2.79–2.62
(m, 2 H, CH2), 2.51–2.30 (m, 4 H, Hpip), 1.70–1.34 ppm (m, 6 H, Hpip) ;
13C NMR (75 MHz, CDCl3) d= 199.58 (C), 149.04 (C), 143.32 (C),
130.24 (CH), 124.57 (CH), 122.45 (CH), 114.87 (CH), 54.52 (CH2),
54.18 (CH2), 38.15 (CH2), 25.98 (CH2), 24.30 ppm (CH2); MS (FAB)
m/z : 259.3 (M + ) ; Anal. calcd for C16H22N2O · 1.9HCl · 2.2H2O: C
55.02, H 7.59, N 8.02, Cl 19.29, found: C 55.38, H 7.70, N 8.02, Cl
18.98 %.

(E)-1-(5-Amino-2-chloro-phenyl)-5-piperidin-1-yl-pent-1-en-3-one
18 : Compound 17 (1.5 g, 4.49 mmol) was used as the starting ma-
terial and treated according to the general procedure 3 to give
compound 18 as an orange solid (1 g, 79 %): mp: 187–189 8C;

1H NMR (300 MHz, CD3OD) d= 8.03 (d, J = 16.15 Hz, 1 H, Hvin), 7.91
(s, 1 H, HAr), 7.70 (d, J = 8.54 Hz, 1 H, HAr), 7.49 (d, J = 8.59 Hz, 1 H,
HAr), 7.07 (d, J = 16.15 Hz, 1 H, Hvin), 3.72–3.33 (m, 6 H, CH2, Hpip),
3.04 (t, J = 11.77 Hz, 2 H, Hpip), 2.10–1.42 ppm (m, 6 H, Hpip) ; 13C NMR
(75 MHz, CD3OD) d= 197.16 (C), 138.23 (CH), 136.24 (C), 135.64 (C),
132.98 (CH), 132.12 (C), 130.47 (CH), 127.06 (CH), 123.53 (CH), 54.74
(CH2), 54.42 (CH2), 52.84 (CH2), 24.24 (CH2), 22.58 ppm (CH2); MS
(FAB) m/z : 293.1 (M + ) ; Anal. calcd for C16H21ClN2O · 1.9HCl ·
0.2H2O: C 52.55, H 6.42, N 7.66, Cl 28.12, found: C 52.48, H 6.47, N
7.45, Cl 28.09 %.

Nucleophilic aromatic substitution (general procedure 4): A
stirred suspension of the Mannich base derivative (1–1.6 equiv)
and 2-chloro-4,6-diamino-1,3,5-triazine (1 equiv) in MeOH was re-
fluxed for 2–3 h. The precipitate was filtered, washed with cold
MeOH and dried in vacuo.

(E)-1-[2-Chloro-4-(4,6-diamino-[1, 3, 5]triazin-2-ylamino)phenyl]-5-
piperidin-1-yl-pent-1-en-3-one 3 a : Compound 13 a (329 mg,
1.12 mmol) was used as the starting material and treated accord-
ing to the general procedure 4 to give compound 3 a as an orange
solid (108 mg, 28 %): mp: dec.>120 8C; 1H NMR (300 MHz, D2O) d=
7.66 (d, J = 16.35 Hz, 1 H, Hvin), 7.61 (s, 1 H, HAr), 7.48 (d, J = 8.74 Hz,
1 H, HAr), 7.15 (d, J = 8.35 Hz, 1 H, HAr), 6.65 (d, J = 16.12 Hz, 1 H,
Hvin), 3.60–3.45 (m, 2 H, CH2), 3.45–3.33 (m, 2 H, CH2), 3.27–3.18 (m,
2 H, Hpip), 2.96 (t, J = 11.51 Hz, 2 H, Hpip), 2.04–1.33 ppm (m, 6 H,
Hpip) ; 13C NMR (75 MHz, CDCl3) d= 199.93 (C), 161.50 (C), 159.13 (C),
158.18 (C), 141.55 (C), 140.27 (CH), 136.75 (C), 128.91 (CH), 127.30
(C), 126.00 (CH), 121.40 (CH), 119.75 (CH), 54.61 (CH2), 52.55 (CH2),
35.60 (CH2), 23.81 (CH2), 22.04 ppm (CH2); MS (MALDI-TOF) m/z :
402.4 (M + ) ; Anal. calcd for C19H24N7ClO · 2HCl · 0.7H2O: C 46.82, H
5.67, N 20.12, Cl 21.82, found: C 46.80, H 5.72, N 18.89, Cl 21.94 %.

