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Introduction


Cancer has become the leading cause of death among people
under the age of 85 in the US, exceeding cardiovascular diseas-
es.[1, 2] Paclitaxel (taxol) and docetaxel (taxotere) are two of the
most important antitumor drugs currently in use against vari-
ous cancers, such as metastatic breast cancer, advanced ovari-
an cancer, nonsmall-cell lung cancer, and Kaposi’s sarcoma.[3, 4]


Further clinical applications are ongoing against different types
of cancers as well as for combination therapies with other anti-
tumor drugs.


Paclitaxel binds to the b-tubulin component of the a,b-tubu-
lin dimer, promotes the polymerization of tubulin, stabilizes
microtubules, and blocks microtubular dynamics, which even-
tually leads to apoptosis.[5, 6] Paclitaxel has a rigid baccatin core
with four flexible side chains. Even though the mechanism of
microtubule stabilization by paclitaxel was discovered almost
30 years ago, the binding conformation of paclitaxel to b-tubu-
lin is still not fully understood. Investigation into the possible
bioactive conformation of paclitaxel has attracted much inter-
est among organic and medicinal chemists, as well as molecu-
lar pharmacologists and structural biologists.[7, 8] This is not
only because of the natural curiosity for the elucidation of mi-
crotubule-bound paclitaxel structure, but also because of a
genuine possibility that novel drugs with much simpler struc-
tures than paclitaxel could be designed and developed based
on the bioactive structure of paclitaxel.


The aim of the article is to review the recent advances in the
study of the bioactive conformation of paclitaxel in b-tubulin,
including molecular modeling studies, MD simulations, syn-
thetic studies involving structurally restrained taxoids andACHTUNGTRENNUNGpaclitaxel mimics, and to envision future directions in the field.


Polar conformation and nonpolar conformation


The conformational analysis of paclitaxel in solution and in
solid state was initially performed by NMR and X-ray crystallog-
raphy, affording the “polar” (hydrophobic collapse) conforma-
tion and the “nonpolar” conformation, involving hydrophobic


collapse between C3’ phenyl or C3’ N-benzoyl and the
C-2 phenyl groups.[9–13] An exploration of potential common
pharmacophores based on known microtubule-stabilizing
agents, paclitaxel, epothilone,[14, 15] eleutherobin[16] and disco-
dermolide,[17] was also attempted.[18]


Various conformationally constrained taxoids were prepared
to mimic the “polar“ and “nonpolar“ conformations. Com-
pounds 1 and 2 were the first attempts to orient the C13 side
chain to mimic the “polar“ conformation, by Heck reaction,
esterification[19] and olefin metathesis,[18, 20] but none of the re-
ported taxoids were as active as paclitaxel. Later, several series
of C2–C3’ N-linked macrocyclic taxoids (3–6) were reported to
mimic the “nonpolar“ conformation, and again none of the
compounds showed similar or higher activity compared with
paclitaxel.[20–24] It was concluded that neither the “polar“ con-
formation nor the “nonploar“ conformation were the correct
binding structure of paclitaxel. Nevertheless, through those en-
deavors, the olefin metathesis strategy proved to be a power-
ful method to synthesize conformationally restrained macro-ACHTUNGTRENNUNGcyclic paclitaxel analogues.[7] These early efforts on the design,
synthesis and biological evaluation of macrocyclic taxoids have
been previously reviewed.[7]


Paclitaxel is one of the most important chemotherapeutic
drugs in the fight against cancer. This minireview covers the
recent advances in the study of the bioactive conformation of
paclitaxel in tubulin/microtubules. The tubulin-bound structure
of paclitaxel has been studied by means of photoaffinity label-
ing, cryo-electron microscopy, solid-state NMR, molecular mod-


eling, MD simulations and the synthesis of conformationallyACHTUNGTRENNUNGrestrained analogues and paclitaxel mimics. The bioactive con-
formation of paclitaxel is important since it could provide criti-
cal ACHTUNGTRENNUNGinformation that would allow the design of novel ana-
logues with simpler structures and/or increased potency
against cancer.
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The electron crystallographic
structures and the T-taxolACHTUNGTRENNUNGconformation


