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Introduction

The protozoan disease malaria is still one of the major inexora-
ble infections worldwide, and it is especially widespread
throughout tropical regions. It is caused by parasites of the
genus Plasmodium (P. falciparum, P. vivax, P. malariae, and
P. ovale) and transmitted by female Anopheles mosquitoes. The
World Health Organization (WHO) estimates that approximate-
ly 350 to 500 million people are infected annually.[1] Infections
by P. falciparum, the most severe form of malaria, are responsi-
ble for or at least contribute to more than a million deaths per
year. Children below the age of five are particularly affected.[1]

The continuously increasing resistance of the vector toward in-
secticides as well as the emergence of multidrug-resistant par-
asites greatly necessitates the development of new anti-infec-
tive substances that have either a novel binding mode or a
new mechanism of action, which is pivotal to combat this life-
threatening disease.
During its life cycle, P. falciparum degrades the hemoglobin

of the host cell to cover the energy and nutritional demands
for its own growth and maturation. In this metabolic pathway,
the following proteolytic enzymes are hitherto known to be in-
volved: aspartic proteases (plasmepsin (Plm) I,[2, 3] II,[4, 5] IV,[6] and
the closely related histoaspartic protease (HAP)[6,7]), cysteine
proteases (falcipain 1,[8,9] 2,[10,11] and 3[12]), a metalloprotease
(falcilysin),[13] and the recently discovered dipeptidyl aminopep-
tidase 1 (DPAP1).[14] The degradation process appears to follow
an ordered pathway.[4,13] Although the precise sequence of
events, particularly whether a plasmepsin or a falcipain catalyz-
es the initial degradation step,[4,15] is still under debate, it has
been shown that malaria parasites, both in culture and in
animal models, are eradicated by Plm inhibitors, thus providing
a proof-of-concept that these proteases are viable drug tar-

gets.[2, 16–18] Initial experiments with P. falciparum Plm knockout
clones indicated the necessity of simultaneously inhibiting sev-
eral of the food vacuole Plms in order to effectively tackle the
parasite.[19–21] Recently, Bonilla et al. demonstrated that the
growth of the intraerythrocytic-stage parasite is attenuated
only in mutants that lack all four digestive vacuole plasmep-
sins.[22] The design of compounds that are able to inhibit all
food vacuole Plms in parallel seems to be necessary not only
for the efficient eradication of the parasite, but also to impede
the development of parasite resistance. In particular, Plm IV
plays a crucial role, as it is the only Plm of P. falciparum with
orthologs in the other Plasmodium species that infect humans
and therefore opens a way to affect all the Plasmodium para-
sites with one inhibitor.[23]

Most inhibitors synthesized so far against Plm II are peptido-
mimetic transition-state analogues[24] that address the two as-
partates of the active site by a hydroxy or hydroxy-like moiety,
thereby replacing the native substrate. These peptidomimetic
inhibitors are highly active but often suffer from low bioavaila-
bility and are difficult to synthesize. Several years ago, Oefner
et al. identified by high-throughput screening nonpeptidic in-
hibitors for renin,[25] a structurally related aspartic protease

Plasmepsins (Plm) II (EC number: 3.4.23.39) and IV (EC number:
3.4.23.B14) are aspartic proteases present in the food vacuole of
the malaria parasite Plasmodium falciparum and are involved in
host hemoglobin degradation. Based on our established efficient
synthetic sequence, a series of inhibitors for Plm II and IV has
been synthesized bearing a 2,3,4,7-tetrahydro-1H-azepine scaffold
as the core structural element. During the computational design
cycle, thorough investigations were carried out in order to find a
reasonable theoretical binding mode for Plm II and IV. The con-
formation of Plm II in the crystal structure (PDB code: 1LF2) pro-
vides a good starting geometry for our virtual screening ap-

proach. In contrast, the only available co-crystal structure for
Plm IV of P. falciparum (PDB code: 1LS5) appears inappropriate
for inhibitor design. Therefore, a homology model was construct-
ed based on the Plm II 1LF2 structure. A combinatorial docking
run using FlexXc suggested compounds which, after synthesis,
turned out to exhibit affinities in the sub-micromolar range. The
observed structure–activity relationships of the synthesized com-
pounds confirm the assumed binding mode for Plm II and IV. The
best-binding inhibitors designed for Plm II and IV are devoid of
any inhibitory potency against human cathepsin D (EC number:
3.4.23.5).
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with 35% sequence identity to Plm II. These inhibitors all fea-
ture a piperidine scaffold that addresses the two catalytic as-
partates through its basic and most likely protonated secon-
dary endocyclic amino functionality. Interestingly, some of
these inhibitors also show moderate activity against Plm I and
II. Recently, substituted pyrrolidines have been described as
micromolar inhibitors of the aspartic protease HIV-1.[26] Dieder-
ich and co-workers identified a 7-azabicyclo ACHTUNGTRENNUNG[2.2.1]heptane scaf-
fold as an adequate core structure for the development of
Plm II and IV inhibitors.[27,28] These results prompted us to in-
vestigate in greater detail the suitability of azacycles bearing a
basic amino functionality as core element for the design and
synthesis of Plm inhibitors.
So far, 15 P. falciparum Plm II–inhibitor complex structures

have been deposited in the Protein Data Bank (PDB); 14 of
these can be classified in three groups exhibiting different
ligand binding modes: 1) Eight complexes contain either pep-
statin A or a closely related pepstatin A analogue as inhibitor.
As transition-state analogues they exhibit an almost identical
ligand binding mode (PDB codes: 1SME,[29] 1ME6, 1XDH, 1XE5,
1XE6, 1W6I, 1W6H, and 1M43) (Figure 1a). The flap lid shared
by all aspartic proteases folds on the bound inhibitor and puts
the binding pocket in the closed state. 2) The second group
comprises three complexes (1LF2, 1LEE, and 1LF3)[30,31] in
which the binding pocket is in a partially open conformation
(Figure 1b). 3) In the third group, a new specificity pocket, the
so-called flap pocket, is unlocked and addressed by the inhibi-
tors (2BJU (Ki=34 nm),[32] 2IGY,[18] and 2IGX[18]) (Figure 1c).
The crystallographically indicated adaptivity of the protein is

further confirmed by molecular dynamics (MD) simulations.[33–
36] They suggest that Plm II and most likely Plm I and IV are
highly flexible proteins that adopt additional conformations
not yet characterized, but which could possibly be targeted by
inhibitors.[37]

Because only three distinct binding modes have been dis-
covered so far, and due to the fact that the target protein has
been treated as rigid in most in silico studies, the application
of automated docking procedures appears rather limited.
Moreover, there are some reported cases in which docking
failed to predict reasonable binding modes based on previous-
ly determined crystal structures.[35,36,38] The situation appears
even worse for P. falciparum Plm IV, as for this enzyme only a
single co-crystal structure in complex with pepstatin A is avail-
able (PDB code: 1LS5). For Plm I, only one homology model
has been described so far.[29] An in-depth literature search indi-
cates that a possible explanation for the rather poorly de-
scribed structural properties of these enzymes might originate
from difficulties in growing crystals that diffract sufficiently
well for structure determination of complexes with inhibitors
that do not adopt a pepstatin-like binding mode. However, as
our goal is the design and synthesis of promiscuous inhibitors
that address Plm II and IV equally well, we planned an azacyclic
scaffold as suitable geometry for docking into one of the cur-
rently available crystal structures.

Figure 1. Superposition of a) all pepstatin and pepstatin-like ligands from
Plm II crystal structures, b) all crystal structure ligands that generate a more
open binding pocket, and c) all inhibitors found in crystal structures that ad-
dress a new specificity pocket. All amino acids up to 6 L away from the li-
gands are shown in stick representation. Ligands are shown in blue, color-
coded by atom type, amino acids in yellow, color-coded by atom type.
Image created using PyMol 0.99.[59]
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Results and Discussion

In silico evaluation of the core structure

Preliminary modeling studies suggested that a 2,3,4,7-tetrahy-
dro-1H-azepine scaffold could provide a promising starting
point for the design of putative Plm inhibitors. As depicted in
Figure 2, the azacycle could address the two aspartates of the
catalytic dyad by its basic nitrogen atom.

Equipped with appropriate linker groups at positions 3 and
5, the introduction of well-tailored substituents to explore and
specifically address the various substrate recognition pockets is
easily carried out. As a starting point we selected (rac)-3,5-bis-
hydroxymethyl-2,3,4,7-tetrahydro-1H-azepine. The primary hy-
droxy functionalities on this core structure can readily be es-
terified by using standard coupling reactions.
The carbonyl oxygen atoms of both ester groups are

thought to be well placed to establish hydrogen bonds to the
flap region. Following our synthetic strategy, the azepine deriv-
atives are obtained as racemic mixtures resulting from the
evolving stereocenter at position 3 of the ring system.[39] To
obtain further insight into a putative binding mode, the R and
the S enantiomers were docked with FlexX.[40] The protein con-
formers found in the crystal structures 1SME (pepstatin-like),
2BJU (flap pocket), and 1LF2 (opened binding pocket) were
used as reference geometries (Table 1). In all cases, the R enan-
tiomer had better scores in terms of the FlexX scoring func-
tion. Furthermore, in the conformer displayed in the crystal
structure 1LF2, the R enantiomer received the best scoring rel-
ative to the other two Plm conformers.
Closer investigation of the crystal structure 1LF2 with its

bound parent inhibitor RS367 revealed that the hydroxy group
of the hydroxypropylamine isostere establishes hydrogen
bonds to the catalytic dyad (Figure 3a). In addition, hydrogen
bonds are formed to the flap residues V78 and S79.
Comparison of a docking pose of our azepine derivative

(Figure 3b) with the crystal structure of the RS367 ligand (Ki=
30 nm) suggests a similar hydrogen-bond pattern; in our case,
the quaternary amino group of the azepine moiety interacts

through charge-assisted hydrogen bonds with the two aspar-
tates of the catalytic dyad. The carbonyl oxygen atom of the
ester function at position 3 addresses the backbone NH group
of V78 in the flap, whereas the ester carbonyl oxygen at posi-
tion 5 forms a hydrogen bond to the hydroxy group of S79 in
the flap region. In this docking solution, the two terminal
methyl groups are oriented toward the S1 and S2’ pockets.
Considering the placement of the methoxy bond vectors, a va-
riety of different ester substituents can be added to properly
address the corresponding subpockets.
With respect to the ring structure of the azepine moiety, the

boat conformation generated by Corina[41] and used for dock-
ing with FlexX appears to be an acceptable low-energy confor-
mation. Support for this assumption comes from the observa-
tion that the 2,3,4,7-tetrahydro-1H-azepine scaffold can indeed
show a boat conformation in crystal structures (see entry
CCDC 260740[42] in the Cambridge Structural Database[43]). Fur-
thermore, conformational NMR studies on cycloheptene ring
systems have provided examples in which the boat conforma-
tion is virtually as favored as the chair conformation.[44,45]

Docking starting geometry for Plm IV

For Plm IV of P. falciparum, only a co-crystal structure with pep-
statin A is available.[31] The binding mode of the inhibitor in
this complex is very similar to that of pepstatin A in Plm II,
which also results in a binding site conformer with closed flap
lids. Based on the docking results of our core structure with
the three distinct protein conformations that suggest preferred
binding to the open conformer of Plm II, we propose that in
the case of Plm IV as well a more open protein conformation is
required to accommodate our azepine derivatives. Plm IV ex-
hibits high sequence identity (69%) to Plm II. In the whole
binding pocket, 24 out of 34 residues are conserved consider-
ing all residues up to 6 L distant from the ligand RS367. Thus,
a reasonable homology model of Plm IV could be generated in
the more open conformation based on the coordinates of the
complex structure of Plm II (1LF2) as template. GutiMrrez-de-
TerNn et al. also generated a Plm IV homology model based on
Plm II structures.[46]

Figure 2. 3,5-Bis-carbonyloxymethyl-substituted azepine template and its
putative hydrogen-bond network within the active site of Plm.