(E)-1-[4-(4,6-Diamino-[1, 3, 5]triazin-2-ylamino)-2-methyl-phenyl]-
5-piperidin-1-yl-pent-1-en-3-one 3 b : Compound 13 b (142 mg,
0.411 mmol) was used as the starting material and treated accord-
ing to the general procedure 4 to give compound 3 b as a yellow
solid (107 mg, 82 %): mp: dec.>200 8C; 1H NMR (300 MHz, D2O) d=
7.48 (d, J = 16.00 Hz, 1 H, Hvin), 7.23 (d, J = 8.57 Hz, 1 H, HAr), 7.01 (s,
1 H, HAr), 7.00 (d, J = 8.58 Hz, 1 H, HAr), 6.46 (d, J = 16.02 Hz, 1 H,
Hvin), 3.52–3.40 (m, 2 H, CH2), 3.35–3.22 (m, 2 H, CH2), 3.22–3.06 (m,
2 H, Hpip), 2.98–2.80 (t, J = 12.23 Hz, 2 H, Hpip), 1.96–1.81 (m, 2 H,
Hpip), 1.81–1.57 (m, 3 H, Hpip), 1.52–1.32 ppm (m, 1 H, Hpip) ; 13C NMR
(75 MHz, D2O) d= 200.16 (C), 160.25 (C), 160.18 (C), 142.33 (CH),
141.07 (C), 140.56 (C), 128.30 (C), 127.94 (CH), 124.51 (CH), 122.19
(CH), 118.64 (CH), 54.62 (CH2), 52.69 (CH2), 35.34 (CH2), 23.82 (CH2),
22.07 (CH2), 20.17 ppm (CH3); MS (MALDI-TOF) m/z : 382.4 (M + ) ;
Anal. calcd for C20H27N7O · 0.9HCl · 0.7H2O: C 56.27, H 6.92, N 22.97,
Cl 7.47, found: C 56.06, H 6.76, N 22.63, Cl 7.54 %.

(E)-1-[4-(4,6-Diamino-[1, 3, 5]triazin-2-ylamino)phenyl]-5-piperi-
din-1-yl-pent-1-en-3-one 3 c : Compound 13 c (500 mg, 1.93 mmol)
was used as the starting material and treated according to the
general procedure 4 to give compound 3 c as an orange-brown
solid (562 mg, 79 %): mp: dec.>180 8C; 1H NMR (300 MHz, D2O) d=
7.52 (d, J = 16.27 Hz, 1 H, Hvin), 7.45 (s, 4 H, HAr), 6.66 (d, J = 16.26 Hz,
1 H, Hvin), 3.59–3.43 (m, 2 H, CH2), 3.43–3.31 (m, 2 H, CH2), 3.28–3.17
(m, 2 H, Hpip), 2.93 (t, J = 12.22 Hz, 2 H, Hpip), 2.02–1.83 (m, 2 H, Hpip),
1.83–1.58 (m, 3 H, Hpip), 1.54–1.32 ppm (m, 1 H, Hpip) ; 13C NMR
(75 MHz, D2O) d= 200.42 (C), 161.23 (C), 158.54 (C), 145.87 (CH),
140.54 (C), 130.69 (C), 130.50 (CH), 124.80 (CH), 122.06 (CH), 54.55
(CH2), 52.64 (CH2), 34.83 (CH2), 23.76 (CH2), 22.03 ppm (CH2); MS
(MALDI-TOF) m/z : 368.2 (M + ) ; Anal. calcd for
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C19H25N7O·2HCl·0.8H2O: C 50.18, H 6.34, N 21.56, Cl 15.59, found: C
50.18, H 6.33, N 21.22, Cl 15.88 %.