The structural biology study of
paclitaxel did not start until the
first cryo-electron microscopy
(cryo-EM) (or “electron crystal-
lography”) structure of a micro-
tubule model, i.e. Zn2+-stablized
a,b-tubulin dimer with paclitaxel
bound, was reported in 1998 at
3.7 � resolution (1TUB structure,
Figure 1 a).[25] In the 1TUB struc-
ture, the drug-binding site was
identified, which was consistent
with the previous photolabeling
studies using docetaxel.[26–28]


This poorly resolved crystal
structure was further refined to
3.5 � resolution (1JFF structure,
Figure 1 b) in 2001 using pacli-
taxel as the substrate.[29] How-ACHTUNGTRENNUNGever, the conformation of the
crucial N-benzoylphenylisoserine
moiety at C13 was still difficult
to determine with confidence
due to the low diffraction level
in the electron density map for
this moiety, especially, the 2-
benzoate and 3’N-phenyl
groups.[29]


In 2004, Downing et al. re-
ported the structure of epothilo-
ne A bound to a,b-tubulin in
zinc-stabilized sheets (1TVK); the
structure was resolved at 2.89 �
by a combination of electron
crystallography and NMR-based
conformational analysis.[30] The
overlay of epothilone A (1TVK)
and paclitaxel (1JFF) revealed a
common binding site in b-tubu-
lin (Figure 2). In 2008, the bind-
ing structures of discodermolide
and its cyclic analogue dicytos-
tatin[31] were proposed by NMR
and molecular modeling stud-
ies.[32] Similar to epothilone A,
the binding structures roughly
overlap with the taxane skeleton
but do not make the additional
contacts provided by the pacli-
taxel side chain, specifically with
helix 1 and the other side of
His 229.[32] The combined bind-
ing structures of these micro-
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ACHTUNGTRENNUNGtubule-stabilizing agents might be used to design hybridACHTUNGTRENNUNGcompounds with much higher binding affinities.[18]


Based on further computational analysis of the solution
structure of paclitaxel, and docking studies on the 1TUB struc-
ture, the “T-taxol” structure was proposed in 2001.[33] Unlike
the polar and nonpolar conformations, which experi-
ence intramolecular hydrophobic collapse, T-taxol
makes intermolecular hydrophobic associations, as
seen for the irregularly stacked C3’-benzamido,
His 229, and C2-benzoyl moieties. This model is con-
sistent with three photoaffinity labeling studies per-
formed on b-tubulin.[26–28] Sharing the same electron
density map, the T-taxol structure is very similar to
the conformation seen in the 1JFF co-crystal struc-
ture, except for torsional rotations of the side chain
phenyl rings.[29] The critical C2’-OH group,[34, 35] which
forms an intramolecular H bond with C1’-O in the
polar or nonpolar conformations, was claimed to
form a H bond with the backbone carbonyl of
Arg 369, however, a H bond was eventually observed
between the NH of Gly 370 and C2’-O. This H bond
change was probably caused by a change in the pro-
tein backbone from 1TUB to 1JFF. The new H bond is
not only weaker than the original, but also inconsis-
tent with well-known structure–activity (SAR) data
that shows the C2’-OH acts as a H bond donor, but
not as an acceptor (see Figure 3).[36]


To prove the validity of the T-taxol structure, rigidi-
fied paclitaxel congeners were designed, synthesized


and assayed for their tubulin polymerization activity and cyto-
toxicity.[7] Kingston et al. first synthesized the C4-meta-C3’
linked macrocyclic taxoids, which showed ten times weaker
potency than paclitaxel due to the steric conflict between the
long bridge and the Phe 270.[38] The macrolactone derivatives
of the taxoids (8) showed even lower activity.[39] Later, the C4-
ortho-C3’-linked macrocyclic taxoids with shorter linker (9)
were synthesized.[40, 41] Compound K1 is the most active com-
pound in the series, which shows ~20 times higher activity
than paclitaxel against A2780 human ovarian cancer cell line
and twice higher activity in the tubulin polymerization experi-
ment. The saturated congener K2 showed the same activity as
paclitaxel.