Table 1. Scores of the FlexXc scoring function.[a]

PDB code

1SME �18.5 �17.8
2BJU �16.1 �14.2
1LF2 �24.8 �18.2

[a] Scores of the FlexXc scoring function generated for the R (left) and
S enantiomer (right) as docked into three different Plm II crystal structure
geometries (1SME, 2BJU, and 1LF2).
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Optimization of the P1 and P2’ residues

Docking of the parent core structure suggested preferred bind-
ing of the R enantiomer of our azepine to the open protein
conformer, which was therefore considered for the further op-

timization process. Putative substitution vectors (Rx, Ry) point
toward the S2’ and S1 pockets (Figures 2 and 3b). In the fol-
lowing, these pockets were thoroughly analyzed to identify pu-
tative substituents to optimally address both specificity pock-
ets. To gather ideas of potential occupants for these pockets,
we first performed a database search using Cavbase to retrieve
similar subpockets present in other crystal structures.[47,48] Cav-
base is a method to describe and compare protein binding
pockets in terms of shape and exposed physicochemical prop-
erties. As a matter of fact, most pockets that exhibit a pro-
nounced physicochemical similarity to the Plm II recognition
pockets also turned out to be members of the class of aspartic
proteases. The molecular portions of ligands found to occupy
similar subpockets were extracted and analyzed for their suita-
bility as building blocks for the synthesis of putative inhibitors.
In approximately one third of all retrieved pockets that show
similarity to the Plm II S1 pocket, a phenyl moiety was consis-
tently found (31 out of 100 similar pockets). A similar search
performed for the S2’ pocket was less conclusive, and a broad
spectrum of structurally diverse molecular building blocks was
suggested. This indicates that the specificity of this pocket is
less pronounced for a single preferred occupant. As we plan-
ned to perform our design in a stepwise fashion, we decided
to use a phenyl moiety initially as most suitable occupant to
address the Plm II S1 pocket. The S2’ pocket, as indicated by
our Cavbase search, is less discriminative for a particular sub-
stituent.
We therefore decided to perform a rather exhaustive screen

for putative occupants using combinatorial docking with
FlexXc. From a synthetic point of view, we intended to apply
ester bond formation. As a consequence, we retrieved a di-
verse set of 2083 carboxylic acids from the Sigma–Aldrich cata-
logue. All considered acid fragments had a molecular weight
below 250 Da. Based on the benzoyloxymethylazepine core
structure, a library of 2083 esters was generated on the com-
puter (Scheme 1).

Subsequent to docking, a visual inspection of the 100 best-
scored candidates was performed. The parent crystal structure
1LF2 with RS367 shows three water molecules that mediate in-
teractions to the bound ligand or to the protein. These water
molecules present in the S1 and S2’ pockets possess rather
low B factors. Similarly placed water molecules could potential-
ly influence the binding modes of our docked library entries.
HOH546 with a B factor below 10 L2, located in the S2’ pocket,
establishes hydrogen bonds to the N39 side chain and to the
carbonyl oxygen atom of L131. HOH367 (B factor=24 L2) and

Figure 3. a) Crystal structure 1LF2 (surface and stick representation in blue,
amino acids color-coded by atom type) in complex with RS367 (stick repre-
sentation in salmon, color-coded by atom type). Hydrogen bonds to the flap
amino acids V78 and S79 are formed. The catalytic dyad (D34 and D214) is
addressed by a hydroxy group. The S1, S2, S1’, and S2’ pockets are occupied
by the inhibitor. b) Docking solution of the azepine core structure (R enan-
tiomer, salmon, color-coded by atom type) in 1LF2 (blue). Hydrogen bonds
to the flap and to the catalytic dyad are formed. The two substituents point
toward the S1 and S2’ pockets. Image created using PyMol 0.99.[59]

Scheme 1. A library of 2083 esters was generated by linking the core with
the fragments.
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HOH530 (B factor=19 L2) both occupy the S1 pocket and me-
diate a hydrogen bonding network between S118, Y17, and
T119 (Figure 3a). As these water molecules were not consid-
ered during our initial combinatorial docking run, we added
them in an additional energy-minimization step in order to op-
timize the ligand geometries of the best-scored candidate li-
gands in the presence of these water molecules. During mini-
mization with the Moloc MAB force field,[49] the protein and
water atoms were kept rigid, whereas the ligand was assigned
to full flexibility.

Analysis of the docked ligands

In almost all docking solutions,
the protonated amino function-
ality of the azepine core inter-
acts with the two aspartates of
the catalytic dyad as suggested
by our initial docking runs (Fig-
ure 3b). The ester functionality
in position 5 forms a hydrogen
bond to the flap residue S79. Its
phenyl ring occupies the pre-
dominantly hydrophobic S1
pocket (Figure 3b) composed by
M15, I32, F111, and F120. The
carbonyl oxygen atom of the
ester functionality at position 3
forms a hydrogen bond to the
flap backbone NH group of V78.
As expected, in almost all dock-
ing solutions the attached R
groups of the 2083 library mem-
bers occupy the S2’ pocket.
Among the best-scored solu-
tions, aromatic ring moieties
bearing hydroxy or amino sub-
stituents at various ring posi-
tions were preferentially detect-
ed.
Similar combinatorial docking

followed by a subsequent
energy-minimization step was
performed for the Plm IV homol-
ogy model using the same li-
brary of candidate ligands as for
Plm II. The docking results
showed very similar binding
poses and preferences; the
phenyl moiety at position 5 fills
the S1 pocket in a similar fash-
ion. For the P2’ substituent, aro-
matic ring systems equipped
with hydroxy or amino groups at
various ring positions are also
highly scored for this isozyme.

Synthesis and biological testing of the first design series

Based on the design hypothesis derived from our first cycle,
and also considering the synthetic feasibility of the proposed
molecules, inhibitors (rac)-1, (rac)-2, and (rac)-3 were prepared
according to the synthesis scheme described below (Scheme 2
and reference [39]). The compounds were tested for activity
against Plm II, Plm IV, and the related human aspartic protease
cathepsin D (Table 2). Compound (rac)-1 showed a Ki value of
4.7 mm for Plm II and 7.2 mm for Plm IV. In agreement with our
modeling results, the importance of the amino group is dem-

Table 2. Experimental inhibitory activities of the compounds studied.[a]

Compd R1 R2 Ki [mm]
Plm II Plm IV Cat D

1 4.7 7.2 260

2 303 211 @320

3 28.8 38.6 348

4 1.0 1.5 262

5 2.4 15.9 >100

6 1.3 3.9 51

7 4.7 43.4 >100

8 28.8 29.0 285

9 7.6 9.9 255

10 10.9 22.1 321

11 0.8 3.2 142

12 49.0 68.8 178

13 0.4 5.7 165

[a] Compound (rac)-11 was obtained as its trihydrochloride salt, the other compounds as their monohydro-
chloride salts.
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onstrated by the 60-fold difference in affinity between (rac)-1
and (rac)-2. The latter lacks a similar H-bond donor group. In
addition, the synthetic precursor of (rac)-1, compound (rac)-3
bearing a p-nitrobenzoyloxymethyl substituent at position 3 of
the azepine ring, was tested for Plm inhibition. However, in
contrast to our prediction from docking, its Ki values for Plm II
and Plm IV are unexpectedly low (29.0 and 38.6 mm, respective-
ly). This compound receives a scoring worse than the unsubsti-
tuted (rac)-2. Assuming a similar binding pose of (rac)-3 rela-
tive to (rac)-1 (Figure 5a) and (rac)-2, the p-nitrobenzoyloxy-
methyl moiety should experience repulsive interactions be-
tween its nitro group and the side chain amide oxygen atom
of N39 in the S2’ pocket.
In the search for a possible explanation for this unexpected

finding, MD simulations of the noncomplexed protein were
performed. Along the trajectory, pronounced side chain move-
ments of N39 in the S2’ pocket could be observed. In addition

to the conformation found in the crystal structure, a further
low-energy conformer seems to be significantly populated
(Figure 4).
In this second conformation, the Nc2 angle is rotated by

1808. Based on this alternative conformer, a reasonable binding
geometry for (rac)-3 can be suggested. The azepine moiety
and the P1 substituent of (rac)-3 both remain bound to the
protein in a similar fashion. However, the p-nitro group of the
P2’ substituent replaces HOH546 and forms a direct hydrogen
bond to the terminal carboxamide NH group of the rotated
N39 residue. This binding pose is in agreement with the en-
hanced binding affinity of the nitro derivative relative to the
unsubstituted derivative (rac)-2.
A second design cycle was performed in which the substitu-

ent for the S1 pocket was optimized, keeping the previously
detected P2’ substituent unchanged. Again, ester bond forma-
tion was envisaged for synthetic reasons. A similar combinato-