(E)-1-[2-Chloro-5-(4,6-diamino-[1, 3, 5]triazin-2-ylamino)phenyl]-5-
piperidin-1-yl-pent-1-en-3-one 4 : Compound 18 (100 mg,
0.342 mmol) was used as the starting material and treated accord-
ing to the general procedure 4 to give compound 4 as a yellow
solid (79 mg, 57 %): mp: dec.>252 8C; 1H NMR (300 MHz, D2O) d=
7.75 (d, J = 16.26 Hz, 2 H, Hvin), 7.66 (s, 1 H, HAr), 7.41 (d, J = 7.55 Hz,
2 H, HAr), 7.28 (d, J = 7.80 Hz, 1 H, HAr), 6.53 (d, J = 16.41 Hz, 1 H,
Hvin), 3.71–3.55 (m, 2 H, CH2), 3.55–3.44 (m, 2 H, CH2), 3.44–3.31 (m,
2 H, Hpip), 3.06 (m, 2 H, Hpip), 2.15–1.93 (m, 2 H, Hpip), 1.93–1.40 ppm
(m, 4 H, Hpip) ; 13C NMR (75 MHz, D2O) d= 200.26 (C), 161.27 (C),
161.41 (C), 140.66 (CH), 137.50 (C), 132.40 (C), 131.35 (CH), 131.05
(C), 128.04 (CH), 124.99 (CH), 119.33 (CH), 54.65 (CH2), 52.48 (CH2),
35.06 (CH2), 23.83 (CH2), 22.06 ppm (CH2); MS (MALDI-TOF) m/z :
402.0 (M + ) ; Anal. calcd for C19H24ClN7O · 2HCl · 1.4H2O: C 45.66, H
5.77, N 19.62, Cl 21.28, found: C 45.54, H 5.39, N 21.82, Cl 21.21 %.

4-(4,6-Diamino-[1, 3, 5]triazin-2-ylamino)-2-diethylaminomethyl-
phenol 5 : A stirred suspension of 2-chloro-4,6-diamino-1,3,5-tria-
zine (500 mg, 3.44 mmol) and 4-amino-a-diethylamino-ortho-cresol
dihydrochloride 19 (1.1 g, 4.12 mmol) in EtOH (7 mL) was refluxed
for 2 h. The precipitate was filtered, washed with cold EtOH and
dried to afford 5 as a white hydrochloride salt (771 mg, 74 %): mp:
250–252 8C; 1H NMR (300 MHz, [D6]DMSO) d= 10.43 (s, 1 H, OH),
10.10 (br s, 1 H, NH), 8.53–7.59 (m, 4 H, Htriazine), 7.86 (s, 1 H, HAr),
7.36 (d, J = 8.76 Hz, 1 H, HAr), 7.03 (d, J = 8.76 Hz, 1 H, Hvin), 4.19 (d,
J = 4.79 Hz, 2 H, Ar-CH2), 3.15–3.01 (m, 4 H, N ACHTUNGTRENNUNG(CH2CH3)2), 1.27 ppm (t,
J = 7.17 Hz, 6 H, NACHTUNGTRENNUNG(CH2CH3)2) ; 13C NMR (75 MHz, [D6]DMSO) d=
158.38 (C), 156.34 (C), 153.64 (C), 146.94 (C), 129.14 (C), 126.80
(CH), 125.21 (CH), 116.24 (CH), 115.83 (CH), 49.38 (CH2), 46.09 (CH2),
8.48 ppm (CH3); MS (FAB) m/z : 304.3 (M + ) ; Anal. calcd for
C14H21N7O · 2HCl · H2O: C 42.65, H 6.39, N 24.87, Cl 17.98, found: C
42.91, H 6.16, N 26.23, Cl 17.53 %.