Figure 3. T-taxol in 1JFF.[37]


Figure 1. a) 1TUB and b) 1JFF.


Figure 2. a) Epothilone A (green) in b-tubulin (1TVK) and b) overlay of epo-
thilone and paclitaxel by superimposing the backbones of 1TVK and 1JFF.
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The analogue with a longer linker (K3), which exhibited the
T-taxol form in a population of 83 % in CDCl3 according to the
NAMFIS (NMR analysis of molecular flexibility in solution) analy-
sis,[42] is twice as effective in the tubulin polymerization assay
and equally potent against both PC3 and A2780 cell lines. In
2007, the apparent affinity of the C4-ortho-C3’ linked macro-ACHTUNGTRENNUNGcyclic taxoids for guanylyl-(a,b)-methylene-diphosphonate
(GMPCPP)-stabilized microtubules was assessed by a competi-
tion assay. K1 and K2 bind to the GMPCPP-stabilized micro-ACHTUNGTRENNUNGtubules with two- to threefold greater affinity than paclitaxel,
and decrease the critical concentration of guanosine diphos-
phate (GDP)-bound tubulin by two- to fourfold compared to
paclitaxel.[43]


In 2004, Dubois et al. reported two new series of C2�C3’ N-
linked macrocyclic taxoids with aliphatic and amino acid linkers
to mimic the T-form docetaxel.[44–46] Most taxoids showed
much lower activity compared with docetaxel, but one deriva-
tive (QT) was equipotent to paclitaxel in the microtubule de-
polymerization inhibitory assay, but ~10 times less active in
the in vitro cytotoxicity assay.[44] The higher activity of 10 com-
pared with 6 indicated that a hydrophobic group at C2 plays a
major role in the interaction with binding site residues. It
should be noted that the crystal structure of QT2 was resolved,
which has a close similarity to the T-taxol structure, although it
is almost inactive in both cytotoxicity and microtubule depoly-
merization inhibitory assays.[46]


Another attempt to mimic the T-taxol structure was the in-
troduction of a cyclic structure in the C13 side chain. In 2001,
Barboni et al. reported the conformationally constrained tax-
oids by insertion of a carbon linker between the C2’ and the
ortho position of the 3’-phenyl ring (12).[47] The taxoids with
five-membered rings showed a two- to ninefold decrease in
activity compared with paclitaxel against MCF-7 cell lines, and
slightly lower activity compared with paclitaxel in the tubulin
assembly assay. The compounds were claimed to be in the
T-taxol conformation in a population of 47 % in DMSO as de-
termined by 2D NMR/NAMFIS experiments. The taxoids with
six-membered rings, however, are 240–340 times less active


than paclitaxel due to their interaction with Phe 270 in the
binding site. In 2005, Kingston et al. reported the C3’-cyclo-
propyl paclitaxel analogues as T-taxol mimics.[48] These taxoids
showed 13- to 1000-fold lower activity against A2780 and KB
cell lines relative to paclitaxel. The interaction of the methylene
group of a cyclopropyl taxane with the C4-acetyl group pro-
duced structures incompatible with the T-taxol structure,
which was considered to be the reason for the weak activity of
these ACHTUNGTRENNUNGcompounds.