Scheme 2. Synthetic pathway toward inhibitors (rac)-1, (rac)-3 to (rac)-13. Reagents and conditions: a) for (rac)-15 : p-nitrobenzoic acid, THF/CH2Cl2 1:1, DIC,
DMAP, 12 h, 71%; for (rac)-16 : benzoyl chloride, CH2Cl2, TEA, DMAP, 18 h, 72%; b) 1% HCl(aq) in THF, room temperature; for (rac)-17: 30 min, 77%; for (rac)-18 :
30 min, 90%; c) for (rac)-19 : benzoyl chloride, CH2Cl2, TEA, DMAP, 16 h, 87%; for (rac)-20 : 3-indole acetic acid, THF/CH2Cl2 1:1, DIC, DMAP, 14 h, 84%; for (rac)-
21: 1-naphthoic acid, THF/CH2Cl2 1:1, DIC, DMAP, 12 h, 44%; for (rac)-22 : p-bromobenzoic acid, THF/CH2Cl2 1:1, DIC, DMAP, 14 h, 58%; for (rac)-23 : p-nitroben-
zoic acid, THF/CH2Cl2 1:1, DIC, DMAP, 18 h, 65%; d) 1) SnCl2·2H2O in EtOAc, 80 8C, 3 h, 2) 2m HCl in Et2O, room temperature, 24 h; for (rac)-1: 48%; for (rac)-4 :
52%; for (rac)-5 : 73%; for (rac)-13 : 47%; for (rac)-9 : 70%; e) 2m HCl in Et2O, room temperature, 24 h; for (rac)-3 : 91%; for (rac)-6 : 85%; for (rac)-7: 91%; for
(rac)-12 : 94%; for (rac)-8 : 88%; f) ref. [39] ; g) p-nitrobenzoic acid, THF/CH2Cl2 1:1, DIC, DMAP, 13 h, 69%; h) 2m HCl in Et2O, room temperature, 24 h, 96%;
k) 1) SnCl2·2H2O in EtOAc, 80 8C, 3 h, 2) 2m HCl in Et2O, room temperature, 24 h, 59%. DIC=1,3-diisopropylcarbodiimide, DMAP=4-dimethylaminopyridine,
TEA= triethylamine.
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rial docking run using FlexXc was carried out following a subse-
quent energy-minimization step.
An extended set of P1 substituents with either multiple ro-

tatable bonds or peptidic character received high scoring for
Plm II and Plm IV. To avoid these undesired solutions, we ap-
plied a filter and only allowed substituents without amide
bonds and a limited number of rotatable bonds. Among the
remaining most promising candidates, a 1H-indolyl-3-methyl
substituent could be detected. It potentially forms a hydrogen
bond to S218 (Figure 5b). Sterically more demanding hydro-
phobic groups such as a naphthyl moiety followed on subse-
quent ranks. As a consequence (Scheme 2), the p-amino deriv-
atives (rac)-4 and (rac)-5 were synthesized along with their
nitro-substituted precursors (rac)-6 and (rac)-7. Compared with
the phenyl derivative (rac)-1, both the 3-indolyl acetic acid
substituted inhibitor (rac)-4 and the naphthyl derivative (rac)-5
show improved binding toward Plm II. With respect to Plm IV,
only the indolyl-type inhibitor (rac)-4 achieves better binding.
The naphthyl derivative (rac)-5 drops slightly relative to the
phenyl compound (rac)-1. For Plm II, both nitro derivatives
(rac)-6 and (rac)-7 experience improved binding compared
with (rac)-3. The same holds for the binding of (rac)-6 to
Plm IV, whereas (rac)-7, in agreement with the amino series,
shows nearly unchanged affinity.
Based on these results we entered into a third design cycle.

The modeled binding pose of (R)-1 or (R)-7 suggested the in-
troduction of a polar substituent either at the para position of
the phenyl ring or the 2-position of the naphthyl moiety in po-
sition 5 of the azepine core. Such substituents could possibly
interact with the neighboring water molecules present in the
crystal structure with RS367. To test this hypothesis, we synthe-
sized (rac)-8 and (rac)-9, which respectively feature a p-nitro or
p-amino moiety at this position. Indeed, both show improved
affinities over that of (rac)-2, suggesting that an amino group
is better suited than a nitro group. The indicated trend is fur-

ther confirmed by (rac)-10 and
(rac)-11. Compounds (rac)-12
and (rac)-13 were synthesized
with a polarizable bromine sub-
stituent at this position. Mole-
cule (rac)-12 does not improve
affinity to both Plms within the
estimated error of the assay.
Likewise, (rac)-13 is not benefi-
cial for binding to Plm IV, where-
as, interestingly, better binding
to Plm II is observed.
Overall, for Plm IV, similar

trends are observed as those for
Plm II, strongly supporting our
initial hypothesis that Plm IV is
also capable of adopting a con-
formation with an open binding
pocket as observed for Plm II

(1LF2). The affinities measured for cathepsin D are all in the
high micromolar range, which indicates satisfactory selectivity
toward Plm II and IV.

Figure 4. Fluctuation of the Nc2 angle in Asn39 (N39) of Plm II observed in the MD simulation, with the respective
value from the crystal structure shown as reference; see the Experimental Section for details.

Figure 5. Minimized docking solutions of a) (R)-1 and b) (R)-5 in 1LF2. The
protein is shown in blue, both ligands in salmon, color coded by atom type.
Image created using PyMol 0.99.[59]
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Chemical synthesis

N-Boc-2,3,4,7-tetrahydroazepine (rac)-14, bearing two anchor-
ing groups, the unprotected hydroxymethyl function at posi-
tion 3 as well as the TBDMS-protected group at position 5, is
easily accessible by a straightforward convergent strategy in
seven steps with 21% overall yield.[39] Condensation of the pri-
mary hydroxy group with either benzoyl chloride or p-nitro-
benzoic acid applying standard procedures readily renders the
ester derivatives (rac)-15 and (rac)-16. Selective cleavage of the
TBDMS group furnishes the respective hydroxymethyl deriva-
tives (rac)-17 and (rac)-18. These were subsequently con-
densed with a set of preliminarily chosen aromatic carboxylic
acids to give the bis-ester derivatives (rac)-19–23. In the final
synthetic step leading to the first series of inhibitors (rac)-1,
(rac)-4, (rac)-5, (rac)-9, and (rac)-13, the nitro groups of the
substituents in (rac)-19–23 were reduced to the corresponding
amino functionalities using tin(II) chloride in ethyl acetate at
elevated temperature. Concomitantly with this reaction step,
the N-Boc protecting groups were also removed, and after
treatment with anhydrous HCl in Et2O, the corresponding hy-
drochlorides (rac)-1, (rac)-4, (rac)-5, (rac)-9, and (rac)-13 were
obtained. For a second series of inhibitors, the Boc protecting
group of the nitro compounds (rac)-19–23 was directly cleaved
under nonaqueous conditions to afford inhibitors (rac)-3, (rac)-
6–8, and (rac)-12 as their hydrochloride salts in good overall
yield. Starting from the Boc-protected bis-diol (rac)-24, which
can be obtained by deprotection of TBDMS-protected azepine
(rac)-14, the bis-p-nitrophenylester (rac)-25 is accessible in a
one-step procedure. This precursor (rac)-25 provides direct and
easy access to further inhibitors either by simple cleavage of
the Boc protecting group to give inhibitor (rac)-10, or by re-
duction of both nitro groups and subsequent Boc group de-
protection to provide inhibitor (rac)-11 as its trihydrochloride.

Conclusions

In summary, we have developed novel nonpeptidic Plm II and
Plm IV inhibitors that feature a 2,3,4,7-tetrahydro-1H-azepine
scaffold as core element. Equipped with suitable side chains to
address two of the enzyme’s specificity pockets, these inhibi-
tors show activity in the nanomolar range. Derived from a
combined subpocket search and a combinatorial docking ap-
proach, initial inhibitors with affinities in the low micromolar
range were identified. These were subsequently synthesized by
following our previously established synthetic route, which is
mainly based on commercially available, inexpensive starting
materials. Structural modifications of the initial lead structure
in a consecutive design cycle indeed led to inhibitors that ex-
hibit affinities in the sub-micromolar range. Overall, 13 inhibi-
tors were synthesized, the experimentally determined Ki values
of which are generally in good agreement with the design hy-
pothesis. The determined structure–activity relationships,
therefore, support our predicted binding mode for Plm II and
Plm IV. Notably, as compound (rac)-4 inhibits Plm II and Plm IV
equally well and displays selectivity over human cathepsin D,
this inhibitor represents our new lead structure. Future work

will address an additional substrate recognition pocket to fur-
ther increase affinity toward Plm II and Plm IV, and to retain or
even increase the selectivity against cathepsin D.

Experimental Section

Assays and Ki determinations: Plm II activity assays were per-
formed in 96-well microtiter plates with a Tecan Spectra Fluor
spectrometer (lex=360 nm, lem=465 nm). The fluorogenic sub-
strate Arg-Gln-Phe*Nphe-Ile-Thr was purchased from Bachem (* de-
notes the cleavage site; Nphe=p-nitrophenylalanine). A 1 mm sub-
strate stock solution in DMSO was prepared. The stock solution
was diluted in a ratio of 1:50 with an acetic acid/acetate buffer
(0.1m, pH 4.5). This solution was distributed to the wells (180 mL
each). The Plm II concentration, measured by UV/Vis, was 10 nm in
an acetic acid/acetate buffer (0.1m, pH 4.5). For the assay, protein
(18 mL) was mixed with inhibitor (2 mL, dissolved in DMSO) and al-
lowed to fully equilibrate with enzyme for 5 min. DMSO (2.3% final
concentration) was used to guarantee complete dissolution of the
inhibitors. For the reaction, the 20 mL enzyme inhibitor solution
was added to the 180 mL substrate solution. The final enzyme con-
centration was 1 nm, and the final substrate concentration was
18 mm. Substrate conversion was recorded as an increase in fluo-
rescence intensity over a period of 3 min, during which the intensi-
ty increased linearly with time. IC50 values were taken from plots of
Vi/V0 as a function of inhibitor concentration, for which Vi and V0
are the initial rates of reaction in presence and absence of the in-
hibitor, respectively. To convert IC50 values to Ki values, the follow-
ing equation was applied:

K i ¼ ½IC50�ðEt=2Þ�½1þ ðS=KMÞ��1

for which Et is the total enzyme concentration (1 nm), KM is the Mi-
chaelis–Menten constant (63 mm), and S is the substrate concentra-
tion (18 mm).

Plm IV activity assays were essentially performed as described for
Plm II. The enzyme concentration was 10 nm, KM=28 mm, and S=
18 mm. Cathepsin D activity assays were essentially performed as
described for Plm II. The enzyme concentration was 1 nm, KM=
16 mm, and S=9 mm. The estimated error range for the assays is
�40%.

Homology model of Plm IV: As template for homology modeling,
the complex structure of Plm II (1LF2) was used, assuming that
Plm IV can also adopt a more open binding pocket. The sequence
of Plm IV was initially mapped onto that of Plm II using the align
option in MOE.[50] The sequences aligned with 69.3% identity
(using the BLOSUM62 substitution matrix[51]). The homology mod-
eling of Plm IV was carried out in MOE version 2006.08.[50] Ten
models were generated, and each was slightly minimized. The pro-
tein report of MOE was checked for outliers in the final model.