Time-dependent formation of glutathione–Mannich base mono-
adducts : GSH (20 mm in H2O, 50 mL) and inhibitor (20 mm in
DMSO, 50 mL) were added to a solution of aq NH4HCO3 (25 mm,

250 mL) and H20 (650 mL) and incubated at RT (pH ~7). An aliquot
was injected into an HPLC apparatus to determine the [Mannich
base]:[monoSG adduct] ratio versus time (min) at various time in-
tervals. The HPLC analysis was performed on a Hitachi Merck L-
4000 equipped with a UV detector set at 254 nm. HPLC retention
times were obtained using the following conditions: 100 % eluent
A (0.05 % TFA in H2O) for 5 min, a gradient up to 100 % B (0.05 %
TFA in H2O/CH3CN (1:4)) within 10 min, 100 % B for 5 min, then
again a gradient up to 100 % A within 5 min at a flow rate of
1 mL min�1.

Biology

In vitro antiparasitic bioassays for primary inhibitor screening
(table S1, Supporting Information): The Leishmania infantum
MHOM/MA (BE)/67 strain used was maintained in the Golden Ham-
ster and spleen amastigotes were collected for preparing infection
inocula. Primary peritoneal mouse macrophages were used as host
cells and were collected 2 d after peritoneal stimulation with a 2 %
potato starch suspension. Assays were performed in 96-well micro-
titer plates, with each well containing 10 mL of the compound dilu-
tions together with 190 mL of macrophage/parasite inoculum (3 �
105 cells �3 � 106 parasites/well//RPMI-1640 + 5 % inactivated
Fetal Calf Serum (FCSi). After 5 d incubation, parasite burdens

(mean number of amastigotes/macrophage) were microscopically
assessed after Giemsa staining. The results are expressed as the %
reduction in parasite burden compared to untreated control wells
and an IC50 value (50 % inhibitory concentration) was calculated. In
the primary evaluation, the compounds were tested at five concen-
trations (64, 16, 4, 1 and 0.25 mm or mg mL�1). Pentostam� (IC50 =
6.8�0.9 mm) and miltefosin (IC50 = 5.2�0.8 mm) were included as
reference drugs. A compound was classified as inactive when the
IC50 value is higher than 16 mg mL�1 or mm. When the IC50 value
was lower than 1 mg mL�1 or mm, the compound was classified as
active and was further evaluated in a secondary screening, which
involves the L. donovani MHOM/ET/67 L82 and L. infantum strains
over an extended dose range (twofold compound dilutions).

The Trypanosoma brucei brucei squib 427 strain (suramin sensitive)
was used. The strain was maintained in Hirumi (HMI-9) medium,
supplemented with 10 % FCSi. Assays were performed in 96-well
microtiter plates, with each well containing 10 mL of the com-
pound dilutions together with 190 mL of the parasite suspension
(7 � 104 parasites mL�1). After 3 d incubation, parasite growth was
assessed fluorometrically after addition of resazurin. After 24 h at
37 8C, fluorescence was measured (lex 550 nm, lem 590 nm). The re-
sults are expressed as the % reduction in parasite growth/viability
compared to control wells and an IC50 value (50 % inhibitory con-
centration) was calculated. Compounds were tested at five concen-
trations (64, 16, 4, 1 and 0.25 mm or mg mL�1). Suramin was includ-
ed as the reference drug (IC50 = 0.12�0.07 mm). When the IC50

value was lower than 1 mg mL�1 or mm, the compound was classi-
fied as active and was further evaluated in a secondary screening,
which involved an extended dose range (twofold compound dilu-
tions), additional reference drugs (suramin, pentamidine, melarso-
prol) and species (T. b. rhodesiense or T. b. gambiense).