The REDOR NMR experiment and the REDOR-taxolACHTUNGTRENNUNGconformation


Application of 19F NMR advanced techniques is a very powerful
tool to study dynamic conformational equilibria of fluorine-
containing bioactive molecules. In fact, the wide dispersion of
19F chemical shifts simplifies the observation of molecular
structures at low temperature. To study the binding conforma-
tion of paclitaxel and other taxoids, the fluorine-containing tax-
anes were successfully used as probes for NMR analysis in con-
junction with molecular modeling.[49] The solid-state magic
angle spinning (SSMAS) 19F NMR technique and the radio-ACHTUNGTRENNUNGfrequency driven dipolar recoupling (RFDR) technique were ap-
plied to measure the F�F distance for the microtubule-bound
conformation of F2-10-Ac-docetaxel (14, Figure 4).[50] In the
mean time, another breakthrough in the investigation into the
structure of the tubulin-bound paclitaxel was achieved by the
application of the rotational echo double resonance (REDOR)
NMR spectroscopy of the 19F/13C/15N-labeled paclitaxel–micro-
tubule complex in the solid state in 2000.[51] The REDOR NMR
data provided two 13C–19F intramolecular distances of the mi-
crotubule-bound 2-(4-fluorobenzoyl)paclitaxel (F-taxol) (15,
Figure 4). Since real microtubules, i.e. , not the Zn2+-stabilized
tubulin dimer model, were used in this experiment, the results
were critically important to probe the relevance of the cryo-EM
structure (1TUB, 1JFF).


On the basis of the REDOR distances, MD analysis of pacli-
taxel conformers, the photoaffinity labeling and molecular
modeling using the 1TUB coordinates,[28] Ojima et al. proposed
the “REDOR-taxol” structure as the most plausible microtubule-
bound paclitaxel structure in 2005.[8] Unlike the T-taxol struc-
ture, the C2’-OH group interacts with His 229 as the H-bond
donor in the REDOR-taxol structure (Figure 5).[8]


In 2007, three additional intramolecular distances between
key atoms in the microtubule-bound 19F/2H-labeled paclitaxel
were determined using solid state REDOR NMR spectroscopy
(16, Figure 4).[52] All five known intramolecular distances were
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used to examine the five proposed conformations
(polar, nonpolar, 1JFF-taxol, T-taxol and REDOR-
taxol), and only the REDOR-taxol and T-taxol were
found to be fully consistent with the experimental
data.[52]


The REDOR-taxol structure was successfully used
for the design and synthesis of a series of highly
active C14�C3’NBz-linked macrocyclic taxoids
(17).[8, 53] SB-T-2053 inhibits the growth of human
breast cancer cells (wild type and drug resistant) in
the same order of magnitude as paclitaxel, and indu-
ces in vitro tubulin polymerization at least as well as
paclitaxel.[8] The isomer, SB-T-2054, possesses virtually
the same potency as that of paclitaxel in both cyto-


toxicity and tubulin polymeri-
zation assays.[53] Also, the micro-
tubules formed with SB-T-2054
and paclitaxel are very similar,
while those formed with GTP
are longer and more uniform
(Figure 6).


The C3’-isobutenyl analogue,
SB-T-2052, however, showed
much lower activity. Since the
replacement of the 3’-phenyl
moiety of paclitaxel and doce-
taxel with a 2-methylpropen-2-
yl group has been shown to in-
crease the potency,[54, 55] the re-
sults suggest that the second
generation taxoids bearing a 3’-
(2-methylpropen-2-yl) moiety
have a slightly different binding
site from that of paclitaxel, or
that these taxoids have a differ-
ent bioactive conformation than
that of paclitaxel.


Comparison of REDOR-taxol and T-taxol


The positions of the C-3’ phenyl rings in the REDOR-taxol and
T-taxol structures are close to each other. Essentially all SAR
studies,[56–58] photoaffinity labeling[26–28] and REDOR NMR re-
sults[51, 52] support both structures. The critical difference be-
tween these two structures is the orientation of the C2’-OH
group. In the REDOR-taxol structure, the C2’-OH group inter-
acts with His 229 as the hydrogen donor (Figure 5),[8] while the
H bond is formed between C2’-O and the backbone NH of
Gly 370 in the T-taxol structure.[33]


As mentioned above, the paclitaxel-bound Zn2 +-stabilized
a,b-tubulin dimer sheet structure was refined by Lowe et al. in
2001 to provide the 1JFF structure. Since the 1JFF co-crystal
structure has higher resolution than the 1TUB, and the T-taxol
structure was updated by adopting the 1JFF structure,[37, 59] the


Figure 4. Solid state NMR studies on microtubule-bound fluorine probes.