Molecular dynamics simulation: The MD simulation and all setup
steps were performed with the Amber 8.0 suite of programs[52]

using the Amber 1999 force field. The Plm structure with PDB
code 1LEE was used as starting point. The ligand and all crystallo-
graphic water molecules were removed, and hydrogen atoms were
added with PROTONATE. After estimating protonation states of all
histidine residues and of the two catalytic aspartates (D34 and
D214) at pH 5 with Poisson–Boltzmann pKa calculations, histidines
were set to the protonated form, and the two catalytic aspartates
to the deprotonated form. The protein was initially subjected to
200 steps of minimization using a generalized Born solvation
model. Subsequently, the system was solvated in a box of ~10300
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TIP3P water molecules,[53] and sodium ions were added to ensure
neutrality. After 200 steps of minimization of the solvated system,
the MD simulation was started by heating the solvent to 300 K
over a period of 20 ps and cooling to 100 K over 5 ps, keeping the
protein fixed. Then the entire system was brought to 300 K over a
period of 25 ps, and the simulation was continued for 10 ns under
NPT conditions, using a time step of 2 fs and PME[54] for evaluating
the electrostatic interactions. Energy data were saved every 20 fs,
and protein coordinates every 0.5 ps. CARNAL was used for further
analysis of the trajectory, and VMD 1.8.2[55] for visualization.

Computational docking: Docking studies were performed with
the docking program FlexX (version 2.0.3).[56] The crystal structures
of Plm II with PDB codes 1LF2, 1SME, and 2BJU were used as start-
ing geometries. The ligand and all crystallographic water molecules
were removed. For the active site determination, a radius of 13 L
was selected, always using complete amino acids. A fragment data-
set with 2083 carboxylic acids was compiled from the Sigma–Al-
drich catalogue, all with Mr<250 Da. The core and the R group in-
stances were preprocessed with Sybyl[57] as follows: correct atom
and bond types as well as formal charges were assigned, hydrogen
atoms were added, 3D structures were generated and energy mini-
mized. All fragments were marked with an attachment point X. The
core structure was marked with an attachment point R1. Then the
core and the fragments were linked, and the connecting X and R
atoms were removed from the atom list ; a library of 2083 esters
was generated.[40] The compounds were subsequently docked by
using the placeseq option. During placement, the FlexX scoring
function was applied for the final selection of the best-scored
docking solutions.

Comparison of protein subpockets: The crystal structure of Plm II
with PDB code 1LEE was used as starting geometry. All amino
acids within 6 L of the ligand were used for the determination of
the binding pocket. The complete pocket was then further divided
into subpockets. The S1 pocket (residues I14, M15, Y17, L32, D34,
Y77, S79, F111, T114, S118, F120, I123, D214, S215, G216, and S218)
and the S2’ pocket (residues S37, A38, N39, M75, N76, Y77, V78,
L131, S132, and I133) were further analyzed. Cavbase,[47] a database
developed from the database Relibase,[58] was used to compare the
protein subpockets of Plm II with the subpockets of all stored
binding pockets. All fragments which bind to similar subpockets
were extracted.

General synthetic procedures: Reported yields refer to the analyti-
cally pure product obtained by column chromatography. All 1H
and 13C NMR spectra were recorded on a Jeol Eclipse+ 500 MHz
spectrometer (1H NMR: 500 MHz, 13C NMR: 125 MHz). Chemical
shifts are reported in parts per million (ppm) and were referenced
to TMS at 0.00 ppm (1H) except for spectra of compounds contain-
ing a silyl protecting group, which were referenced to the residual
CHCl3 in CDCl3 at 7.24 ppm.

13C NMR spectra were referenced to
CDCl3 at 77.0 ppm or [D6]DMSO at 39.5 ppm. NMR spectra were re-
corded in CDCl3 unless otherwise indicated. Abbreviations: bdd=
broad doublet of doublets, bm=broad multiplet, bs=broad sin-
glet, d=doublet, m=multiplet, sm= symmetric multiplet, quint=
quintet, q=quartet, s= singlet, t= triplet, ps=pseudo. MS data
were obtained from a double-focusing sector field spectrometer
type 7070 H (Vacuum Generators) or by a double-focusing sector
field spectrometer type VG-AutoSpec (Micromass). Combustion
analyses were determined on a Vario Micro Cube (Elementar Analy-
sen, GmbH). Melting points were determined on a Mettler Toledo
FP62 instrument and are uncorrected. Flash column chromatogra-
phy was performed using silica gel 60 (0.05–0.1 mm) or silica
gel 60 (0.04–0.063 mm) purchased from Macherey–Nagel. TLC was

carried out using aluminum plates (0.2 mm) coated with silica
gel 60F254 (Merck), and the products were visualized by UV detec-
tion, iodine, or by phosphormolybdic acid (“blue stain”). Solvents
and reagents that are commercially available were used without
further purification unless otherwise noted. THF was dried by distil-
lation from sodium/benzophenone. All moisture-sensitive reactions
were carried out using oven-dried glassware under a positive
stream of argon. Compounds 2, 14, and 24 were prepared accord-
ing to published methods.[39]

ACHTUNGTRENNUNG(R,S)-5-(tert-Butyldimethylsilanyloxymethyl)-3-(4-nitrobenzoylox-
ymethyl)-2,3,4,7-tetrahydroazepine-1-carboxylic acid tert-butyl
ester [ ACHTUNGTRENNUNG(rac)-15]: p-Nitrobenzoic acid (0.281 g, 1.68 mmol, 1.2 equiv)
and DMAP (0.009 g, 0.07 mmol, 5 mol%) were added to a stirred
solution of (rac)-14 (0.520 g, 1.40 mmol, 1.0 equiv) in a 1:1 mixture
of THF and CH2Cl2 (20 mL) followed by the addition of a solution
of DIC (0.229 g, 1.82 mmol, 1.3 equiv) in the above solvent mixture
(5 mL) at room temperature. The reaction mixture was stirred for
12 h and then carefully quenched by the addition of a saturated
NaHCO3 solution (30 mL). After addition of Et2O (50 mL), the layers
were separated. The organic layer was filtered, and the residue was
washed three times with Et2O. The combined filtrates were washed
twice with brine, dried over MgSO4, filtered, and concentrated
under reduced pressure. Column chromatography (hexanes/
tBuOMe: 1:1) afforded 0.519 g (71%) of (rac)-15 as a yellow oil :
1H NMR: d=8.27 (d, 3JACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 8.20 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz,
2H), 5.73 (bs, 1H), 4.26 (d, 3JACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H), 3.97 (s, 2H), 4.08–
3.89 (m, 2H), 3.70–3.59 (m, 1H), 3.48 (sm, 1H), 2.46–2.34 (bm, 1H),
2.31–2.20 (bt, 1H), 2.13 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.8, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H),
1.42 (s, 9H), 0.86 (s, 9H), 0.02 ppm (s, 6H); 13C NMR (rotamers): d=

164.4, 155.4, 155.1, 150.5, 139.9, 138.9, 135.5, 135.4, 130.7, 130.6,
123.5, 122.2, 122.1, 79.7, 79.5, 67.8, 67.7, 67.4, 49.2, 49.1, 46.3, 36.9,
36.5, 29.3, 28.8, 28.4, 28.3, 25.8, 18.3, �5.37, �5.43 ppm; MS (ES+ )
m/z (%): 543 (46) [M+Na]+ , 1063 (100) [2M+Na]+ ; HRMS (ES+ ):
m/z calcd for C26H41N2O7Si : 521.268306, found: 521.270468.

ACHTUNGTRENNUNG(R,S)-3-Benzoyloxymethyl-5-(tert-butyldimethylsilanyloxymeth-
yl)-2,3,4,7-tetrahydroazepine-1-carboxylic acid tert-butyl ester
[ACHTUNGTRENNUNG(rac)-16]: TEA (0.40 mL, 2.60 mmol, 1.3 equiv) and a catalytic
amount of DMAP were added to a stirred solution of (rac)-14
(0.743 g, 2.0 mmol, 1.0 equiv) in CH2Cl2 (20 mL), followed by the
dropwise addition of a solution of benzoyl chloride (0.3 mL,
2.20 mmol, 1.1 equiv in CH2Cl2 [2 mL]) at 0 8C. The reaction mixture
was allowed to reach room temperature and was stirred for 18 h at
ambient temperature. After addition of tBuOMe (50 mL), the solu-
tion was quenched with a saturated NH4Cl solution, and the aque-
ous layer was extracted twice with tBuOMe (50 mL). The combined
organic layers were washed with brine, dried over MgSO4, filtered,
and concentrated under reduced pressure. Column chromatogra-
phy (hexanes/tBuOMe: 9:1) of the remaining oily residue afforded
0.688 g (72%) of (rac)-16 as a colorless oil : 1H NMR: d=8.02 (dd,
3J ACHTUNGTRENNUNG(H,H)=8.3, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 2H), 7.54 (sm, 1H), 7.42 (pst, 2H), 5.73
(s, 1H), 4.20 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 4.05–3.86 (m, 2H), 3.97 (s, 2H),
3.76–3.61 (m, 1H), 3.44 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.2, 3JACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H),
2.45–2.30 (bd, 1H), 2.25 (pst, 1H), 2.17–2.08 (m, 1H), 1.42 (s, 9H),
0.87 (s, 9H), 0.02 ppm (s, 6H); 13C NMR (rotamers): d=166.3, 155.4,
155.2, 140.1, 139.2, 132.95, 132.86, 130.1, 129.6, 128.3, 122.0, 121.9,
79.7, 79.4, 67.7, 67.3, 66.91, 66.85, 49.5, 49.4, 46.2, 37.0, 36.6, 29.4,
29.0, 28.4, 25.9, 18.3, �5.46, �5.43 ppm; MS (ES+ ) m/z (%): 498
(77) [M+Na]+ , 973 (100) [2M+Na]+ ; HRMS (ES+ ): m/z calcd for
C26H42NO5Si: 476.283227, found: 476.284998; Anal. calcd for
C26H41NO5Si: C 65.65, H 8.69, N 2.94, found: C 65.64, H 8.75, N 2.87.