Trypanosoma cruzi, tulahuen CL2, b galactosidase strain (nifurtimox
sensitive) was used. The strain was maintained on MRC-5SV2

(human lung fibroblast) cells in MEM medium, supplemented with
200 mm l-glutamine, 16.5 mm NaHC03, and 5 % FCSi. All cultures
and assays were conducted at 37 8C under an atmosphere of 5 %
C02. Assays were performed in sterile 96-well microtiter plates, with
each well containing 10 mL of the compound dilutions together
with 190 mL of MRC-5 cell/parasite inoculum (2 � 104 cells mL�1

�2 � 105 parasites mL�1). Parasite growth was compared to un-
treated infected controls (100 % growth) and uninfected controls
(0 % growth) after 7 d incubation. Parasite burdens were assessed
after adding the substrate CPRG (chlorophenol red b-d-galactopyr-
anoside): 50 mL well�1 of a stock solution containing CPRG
(15.2 mg) and Nonidet (250 mL) in PBS (100 mL). The change in
color was measured spectrophotometrically at 540 nm after 4 h in-
cubation at 37 8C. The results are expressed as % reduction in para-
site burdens compared to control wells and IC50 values were calcu-
lated. Compounds were tested at five concentrations (64, 16, 4, 1
and 0.25 mm or mg mL�1). Nifurtimox (IC50 = 0.845�0.2 mm) was in-
cluded as a reference drug. When the IC50 value was lower than
1 mg mL�1 or mm, the compound was classified as active on the
condition that it also demonstrated selective action (absence of cy-
totoxicity).

Evaluation of the cytotoxicity against human cell lines : Human
lung MRC-5SV2 cells were cultured in Earl’s MEM medium supple-
mented with 5 % FCSi. Assays were performed in 96-well microtiter
plates, with each well containing ~104 cells per well. After 3 d of
incubation, cell viability was assessed fluorometrically; fluorescence
was measured after addition of resazurin (lex 550 nm, lem 590 nm).
The results are expressed as % reduction in cell growth/viability
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compared to untreated control wells and an IC50 value was deter-
mined. Compounds were tested at five concentrations (64, 16, 4, 1
and 0.25 mm or mg mL�1). When the IC50 value was lower than
4 mg mL�1 or mm, the compound was classified as toxic. Cytotoxic
reference compounds included vinblastine or paclitaxel (IC50

<0.01 mm), but these were rarely included because of associated
health hazards. Alternatives are, for example, niclosamide and in-
vermectin.

Toxicity assay for P2 transporter studies in T. brucei brucei : Dif-
ferent cell types of the bloodstream T. brucei brucei (strain 427,
wild type, TbAT1�/�[14] and KO-B48[6] were cultivated in HMI-9
medium (BioSera Ltd. , UK)[29] supplemented with 2 mm b-mercap-
toethanol (Sigma–Aldrich, UK) and 10 % FCSi (BioSera Ltd. , UK) at
37 8C in a humidified 5 % CO2 atmosphere. Trypanotoxicity was de-
termined using an adapted version of the Alamar Blue assay by
R�z and co-workers.[30] Cells (100 mL of 1 � 104 cells ml�1) were
added to wells of 96-well plates containing doubling dilutions of
each test compound (100 mL) and incubated for 48 h. Alamar Blue
reagent (20 mL, 0.49 mm in PBS, pH 7.4; Sigma–Aldrich, UK) was
added to each well. After 24 h, fluorescence was measured using a
LS 55 luminescence spectrophotometer (PerkinElmer Life and Ana-
lytical Sciences, USA) set at excitation and emission wavelengths of
530 nm and 590 nm, respectively. Data was analyzed and IC50

values determined with Prism 5.0 (GraphPad Software, USA) soft-
ware. Experiments were performed in duplicate on three inde-
pendent occasions.

Uptake assay : The uptake of [3H]adenosine (Moravek Biochemicals
Inc. , USA) was studied using the rapid oil-stop method.[8] Blood-
stream forms of T. brucei brucei (strain 427, wild type) were isolated
from rat blood (female Winstar rat, Harlan UK) at peak parasitemia
using a diethylaminoethyl cellulose, DE52 (Whatman, Maidstone,
UK) anion exchange column. Cells were washed in assay buffer
(33 mm Hepes, 98 mm NaCl, 4.6 mm KCl, 0.3 mm CaCl2, 0.07 mm

MgSO4, 5.8 mm NaH2PO4, 0.3 mm MgCl2, 23 mm NaHCO3 and
14 mm glucose, pH 7.3) and resuspended to ~1 � 108 cells mL�1 at
RT. Aliquots of cells (100 mL) were added to microcentrifuge tubes
containing equal volumes of assay buffer with [3H]adenosine
(100 nm), inosine (2 mm, Sigma–Aldrich, UK) and various test sub-
strates at twice the required final concentration, layered over di-n-
butyl phthalate (90 mL, BDH Labs, UK). Transport was terminated
after 30 s by rapid centrifugation (13 000 g, 1 min, Heraeus Instru-
ments, Germany) of cells through the oil layer and immediate flash
freezing. Cell pellets were collected into respective scintillation
vials and lysed with 2 % w/v SDS (200 mL, ICN Biomedicals Inc. ,
USA). Optiphase HiSafe 2 scintillation liquid (3 mL, PerkinElmer Life
and Analytical Sciences, USA) was added to each sample and left
overnight prior to ascertaining the counts min�1 of radioactivity
(Liquid Scintillation & Luminescence Counter, PerkinElmer Life and
Analytical Sciences, USA). Total radioactivity present within the in-
terstitial space was determined by performing an uptake assay on
ice, followed by immediate centrifugation through oil and flash
freezing. The background radioactivity was subsequently subtract-
ed from the final count of all samples. Data analysis was performed
using the Prism 5.0 (GraphPad Software, USA) software. All experi-
ments were performed in duplicate on three independent occa-
sions.

Transporter binding assay : Trypanosomes were pretreated with
test substrates prior to the [3H]adenosine uptake assay to assess
the possibility of interaction with the P2 transporter via Michael
addition. Briefly, bloodstream forms of T. brucei brucei (strain 427,
wild type) from a female Wistar rat were isolated as mentioned

above and incubated with various test substrates at five times
their known IC50 values for different time periods (1 min and
20 min) at RT. Cells were washed twice in assay buffer to remove
test substrates before being subjected to [3H]adenosine uptake as
detailed above over a period of time (30 s to 10 min). Experiment
was performed in triplicate on two independent occasions.

Comparative inhibitor studies of TR, GR, and TrxR by the Man-
nich base derivatives 2, 3 a, 13 a and 20 : The activities of T. cruzi
TR, P. falciparum and human GR, and P. falciparum TrxR were mea-
sured at 25 8C in 1 mL cuvets containing 40 mm HEPES and 1 mm

EDTA (pH 7.5), 47 mm potassium phosphate buffer (pH 6.9),
200 mm KCl and 1 mm EDTA and 100 mm phosphate buffer
(pH 7.4), 2 mm EDTA, respectively. Initial rates were calculated from
NADPH oxidation measured at 340 nm using the physiological sub-
strates and at 412 nm using DTNB as a substrate. The stock solu-
tions of the inhibitors were made in DMSO. All assays of a series
contained the same amount of DMSO.