ACHTUNGTRENNUNG(R,S)-5-Hydroxymethyl-3-(4-nitrobenzoyloxymethyl)-2,3,4,7-tetra-
hydroazepine-1-carboxylic acid tert-butyl ester [ ACHTUNGTRENNUNG(rac)-17]: Com-

ChemMedChem 2008, 3, 1323 – 1336 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 1331

Nonpeptidic Plasmepsin II and IV Inhibitors

www.chemmedchem.org


pound (rac)-15 (0.437 g, 0.84 mmol, 1.0 equiv) was dissolved in
15 mL of a 30:1 mixture of THF and aqueous HCl 32% and stirred
at room temperature for 30 min. After addition of a saturated
NaHCO3 solution (15 mL), the reaction mixture was extracted three
times with Et2O. The combined organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated under reduced
pressure. Column chromatography (hexanes/tBuOMe: 1:1) afforded
0.263 g (77%) of (rac)-17 as a colorless oil : 1H NMR: d=8.30 (d,
3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.22 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 5.80 (s, 1H), 4.30
(d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H), 4.09–3.95 (m, 2H), 4.02 (s, 2H), 3.72–3.63
(m, 1H), 3.60–3.50 (m, 1H), 2.51–2.41 (m, 1H), 2.38 (d, 2J ACHTUNGTRENNUNG(H,H)=
15.0 Hz, 1H), 2.26 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.2, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H), 1.45 ppm
(s, 9H); 13C NMR (rotamers): d=164.4, 155.3, 155.2, 150.5, 140.2,
139.7, 135.4, 135.3, 130.6, 130.5, 123.4, 123.2, 123.1, 79.9, 79.7, 67.7,
67.5, 49.3, 49.1, 46.3, 46.0, 36.9, 36.5, 29.4, 29.2, 28.3 ppm; MS
(ES+) m/z (%) 429 (100) [M+Na]+ , 835 (80) [2M+Na]+ ; HRMS
(ES+): m/z calcd for C20H26N2O7Na: 429.163771, found: 429.161823;
Anal. calcd for C20H26N2O7: C 59.10, H 6.45, N 6.89, found: C 59.04,
H 6.56, N 6.82.

ACHTUNGTRENNUNG(R,S)-3-Benzoyloxymethyl-5-hydroxymethyl-2,3,4,7-tetrahydroa-
zepine-1-carboxylic acid tert-butyl ester [ACHTUNGTRENNUNG(rac)-18]: Compound
(rac)-16 (0.618 g, 1.30 mmol, 1.0 equiv) was dissolved in 20 mL of a
30:1 mixture of THF and aqueous HCl 32% and stirred at room
temperature for 30 min. After addition of a saturated NaHCO3 solu-
tion (20 mL), the reaction mixture was extracted three times with
Et2O. The combined organic layers were washed with brine, dried
over MgSO4, filtered, and concentrated under reduced pressure.
Column chromatography (hexanes/tBuOMe: 1:1) afforded 0.423 g
(90%) of (rac)-18 as a colorless oil : 1H NMR: d=8.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=
8.3, 4J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 2H), 7.57 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H), 7.44 (t,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 5.78 (bs, 1H), 4.24 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 2H),
4.08–3.94 (m, 2H), 4.01 (s, 2H), 3.77–3.63 (m, 1H), 3.49 (sm, 1H),
2.51–2.39 (m, 1H), 2.36 (d, 2J ACHTUNGTRENNUNG(H,H)=15.3 Hz, 1H), 2.26 (sm, 1H),
1.45 ppm (s, 9H); 13C NMR (rotamers): d=166.4, 155.3, 140.4, 140.0,
133.0, 132.9, 129.9, 129.4, 128.3, 123.0, 122.8, 79.9, 79.8, 67.7, 67.5,
66.8, 66.6, 49.5, 49.3, 46.2, 46.1, 37.0, 36.5, 29.4, 28.3 ppm; MS
(ES+) m/z (%): 384 (25) [M+Na]+ , 745 (100) [2M+Na]+ ; HRMS
(ES+) m/z calcd for C20H27NO5Na: 384.178693, found: 384.176482;
Anal. calcd for C20H27NO5: C 66.46, H 7.53, N 3.88, found: C 66.69,
H 7.56, N 4.06.

ACHTUNGTRENNUNG(R,S)-5-Benzoyloxymethyl-3-(4-nitrobenzoyloxymethyl)-2,3,4,7-
tetrahydroazepine-1-carboxylic acid tert-butyl ester [ACHTUNGTRENNUNG(rac)-19]:
TEA (0.06 mL, 0.42 mmol, 1.3 equiv) and a catalytic amount of
DMAP were added to a stirred solution of (rac)-17 (0.130 g,
0.32 mmol, 1.0 equiv) in CH2Cl2 (5 mL) at 0 8C. The reaction mixture
was allowed to reach room temperature followed by the dropwise
addition of a solution of benzoyl chloride (0.04 mL, 0.35 mmol,
1.1 equiv) in CH2Cl2 (0.5 mL). The mixture was stirred for 14 h at
ambient temperature. After addition of tBuOMe (10 mL), the reac-
tion mixture was quenched with a saturated NH4Cl solution
(10 mL), and the aqueous layer was extracted twice with tBuOMe.
The combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. Column
chromatography (hexanes/tBuOMe: 4:1) afforded 0.142 g (87%) of
(rac)-19 as colorless oil : 1H NMR: d=8.20 (sm, 2H), 8.13 (sm, 2H),
8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 7.58–7.52 (m, 1H), 7.45–7.38 (m, 2H),
5.96–5.89 (m, 1H), 4.74 (s, 2H), 4.40–4.34 (m, 1H), 4.26 (dd,
2J ACHTUNGTRENNUNG(H,H)=11.0, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 4.17–3.95 (m, 2H), 3.75–3.65 (m,
1H), 3.60–3.49 (m, 1H), 2.60–2.43 (m, 2H), 2.34 (dd, 2JACHTUNGTRENNUNG(H,H)=15.4,
3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 1H), 1.45 ppm (s, 9H); 13C NMR (rotamers): d=
166.1, 164.3, 155.3, 155.0, 150.4, 135.5, 135.2, 135.1, 134.5, 133.0,
130.5, 129.8, 129.4, 128.3, 127.5, 127.3, 123.3, 80.0, 79.8, 69.4, 67.3,

48.9, 46.3, 37.0, 36.6, 29.7, 29.2, 28.3 ppm; MS (ES+ ) m/z (%): 533
(100) [M+Na]+ , 1043 (21) [2M+Na]+ ; HRMS (ES+ ) m/z calcd for
C27H31N2O8: 511.208041, found: 511.209535; Anal. calcd for
C27H30N2O8: C 63.52, H 5.92, N 5.49, found: C 63.50, H 6.08, N 5.31.

General procedure for the synthesis of compounds (rac)-20–22:
The appropriate carboxylic acid (1.2 equiv) and DMAP (5 mol%)
were added to a stirred solution of alcohol (rac)-17 (1.0 equiv) in a
1:1 mixture of THF and CH2Cl2, followed by the addition of a solu-
tion of DIC (1.3 equiv) in the above solvent mixture. The reaction
mixture was stirred at room temperature until TLC indicated the
completion of the reaction and was then carefully quenched by
addition of a saturated NaHCO3 solution. After addition of Et2O, the
layers were separated. The organic layer was filtered, and the resi-
due was washed three times with Et2O. The combined filtrates
were washed twice with brine, dried over MgSO4, filtered, and con-
centrated under reduced pressure.

ACHTUNGTRENNUNG(R,S)-5-(2-1H-Indol-3-ylacetoxymethyl)-3-(4-nitrobenzoyloxy-
methyl)-2,3,4,7-tetrahydroazepine-1-carboxylic acid tert-butyl
ester [ACHTUNGTRENNUNG(rac)-20]: Reaction of (rac)-17 (0.691 g, 1.70 mmol, 1.0 equiv)
with 3-indole acetic acid (0.357 g, 2.04 mmol, 1.2 equiv) and subse-
quent column chromatography (hexanes/tBuOMe: 3:2) yielded
0.805 g (84%) of (rac)-20 as a yellow, hygroscopic solid: 1H NMR:
d=8.22 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 8.20 (bs, 1H), 8.15 (d, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 2H), 7.57 (d, 3JACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.34–7.29 (m, 1H), 7.18–
7.13 (m, 2H), 7.09 (dt, 3J ACHTUNGTRENNUNG(H,H)=7.3, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H), 5.80–5.75
(m, 1H), 4.51 (s, 2H), 4.20–4.04 (m, 2H), 4.04–3.85 (m, 2H), 3.78 (s,
2H), 3.66–3.53 (m, 1H), 3.49–3.38 (m, 1H), 2.32–2.19 (m, 2H), 2.19–
2.10 (m, 1H), 1.44 ppm (s, 9H); 13C NMR (rotamers): d=171.7,
164.5, 155.4, 155.1, 150.5, 150.4, 136.0, 135.5, 135.2, 134.5, 130.6,
127.5, 127.2, 127.0, 123.5, 123.1, 122.1, 119.5, 118.6, 111.2, 108.1,
80.1, 79.9, 69.3, 67.4, 49.0, 46.2, 36.7, 36.3, 31.3, 29.7, 29.1,
28.4 ppm; MS (ES+ ) m/z (%): 586 (100) [M+Na]+ , 1149 (35) [2M+
Na]+ ; HRMS (ES+ ) m/z calcd for C30H33N3O8Na: 586.216535, found:
586.213797.

ACHTUNGTRENNUNG(R,S)-5-(Naphthalene-1-carbonyloxymethyl)-3-(4-nitrobenzoylox-
ymethyl)-2,3,4,7-tetrahydroazepine-1-carboxylic acid tert-butyl
ester [ ACHTUNGTRENNUNG(rac)-21]: (rac)-21 was obtained from (rac)-17 (1.016 g,
2.50 mmol, 1.0 equiv) and 1-naphthoic acid (0.517 g, 3.00 mmol,
1.2 equiv). Column chromatography (hexanes/tBuOMe: 3:1) gave
0.620 g (44%) of (rac)-21 as a yellow solid: mp: 117 8C; 1H NMR:
d=8.84 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H), 8.17–8.12 (m, 1H), 8.03–7.92 (m,
5H), 7.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.2, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 7.57 (sm, 1H), 7.51
(sm, 1H), 7.44 (sm, 1H), 6.02–5.96 (bd, 1H), 4.83 (sm, 2H), 4.37 (sm,
1H), 4.27–4.19 (m, 1H), 4.18–4.05 (m, 1H), 4.03 (sm, 1H), 3.70 (sm,
1H), 3.50 (sm, 1H), 2.60–2.50 (m, 2H), 2.45–2.36 (m, 1H), 1.48 ppm
(s, 9H); 13C NMR (rotamers): d=166.9, 164.2, 155.4, 155.1, 150.1,
135.7, 135.0, 134.8, 134.7, 133.7, 133.5, 131.2, 130.3, 130.2, 130.1,
128.4, 127.9, 127.8, 126.5, 126.2, 125.5, 124.4, 123.2, 80.1, 79.9, 69.7,
67.2, 67.1, 49.0, 46.5, 37.0, 36.7, 29.7, 29.2, 28.4 ppm; MS (ES+ ) m/z
(%): 583 (100) [M+Na]+ , 1143 (40) [2M+Na]+ ; HRMS (ES+ ) m/z
calcd for C31H32N2O8Na: 583.205636, found: 583.208517; Anal. calcd
for C31H32N2O8: C 66.42, H 5.75, N 5.00, found: C 66.13, H 5.89, N
4.83.