IC50 values from direct assays : The standard assay mixtures con-
tained 100 mm NADPH and 100 mm TS2 in the case of TR, 500 mm

GSSG with GR, and 1 mm GSSG and 26 mm P. falciparum TrxS2 or
3 mm DTNB in the case of TrxR. IC50 values were determined in du-
plicate in the presence of four to six inhibitor concentrations (0–
200 mm). The reactions were started by adding 5 mL enzyme solu-
tion (9 mU or 1.63 pmol T. cruzi TR; 10 mU or 1.14 pmol human
GR; 9.65 mU or 7.7 pmol P. falciparum TrxR). The final content of
DMSO in the cuvette was 1 %.

IC50 values from time-dependent inactivation assays : The activity
of T. cruzi TR, P. falciparum GR, human GR, and P. falciparum TrxR
after pre-incubation with inhibitor and NADPH for 5 min was deter-
mined by monitoring disulfide reduction. 5 mL of the enzyme solu-
tion containing 16.7 nmol T. cruzi TR, 54.2 pmol P. falciparum GR,
45 pmol human GR, and 771 pmol P. falciparum TrxR, respectively,
were allowed to react with 160 mm NADPH and 0–400 mm 2, 3 a,
13 a and 20 in a final volume of 50 mL or 200 mL buffer for 5 min at
25 8C. All reaction mixtures contained 2 % DMSO. 5 mL of each reac-
tion mixture was removed and the residual activity was measured
in the respective standard assay (see above).

Data sets of primary screening assays for compounds 2, 3–5, 12 a-
c, 13 a-c, 17–18, and 20 are available as Supporting Information.

Animal use was approved by the Ethical Committee of the Univer-
sity of Antwerp.

Acknowledgements

The authors are grateful to Beate Jannack, Margit Br�ckner and
Edith Rçckel who contributed to this work by excellent technical
assistance to the chemical preparation of starting materials in
bulk, and to enzymatic measurements with TrxR and TR assays,
respectively. Dr. Julien Furrer is acknowledged for recording 1H
and 13C NMR spectra (Organisch-Chemisches Institut, Heidelberg
University). E. D.-C. is thankful to Jean G�rard Wolf (Toulouse Uni-
versity) for fruitful discussions about melarsoprol chemistry. Our
work is supported by the CNRS-DFG program of the Centre Na-
tional de la Recherche Scientifique (E.D.C.) and by the Deutsche
Forschungsgemeinschaft (SFB 544 “Control of Tropical Infectious

350 www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2009, 4, 339 – 351

MED E. Davioud-Charvet et al.

www.chemmedchem.org


Diseases”, project B3 (L. K.-S.) and B14 (E.D.C.)). N. W. is grateful
for a fellowship from the SFB544-DFG program.

Keywords: Mannich bases · melamine · purine transporters ·
trypanosomiasis · trypanothione · glutathione

[1] R. L. Krauth-Siegel, H. Bauer, R. H. Schirmer, Angew. Chem. 2005, 117,
698–724; Angew. Chem. Int. Ed. 2005, 44, 690–715.

[2] S. Krieger, W. Schwarz, M. R. Ariyanayagam, A. H. Fairlamb, R. L. Krauth-
Siegel, C. Clayton, Mol. Microbiol. 2000, 35, 542–552.

[3] N. S. Scrutton, A. R. Raine, Biochem. J. 1996, 319, 1–8.
[4] M. L. Cunningham, M. J. J. M. Zvelebil, A. H. Fairlamb, Eur. J. Biochem.

1994, 221, 285–295.
[5] N. S. Carter, A. H. Fairlamb, Nature 1993, 361, 173–176.
[6] D. J. Bridges, M. K. Gould, B. Nerima, P. M�ser, R. J. Burchmore, H. P. de

Koning, Mol. Pharmacol. 2007, 71, 1098–1108.
[7] H. P. de Koning, L. F. Anderson, M. Stewart, R. J. Burchmore, L. J. Wallace,

M. P. Barrett, Antimicrob. Agents Chemother. 2004, 48, 1515–1519.
[8] C. A. Lanteri, M. L. Stewart, J. M. Brock, V. P Alibu, S. R. Meshnick, R. R.