ACHTUNGTRENNUNG(R,S)-5-(4-Bromobenzoyloxymethyl)-3-(4-nitrobenzoyloxymeth-
yl)-2,3,4,7-tetrahydroazepine-1-carboxylic acid tert-butyl ester
[ACHTUNGTRENNUNG(rac)-22]: Reaction of (rac)-17 (1.016 g, 2.5 mmol, 1.0 equiv) with
4-bromobenzoic acid (0.603 g, 3.0 mmol, 1.2 equiv) gave 0.860 g
(58%) of (rac)-22 as a yellow oil after column chromatography
(hexanes/tBuOMe: 2:1): 1H NMR (rotamers): d=8.24 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.0 Hz, 2H), 8.14 (dd, 3JACHTUNGTRENNUNG(H,H)=9.6, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 7.85 (d,
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 7.56–7.50 (m, 2H), 5.93–5.90 (m, 1H), 4.77–
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4.66 (m, 2H), 4.39–4.32 (m, 1H), 4.29–4.21 (m, 1H), 4.15–3.95 (m,
2H), 3.74–3.64 (m, 1H), 3.59–3.46 (m, 1H), 2.57–2.41 (m, 2H), 2.33
(dd, 2J ACHTUNGTRENNUNG(H,H)=15.4, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 1.46 ppm (s, 9H); 13C NMR
(rotamers): d=165.5, 164.4, 155.4, 155.1, 150.5, 135.3, 135.2, 134.3,
131.7, 131.0, 130.6, 130.5, 128.7, 128.2, 127.8, 127.7, 123.4, 80.1,
79.9, 69.8, 67.4, 49.1, 49.0, 46.4, 37.0, 36.7, 29.8, 29.3, 28.4 ppm; MS
(ES+ ) m/z (%): 613 (100) [M+Na]+ ; HRMS (ES+ ) m/z calcd for
C27H29BrN2O8Na: 611.100497, found: 611.103088; Anal. calcd for
C27H29BrN2O8: C 55.02, H 4.96, N 4.75, found: C 54.69, H 5.01, N
4.78.

ACHTUNGTRENNUNG(R,S)-3-Benzoyloxymethyl-5-(4-nitrobenzoyloxymethyl)-2,3,4,7-
tetrahydroazepine-1-carboxylic acid tert-butyl ester [ACHTUNGTRENNUNG(rac)-23]: p-
Nitrobenzoic acid (0.224 g, 1.34 mmol, 1.2 equiv) and DMAP
(0.007 g, 0.06 mmol, 5 mol%) were added to a stirred solution of
(rac)-18 (0.405 g, 1.12 mmol, 1.0 equiv) in a 1:1 mixture of THF and
CH2Cl2 (20 mL), followed by the addition of a solution of DIC
(0.23 mL, 1.50 mmol, 1.3 equiv) in the above solvent mixture
(5 mL). The solution was stirred at room temperature for 18 h and
then carefully quenched by addition of saturated NaHCO3 solution
(30 mL). After addition of Et2O (50 mL), the layers were separated.
The organic layer was filtered, and the residue was washed three
times with Et2O (50 mL). The combined filtrates were washed twice
with brine, dried over MgSO4, filtered, and concentrated under re-
duced pressure. Column chromatography (hexanes/tBuOMe: 1:1)
afforded 0.371 g (65%) of (rac)-23 as a yellow oil : 1H NMR: d=8.20
(d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.15 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 7.98 (d,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 7.54 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.3, 3JACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H),
7.40 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 5.97–5.87 (m, 1H), 4.80 (d, 2J ACHTUNGTRENNUNG(H,H)=
12.6 Hz, 1H), 4.74 (d, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H), 4.35–4.27 (m, 1H), 4.21
(dd, 2J ACHTUNGTRENNUNG(H,H)=11.0, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H), 4.14–3.97 (m, 2H), 3.78–
3.66 (m, 1H), 3.50 (dd, 2JACHTUNGTRENNUNG(H,H)=14.2, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 2.52–
2.44 (m, 2H), 2.39–2.30 (m, 1H), 1.43 ppm (s, 9H); 13C NMR (rotam-
ers): d=166.1, 164.2, 155.2, 155.1, 150.4, 135.1, 135.0, 134.2, 133.0,
130.5, 129.7, 129.3, 128.2, 128.1, 123.4, 80.0, 79.7, 70.4, 66.5, 66.3,
49.2, 49.0, 46.2, 37.1, 36.7, 29.7, 29.5, 28.3 ppm; MS (ES+ ) m/z (%):
533 (78) [M+Na]+ , 1043 (100) [2M+Na]+ ; HRMS (ES+ ) m/z calcd
for C27H30N2O8Na: 533.189986, found: 533.191940; Anal. calcd for
C27H30N2O8: C 63.52, H 5.92, N 5.49, found: C 63.34, H 5.99, N 5.50.

General procedure for the preparation of compounds (rac)-1,
(rac)-4, (rac)-5, (rac)-9, (rac)-11, and (rac)-13: SnCl2·2H2O (5.0 equiv)
was added to a solution of the appropriate p-nitrobenzoyloxy-
methyl derivative ((rac)-19–23, (rac)-25, 1.0 equiv) in EtOAc. The re-
action mixture was stirred for 3 h at 80 8C and then allowed to
reach room temperature. The reaction was quenched through
careful addition of a saturated NaHCO3 solution, until pH 7–8 was
reached. The layers were separated, and the aqueous layer was ex-
tracted twice with EtOAc. The combined organic layers were
washed twice with brine, dried over MgSO4, filtered, and concen-
trated under reduced pressure. After column chromatography, the
oily residue was treated with HCl (20.0 equiv of a 2.0m solution in
Et2O) and stirred for 24 h at room temperature. The resulting pre-
cipitate was separated by filtration under a positive pressure of
argon, thoroughly washed with dry Et2O, and dried.

ACHTUNGTRENNUNG(R,S)-3-(4-Aminobenzoyloxymethyl)-5-benzoyloxymethyl-2,3,4,7-
tetrahydro-1H-azepine hydrochloride [ACHTUNGTRENNUNG(rac)-1]: Following the gen-
eral procedure, use of (rac)-19 (0.150 g, 0.294 mmol, 1.0 equiv) af-
forded 0.059 g (48%) of (rac)-1 as a brownish solid after column
chromatography (CH2Cl2/MeOH: 93:7): mp: 124 8C;

1H NMR
([D6]DMSO): d=7.98 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.3, 4J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 2H), 7.68–
7.63 (m, 3H), 7.52 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 6.53 (d, 3JACHTUNGTRENNUNG(H,H)=8.7 Hz,
2H), 5.98 (s, 2H), 5.91 (dd, 3JACHTUNGTRENNUNG(H,H)=5.5, 3J ACHTUNGTRENNUNG(H,H)=4.6 Hz, 1H), 4.76
(s, 2H), 4.12 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 2H), 3.71–3.60 (m, 2H), 3.41–3.35

(m, 2H), 3.08 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.0, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H), 2.41 (d,
2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 1H), 2.38–2.29 ppm (m, 1H); 13C NMR ([D6]DMSO):
d=165.6, 165.3, 153.6, 140.4, 133.4, 131.1, 129.4, 129.1, 128.7,
122.3, 115.4, 112.6, 68.2, 65.2, 50.2, 43.4, 34.2, 30.6 ppm; MS (ES+ )
m/z (%): 381 (100) [M+H]+ , 761 (9) [2M+H]+ ; HRMS (ES+ ) m/z
calcd for C22H25N2O4: 381.181433, found: 381.184246.

ACHTUNGTRENNUNG(R,S)-3-(4-Aminobenzoyloxymethyl)-5-(2-1H-indol-3-ylacetoxy-
methyl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-4]:
Following the general procedure, use of (rac)-20 (0.099 g,
0.176 mmol, 1.0 equiv) afforded 0.043 g (52%) of (rac)-4 as a
brownish, hygroscopic solid after column chromatography (CH2Cl2/
MeOH: 7:3): 1H NMR ([D6]DMSO): d=10.95 (bs, 1H), 8.48–8.15 (bs,
2H), 7.67 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 7.48 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 7.35
(d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 1H), 7.24 (d, 4J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1H), 7.06 (t,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H), 6.97 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.9, 4JACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H),
6.57 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 5.99 (s, 2H), 5.76–5.71 (m, 1H), 4.51 (s,
2H), 4.04 (sm, 2H), 3.76 (s, 2H), 3.58 (t, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 3.36–
3.32 (m, 1H), 3.05 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.0, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 2.39
(dd, 2J ACHTUNGTRENNUNG(H,H)=15.9, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H), 2.24 (d, 2JACHTUNGTRENNUNG(H,H)=15.6 Hz,
1H), 2.27–2.19 ppm (m, 1H); 13C NMR ([D6]DMSO): d=171.0, 165.6,
153.6, 140.6, 136.0, 131.1, 126.9, 124.0, 121.5, 121.0, 118.4, 118.3,
115.4, 112.6, 111.3, 106.7, 67.4, 65.1, 50.2, 43.3, 34.1, 30.6, 30.4 ppm;
MS (ES+ ) m/z (%): 434 (100) [M+H]+ , 867 (7) [2M+H]+ ; HRMS
(ES+ ) m/z calcd for C25H28N3O4: 434.207982, found: 434.210643.

ACHTUNGTRENNUNG(R,S)-3-(4-Aminobenzoyloxymethyl)-5-(naphthalene-1-carbony-
loxymethyl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-
5]: Following the general procedure, employment of (rac)-21
(0.398 g, 0.71 mmol, 1.0 equiv) rendered 0.242 g (73%) of (rac)-5 as
a brownish solid after column chromatography (CH2Cl2/MeOH:
8:2): mp: 197 8C; 1H NMR ([D4]MeOH): d=8.84 (d, 3JACHTUNGTRENNUNG(H,H)=8.7 Hz,
1H), 8.20 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.2, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 1H), 8.10 (d, 3JACHTUNGTRENNUNG(H,H)=
8.3 Hz, 1H), 7.95 (d, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 7.69 (dt, 3J ACHTUNGTRENNUNG(H,H)=8.7,
4J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H), 7.60 (ddd, 3JACHTUNGTRENNUNG(H,H)=7.9, 3J ACHTUNGTRENNUNG(H,H)=7.6, 4J ACHTUNGTRENNUNG(H,H)=
1.4 Hz, 1H), 7.55 (ddd, 3J ACHTUNGTRENNUNG(H,H)=7.5, 3J ACHTUNGTRENNUNG(H,H)=7.3, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz,
1H), 7.50 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.7, 4J ACHTUNGTRENNUNG(H,H)=0.7 Hz, 1H), 6.53 (dt, 3J ACHTUNGTRENNUNG(H,H)=
10.0, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H), 6.06 (t, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 4.91 (s, 2H),
4.24 (dd, 2JACHTUNGTRENNUNG(H,H)=11.2, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H), 4.22 (dd, 2J ACHTUNGTRENNUNG(H,H)=11.2,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H), 3.84 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6, 3JACHTUNGTRENNUNG(H,H)=6.2 Hz, 1H),
3.78 (dd, 2JACHTUNGTRENNUNG(H,H)=15.6, 3J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 1H), 3.58 (dd, 2J ACHTUNGTRENNUNG(H,H)=
13.3, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.23 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.3, 3J ACHTUNGTRENNUNG(H,H)=10.3 Hz,
1H), 2.64 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H), 2.57–2.44 ppm (m, 1H); 13C NMR
([D6]DMSO): d=166.2, 165.6, 153.6, 140.7, 133.5, 133.4, 131.1,
130.4, 129.9, 128.7, 127.9, 126.34, 126.33, 125.0, 124.8, 122.3, 115.4,
112.6, 68.4, 65.2, 50.1, 43.2, 34.1, 30.7 ppm; MS (ES+ ) m/z (%): 431
(100) [M+H]+ , 861 (10) [2M+H]+ ; HRMS (ES+ ) m/z calcd for
C26H27N2O4: 431.197083, found: 431.194869; Anal. calcd for
C26H27N2O4Cl·1/2H2O: C 65.61, H 5.93, N 5.89, found: C 65.82, H
5.93, N 5.76.

ACHTUNGTRENNUNG(R,S)-3-(4-Aminobenzoyloxymethyl)-5-(4-bromobenzoyloxymeth-
yl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ACHTUNGTRENNUNG(rac)-13]: Fol-
lowing the general procedure, employment of (rac)-22 (0.212 g,
0.36 mmol, 1.0 equiv) provided 0.084 g (47%) of (rac)-13 as a
brownish solid after column chromatography (CH2Cl2/MeOH: 7:3):
mp: 122 8C; 1H NMR ([D6]DMSO): d=9.61 (bs, 1H), 9.24 (bs, 1H),
7.90 (d, 3JACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H), 7.73 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H), 7.68 (d,
3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 6.64 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 5.91 (bs, 1H),
4.78 (s, 2H), 4.19–4.12 (sm, 2H), 3.82–3.66 (m, 2H), 3.44 (d,
2J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 3.23–3.12 (m, 1H), 2.60–2.53 (m, 1H),
2.43 ppm (d, 2J ACHTUNGTRENNUNG(H,H)=14.9 Hz, 2H); 13C NMR ([D6]DMSO): d=165.4,
164.5, 151.4, 141.2, 131.8, 131.00, 130.97, 128.5, 127.4, 120.8, 116.9,
113.9, 68.1, 65.1, 49.5, 42.5, 33.4, 30.4 ppm; MS (ES+ ) m/z (%): 459
(100) [M+H]+ ; HRMS (ES+ ) m/z calcd for C22H24N2O4Br:

ChemMedChem 2008, 3, 1323 – 1336 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 1333

Nonpeptidic Plasmepsin II and IV Inhibitors

www.chemmedchem.org


459.091944, found: 459.091967; Anal. calcd for
C22H24N2O4BrCl·4H2O: C 46.53, H 5.68, N 4.93, found: C 46.75, H
5.11, N 4.87.

ACHTUNGTRENNUNG(R,S)-5-(4-Aminobenzoyloxymethyl)-3-benzoyloxymethyl-2,3,4,7-
tetrahydro-1H-azepine hydrochloride [ACHTUNGTRENNUNG(rac)-9]: Following the gen-
eral procedure, use of (rac)-23 (0.173 g, 0.339 mmol, 1.0 equiv) af-
forded 0.099 g (70%) of (rac)-9 as a brownish solid after column
chromatography (CH2Cl2/MeOH: 93:7): mp: 81 8C; 1H NMR
([D6]DMSO): d=7.97 (dd, 3JACHTUNGTRENNUNG(H,H)=7.7, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 2H), 7.65
(m, 3H), 7.50 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 6.56 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H),
6.00 (s, 2H), 5.87 (t, 3JACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H), 4.64 (s, 2H), 4.24 (d,
3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 2H), 3.65 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.0, 3JACHTUNGTRENNUNG(H,H)=5.7 Hz, 1H),
3.59 (dd, 2JACHTUNGTRENNUNG(H,H)=15.8, 3J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H), 3.38 (dd, 2J ACHTUNGTRENNUNG(H,H)=
13.1, 3J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 1H), 3.11 (dd, 2J ACHTUNGTRENNUNG(H,H)=12.9, 3JACHTUNGTRENNUNG(H,H)=9.8 Hz,
1H), 2.50–2.47 (m, 1H), 2.40 (d, 2J ACHTUNGTRENNUNG(H,H)=15.4 Hz, 1H), 2.41–
2.33 ppm (m, 1H); 13C NMR ([D6]DMSO): d=165.5, 164.4, 153.6,
140.6, 133.3, 131.1, 129.5, 129.1, 128.7, 122.4, 115.4, 112.6, 67.1,
66.3, 50.5, 43.9, 34.4, 30.5 ppm; MS (ES+ ) m/z (%): 381 (100) [M+
H]+ , 761 (10) [2M+H]+ ; HRMS (ES+ ) m/z calcd for C22H25N2O4:
381.181433, found: 381.178897; Anal. calcd for C22H25N2O4Cl·1H2O:
C 60.76, H 6.25, N 6.44, found: C 60.31, H 6.32, N 6.07.

General procedure for the preparation of compounds (rac)-3,
(rac)-6, (rac)-7, (rac)-8, (rac)-10, and (rac)-12: A suspension of the
appropriate Boc-protected derivative [(rac)-19–23, (rac)-25,
1.0 equiv] in a solution of HCl (20.0 equiv, 2.0m in Et2O) was stirred
for 24 h at room temperature. The resulting precipitate was sepa-
rated by filtration under a positive pressure of argon, thoroughly
washed with dry Et2O, and dried.

ACHTUNGTRENNUNG(R,S)-5-Benzoyloxymethyl-3-(4-nitrobenzoyloxymethyl)-2,3,4,7-
tetrahydro-1H-azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-3]: According to the
general procedure, employment of (rac)-19 (0.100 g, 0.196 mmol)
afforded 0.08 g (91%) of (rac)-3 as a colorless solid: mp: 226 8C;
1H NMR ([D6]DMSO): d=9.47 (bs, 1H), 9.13 (bs, 1H), 8.29 (d,
3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.20 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 7.98 (d, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 2H), 7.67 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 7.51 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
2H), 5.93 (t, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H), 4.82 (d, 2JACHTUNGTRENNUNG(H,H)=13.5 Hz, 1H),
4.78 (d, 2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 1H), 4.33 (d, 3J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 2H), 3.84–
3.70 (m, 2H), 3.51 (bd, 2J ACHTUNGTRENNUNG(H,H)=13.5 Hz, 1H), 3.31–3.20 (m, 1H),
2.62 (dd, 2JACHTUNGTRENNUNG(H,H)=15.6, 3J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H), 2.50–2.40 ppm (m,
2H); 13C NMR ([D6]DMSO): d=165.4, 164.2, 150.4, 141.6, 134.9,
133.6, 130.8, 129.5, 129.3, 128.9, 123.9, 120.9, 68.0, 67.0, 49.6, 42.8,
33.4, 30.5 ppm; MS (ES+ ) m/z (%): 411 (100) [M+H]+ ; HRMS (ES+)
m/z calcd for C22H23N2O6: 411.155612, found: 411.156088; Anal.
calcd for C22H23N2O6Cl·1H2O: C 56.84, H 5.42, N 6.03, found: C
57.00, H 5.12, N 5.88.

ACHTUNGTRENNUNG(R,S)-5-(2-1H-Indol-3-ylacetoxymethyl)-3-(4-nitrobenzoyloxy-
methyl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-6]:
Use of (rac)-20 (0.105 g, 0.186 mmol) gave 0.079 g (85%) of (rac)-6
as a yellow solid: mp: 165 8C; 1H NMR ([D6]DMSO): d=11.01 (s, 1H),
9.58 (bs, 1H), 9.23 (bs, 1H), 8.32 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 8.22 (d,
3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 7.47 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 7.33 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.0 Hz, 1H), 7.25 (s, 1H), 7.04 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H), 6.96 (t,
3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 5.76 (s, 1H), 4.55 (s, 2H), 4.22 (s, 2H), 3.78 (s,
2H), 3.74–3.61 (m, 2H), 3.44 (d, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz, 1H), 3.24–3.14 (m,
1H), 2.51–2.46 (m, 1H), 2.42–2.35 (m, 1H), 2.29 ppm (d, 2J ACHTUNGTRENNUNG(H,H)=
15.6 Hz, 1H); 13C NMR ([D6]DMSO): d=171.1, 164.0, 150.2, 141.4,
136.0, 134.8, 130.7, 126.9, 124.0, 123.7, 121.0, 120.1, 118.4, 118.3,
111.4, 106.6, 67.1, 66.9, 49.3, 42.5, 33.0, 30.6, 30.1 ppm; MS (ES+ )
m/z (%): 464 (100) [M+H]+ ; HRMS (ES+ ) m/z calcd for C25H26N3O6:
464.182161, found: 464.185742; Anal. calcd for C25H26N3O6Cl·1H2O:
C 57.97, H 5.45, N 8.11, found: C 58.31, H 5.28, N 8.03.

ACHTUNGTRENNUNG(R,S)-5-(Naphthalene-1-carbonyloxymethyl)-3-(4-nitrobenzoylox-
ymethyl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-7]:
Use of (rac)-21 (0.129 g, 0.230 mmol) gave 0.104 g (91%) of (rac)-7
as colorless solid: mp: 115 8C; 1H NMR ([D6]DMSO): d=9.47 (bs,
1H), 9.15 (bs, 1H), 8.74 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 8.20–8.14 (m, 4H),
8.10 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.64 (t,
3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 7.61–7.55 (m, 2H), 6.01 (t, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz,
1H), 4.92 (d, 2J ACHTUNGTRENNUNG(H,H)=13.1 Hz, 1H), 4.87 (d, 2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 1H),
4.36 (dd, 2JACHTUNGTRENNUNG(H,H)=11.0, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 4.30 (dd, 2J ACHTUNGTRENNUNG(H,H)=11.0,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H), 3.86–3.71 (m, 2H), 3.56–3.48 (m, 1H), 3.31–
3.20 (m, 1H), 2.66 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H), 2.56 (d,
2J ACHTUNGTRENNUNG(H,H)=15.4 Hz, 1H), 2.54–2.46 ppm (m, 1H); 13C NMR ([D6]DMSO):
d=166.4, 164.1, 150.2, 141.6, 134.8, 133.7, 133.5, 130.6, 130.5,
130.1, 128.8, 128.1, 126.5, 126.3, 125.1, 124.9, 123.7, 121.6, 68.4,
66.9, 49.7, 42.9, 33.5, 30.5 ppm; MS (ES+ ) m/z (%): 461 (100) [M+
H]+ ; HRMS (ES+ ) m/z calcd for C26H25N2O6: 461.171262, found:
461.174019; Anal. calcd for C26H25N2O6Cl·1H2O: C 60.64, H 5.29, N
5.44, found: C 60.70, H 5.47, N 5.35.