Tidwell, M. P. Barrett, Mol. Pharmacol. 2006, 70, 1585–1592.
[9] M. P. Barrett, A. H. Fairlamb, Parasitol. Today 1999, 15, 136–140.

[10] P. M�ser, A. L�scher, R. Kaminsky, Drug Resist. Updates 2003, 6, 281–290.
[11] N. S. Carter, B. J. Berger, A. H. Fairlamb, J. Biol. Chem. 1995, 270, 28 153–

28 157.
[12] M. P. Barrett, I. H. Gilbert, Adv. Parasitol. 2006, 63, 125–183.
[13] P. M�ser, C. S�tterlin, A. Kralli, R. Kaminsky, Science 1999, 285, 242–244.
[14] E. Matovu, M. L. Stewart, F. Geiser, R. Brun, P. Maeser, L. J. Wallace, R. J.

Burchmore, J. C. Enyaru, M. P. Barrett, R. Kaminsky, T. Seebeck, H. P. de
Koning, Eukaryotic Cell 2003, 2, 1003–1008.

[15] C. K. Tye, G. Kasinathan, M. P. Barrett, R. Brun, V. E. Doyle, A. H. Fairlamb,
R. Weaver, I. H. Gilbert, Bioorg. Med. Chem. Lett. 1998, 8, 811–816.

[16] H. P. de Koning, S. M. Jarvis, Mol. Pharmacol. 1999, 56, 1162–1170.
[17] H. P. de Koning, S. M. Jarvis, Acta Trop. 2001, 80, 245–250.
[18] H. P. de Koning, Mol. Pharmacol. 2001, 59, 586–592.
[19] E. Davioud-Charvet, M. J. McLeish, D. M. Veine, D. Giegel, L. D. Arscott,

A. D. Andricopulo, K. Becker, S. Muller, R. H. Schirmer, C. H. Wil-
liams Jr. G. L. Kenyon, Biochemistry 2003, 42, 13 319–13 330.

[20] B. Lee, H. Bauer, J. Melchers, T. Ruppert, L. Rattray, V. Yardley, E. Da-
vioud-Charvet, R. L. Krauth-Siegel, J. Med. Chem. 2005, 48, 7400–7410.

[21] P. M. O’Neill, A. C. Harrison, R. C. Storr, S. R. Hawley, S. A. Ward, B. K. Park,
J. Med. Chem. 1994, 37, 1362–1370.

[22] A. S. Karpov, T. J. J. M�ller, Synthesis 2003, 18, 2815–2826.
[23] M. L. Stewart, G. J. Bueno, A. Baliani, B. Klenke, R. Brun, J. M. Brock, I. H.

Gilbert, M. P. Barrett, Antimicrob. Agents Chemother. 2004, 48, 1733–
1738.

[24] M. L. Stewart, C. Boussard, R. Brun, I. H. Gilbert, M. P. Barrett, Antimicrob.
Agents Chemother. 2005, 49, 5169–5171.

[25] D. Richard, C. Kuendig, M. Ouellette, J. Biol. Chem. 2002, 277, 29 460–
29 467.

[26] A. Schmidt, C. E. Clayton, R. L. Krauth-Siegel, Mol. Biochem. Parasitol.
2002, 125, 207–210.

[27] S. Witek, J. Bielawski, A. Bielawska, Przem. Chem. 1977, 56, 243–246.
[28] D. A. Burgess, I. D. Rae, Aust. J. Chem. 1977, 30, 927–931.
[29] H. Hirumi, K. Hirumi, J. Parasitol. 1989, 75, 985–989.
[30] B. R�z, M. Iten, Y. Grether-B�hler, R. Kaminsky, R. Brun, Acta Trop. 1997,

68, 139–147.

Received: October 29, 2008
Revised: December 12, 2008
Published online on February 13, 2009

ChemMedChem 2009, 4, 339 – 351 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 351

Antitrypanosomal Mannich Bases

www.chemmedchem.org