ACHTUNGTRENNUNG(R,S)-3-Benzoyloxymethyl-5-(4-nitrobenzoyloxymethyl)-2,3,4,7-
tetrahydro-1H-azepine hydrochloride [ACHTUNGTRENNUNG(rac)-8]: Use of (rac)-23
(0.123 g, 0.240 mmol) yielded 0.094 g (88%) of (rac)-8 as colorless
powder: mp: 206 8C; 1H NMR ([D6]DMSO): d=9.44 (bs, 1H), 9.13
(bs, 1H), 8.31 (d, 3JACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.19 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H),
7.97 (d, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 7.65 (t, 3JACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H), 7.50 (t,
3J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H), 5.97 (t, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H), 4.87 (d, 2J ACHTUNGTRENNUNG(H,H)=
14.7 Hz, 1H), 4.84 (d, 2J ACHTUNGTRENNUNG(H,H)=14.0 Hz, 1H), 4.27 (d, 3JACHTUNGTRENNUNG(H,H)=6.0 Hz,
2H), 3.85–3.69 (m, 2H), 3.50 (d, 2J ACHTUNGTRENNUNG(H,H)=12.1 Hz, 1H), 3.29–3.18 (m,
1H), 2.62 (dd, 2JACHTUNGTRENNUNG(H,H)=15.6, 3J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H), 2.49 (d, 2J ACHTUNGTRENNUNG(H,H)=
14.7 Hz, 1H), 2.49–2.44 ppm (bs, 1H); 13C NMR ([D6]DMSO): d=

165.4, 163.7, 150.2, 140.8, 134.7, 133.3, 130.5, 129.3, 129.0, 128.6,
123.7, 121.4, 68.7, 66.0, 49.4, 42.6, 33.3, 30.3 ppm; MS (ES+ ) m/z
(%): 411 (100) [M+H]+ ; HRMS (ES+ ) m/z calcd for C22H23N2O6:
411.155612, found: 411.153340; Anal. calcd for C22H23N2O6Cl·1/
2H2O: C 57.96, H 5.13, N 6.41, found: C 58.18, H 5.41, N 5.71.

ACHTUNGTRENNUNG(R,S)-5-(4-Bromobenzoyloxymethyl)-3-(4-nitrobenzoyloxymeth-
yl)-2,3,4,7-tetrahydro-1H-azepine hydrochloride [ACHTUNGTRENNUNG(rac)-12]: Ac-
cording to the general procedure, employment of (rac)-22 (0.071 g,
0.120 mmol) rendered 0.059 g (94%) of (rac)-12 as a colorless
solid: mp: 194 8C; 1H NMR ([D4]MeOH): d=8.27 (d, 3JACHTUNGTRENNUNG(H,H)=8.9 Hz,
2H), 8.19 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 7.89 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 7.60
(d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 6.04 (t, 3J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 1H), 4.88 (d,
2J ACHTUNGTRENNUNG(H,H)=13.5 Hz, 1H), 4.82 (d, 2J ACHTUNGTRENNUNG(H,H)=13.1 Hz, 1H), 4.40 (dd,
2J ACHTUNGTRENNUNG(H,H)=11.2, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 1H), 4.36 (dd, 2JACHTUNGTRENNUNG(H,H)=11.2, 3J ACHTUNGTRENNUNG(H,H)=
6.4 Hz,1H), 3.91 (dd, 2JACHTUNGTRENNUNG(H,H)=15.3, 3JACHTUNGTRENNUNG(H,H)=6.1 Hz, 1H), 3.86 (dd,
2J ACHTUNGTRENNUNG(H,H)=15.4, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 1H), 3.68 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.2,
3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H), 3.36 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.1, 3JACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H),
2.71–2.61 (m, 2H), 2.60–2.51 ppm (m, 1H); 13C NMR ([D6]DMSO):
d=164.8, 164.2, 150.4, 141.3, 134.9, 132.0, 131.2, 130.8, 128.7,
127.7, 123.8, 121.3, 68.4, 67.0, 49.6, 42.8, 33.4, 30.4 ppm; MS (ES+ )
m/z (%): 489 (100) [M+H]+ ; HRMS (ES+ ) m/z calcd for
C22H22N2O6Br: 489.066123, found: 489.065860; Anal. calcd for
C22H22BrClN2O6: C 50.26, H 4.22, N 5.33, found: C 50.21, H 4.53, N
5.22.

ACHTUNGTRENNUNG(R,S)-3,5-Bis-(4-nitrobenzoyloxymethyl)-2,3,4,7-tetrahydroaze-
pine-1-carboxylic acid tert-butyl ester [ACHTUNGTRENNUNG(rac)-25]: p-Nitrobenzoic
acid (0.485 g, 2.90 mmol, 2.4 equiv) and DMAP (5 mol%) were
added to a stirred solution of (rac)-24 (0.295 g, 1.2 mmol,
1.0 equiv) in a 1:1 mixture of THF and CH2Cl2, followed by the addi-
tion of a solution of DIC (1.3 equiv) in the above solvent mixture.
The reaction mixture was stirred at room temperature for 13 h and
then carefully quenched by the addition of a saturated NaHCO3 so-
lution. After addition of Et2O, the layers were separated. The organ-
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ic layer was filtered, and the residue was washed three times with
Et2O. The combined filtrates were washed twice with brine, dried
over MgSO4, filtered, and concentrated under reduced pressure.
Column chromatography (hexanes/tBuOMe: 1:1) of the oily residue
afforded 0.461 g (69%) of (rac)-25 as a colorless solid: mp: 124 8C;
1H NMR (rotamers ~1:1): d=8.26 (d, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 4H), 8.21–8.14
(m, 4H), 5.99–5.90 (bd, 1H), 4.80 (d, 2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.75 (d,
2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.40–4.26 (m, 2H), 4.16–3.96 (m, 2H), 3.75–
3.66 (m, 1H), 3.63–3.48 (m, 1H), 2.60–2.41 (m, 2H), 2.33 (dd,
2J ACHTUNGTRENNUNG(H,H)=15.5, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 1.46 ppm (s, 9H); 13C NMR (ro-
tamers): d=164.4, 164.3, 155.3, 155.0, 150.5, 135.2, 135.1, 134.8,
133.9, 130.6, 130.5, 128.4, 128.2, 123.50, 123.46, 80.2, 79.9, 70.5,
70.4, 67.4, 49.1, 48.9, 46.4, 46.3, 36.9, 36.6, 29.8, 29.5, 28.32,
28.27 ppm; MS (ES+ ) m/z (%): 578 (100) [M+Na]+ , 1133 (51)
[2M+Na]+ ; HRMS (ES+ ) m/z calcd for C27H29N3O10Na: 578.175064,
found: 578.175497; Anal. calcd for C27H29N3O10: C 57.39, H 5.30, N
7.44, found: C 57.34, H 5.22, N 7.22.

ACHTUNGTRENNUNG(R,S)-3,5-Bis-(4-aminobenzoyloxymethyl)-2,3,4,7-tetrahydro-1H-
azepine trihydrochloride [ ACHTUNGTRENNUNG(rac)-11]: According to the general pro-
cedure, employment of (rac)-25 (0.230 g, 0.4 mmol, 1.0 equiv) pro-
vided 0.119 g (59%) of (rac)-11 as a brownish solid: mp: >250 8C;
1H NMR ([D6]DMSO): d=9.67 (bs, 1H), 9.27 (bs, 1H), 7.74 (bs, 4H),
7.40–6.90 (bs, 6H), 6.81 (bs, 4H), 5.86 (s, 1H), 4.68 (s, 2H), 4.15 (s,
2H), 3.82–3.60 (m, 2H), 3.41 (bs, 1H), 3.16 (bs, 1H), 3.03 (s, 1H),
2.40–2.32 ppm (m, 2H); 13C NMR ([D6]DMSO): d=165.3, 165.0,
149.5, 141.8, 130.9, 119.9, 118.3, 115.3, 66.9, 65.3, 49.5, 42.5, 33.3,
30.4 ppm; MS (ES+ ) m/z (%): 396 (100) [M+H]+ , 791 (14) [2M+
H]+ ; HRMS (ES+ ) m/z calcd for C22H26N3O4: 396.192332, found:
396.195761; Anal. calcd for C22H28N3O4Cl3·2H2O: C 48.85, H 5.96, N
7.77, found: C 48.43, H 5.84, N 7.63.

ACHTUNGTRENNUNG(R,S)-3,5-Bis-(4-nitrobenzoyloxymethyl)-2,3,4,7-tetrahydro-1H-
azepine hydrochloride [ ACHTUNGTRENNUNG(rac)-10]: According to the general proce-
dure, employment of (rac)-25 (0.117 g, 0.210 mmol) furnished
0.099 g (96%) of (rac)-10 as a colorless solid: mp: 104 8C; 1H NMR
([D6]DMSO): d=9.57 (bs, 1H), 9.23 (bs, 1H), 8.29 (d, 3JACHTUNGTRENNUNG(H,H)=8.7 Hz,
2H), 8.28 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 8.19 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 8.18
(d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H), 5.97 (t, 3J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H), 4.87 (d,
2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 1H), 4.82 (d, 2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 1H), 4.35 (d,
2J ACHTUNGTRENNUNG(H,H)=12.8 Hz, 1H), 4.31 (d, 2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 3.80 (dd,
2J ACHTUNGTRENNUNG(H,H)=15.2, 3J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H), 3.74 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.2,
3J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H), 3.50 (d, 2J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H), 3.29–3.22 (m,
1H), 2.63 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.8, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 2.57–2.53 ppm
(m, 2H); 13C NMR ([D6]DMSO): d=164.0, 163.8, 150.19, 150.18,
140.9, 134.8, 134.7, 130.63, 130.59, 123.8, 123.7, 121.5, 68.7, 66.8,
49.4, 42.6, 33.3, 30.2 ppm; MS (ES+ ) m/z (%): 456 (100) [M+H]+ ;
HRMS (ES+ ) m/z calcd for C22H22N3O8: 456.140690, found:
456.143014; Anal. calcd for C22H22N3O8Cl·1H2O: C 51.82, H 4.74, N
8.24, found: C 51.70, H 4.72, N 8.14.
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