Figure 5. REDOR-taxol in 1TUB.
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REDOR-taxol–1JFF complex was recently constructed to see
possible differences between this complex and the REDOR-
taxol–1TUB and also to perform detailed comparison with
T-taxol structure.[53]


The REDOR-taxol structure generated in the 1TUB coordi-
nates was manually docked into the b-tubulin unit of the 1JFF
protein wherein the 1JFF-taxol substrate had been removed
from the coordinates prior to docking. The resulting drug–pro-
tein complex structure (REDOR-taxol–1JFF) was minimized by
using Insight II 2000 (CVFF force field). The H bond between
the C2’-OH group and His 229, a key feature of the REDOR-
taxol model, was very stable during the process, with a final
H�N distance of 2.25 � (Figure 7).[53]


For fair and accurate comparison of the REDOR-taxol struc-
ture with the T-taxol structure,[37, 59] the coordinates of the
T-taxol–1JFF complex structure were obtained directly from
the Emory University group,[37] and subjected to computational
analyses. Unexpectedly, there was no H bond between the C2’-
OH and the C=O of Arg 369 in the obtained T-taxol–1JFF coor-
dinates although this particular H bond was reported in the
original T-taxol paper.[33] Additionally, no H bond between the
C2’-OH and the nitrogen of the Gly 370 NH group was ob-
served; in this structure the C2’-OH points towards the hydro-
gen of the Gly 370 NH rather than the lone pair (Figure 8 a).


After energy minimization (Insight II 2000, CVFF), a H bond
(3.4 �) was formed between the C2’-O (H-bond acceptor) and


H-N of Gly 370.[37] This H-bond formation caused a slight
change in the T-taxol conformation in the 1JFF protein. It
should be noted that the mode of this H bond (i.e. , reverse
H bond) is not consistent with the well-established SAR stud-
ies, which indicate that the free hydroxy group at the C2’ posi-
tion is critically important, i.e. , the C2’-OH serves as an H-bond
donor.[10, 60] The overlay of REDOR-taxol and T-taxol in 1JFF pro-
tein structure is shown in Figure 8 b wherein the key H bonds
are highlighted.


The five key intramolecular atom–atom distances in the
energy minimized T-taxol were measured in the same manner
as that for the REDOR-taxol and results are listed in Table 1.
The corresponding distances reported for the original T-taxol
structure are also shown. On the basis of the comparison of
the five key atom–atom distances in the REDOR-taxol, T-taxol
and the experimental data, it can be safely concluded that
both REDOR-taxol and T-taxol structures are consistent with
the REDOR NMR data.


Figure 6. Electromicrographs of microtubule: a) GTP; b) paclitaxel; c) SB-T-
2054.


Figure 7. REDOR-taxol in 1JFF.


Figure 8. a) T-taxol–1JFF structure as received; b) Overlay of the minimized
REDOR-taxol–1JFF (green; H bond with His 229) and T-taxol–1JFF (yellow;
H bond with Gly 370) structures. For clarity, only heavy atoms and C2’OH of
Taxol and a few nearby residues are shown.


Table 1. Intramolecular atomic distances of paclitaxel measured using
19F/13C/15N/2H-labeled paclitaxels


Distances [�]
Separation REDOR NMR[a,b] REDOR-taxol T-taxol


2005[c] 1JFF[d] 2001[a] 1JFF[d]


R1�R2 7.8 7.3 7.6 7.9 8.2
R1�R3 6.3 6.4 6.1 6.6 5.9
R2�R3 > 8 13.1 13.1 12.2 11.5
R2�CH 10.3 9.4 9.5 9.9 9.9
R2�C 9.8 10.0 9.9 9.1 8.9


[a] Reference [51] ; [b] Reference [52] ; [c] Measured using the Insight II
2000 program; [d] Minimized in 1JFF using the Insight II 2000 program
and measured.
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To further examine the validity of the minimized REDOR-
taxol–1JFF and T-taxol–1JFF structures, a 20 ps MD simulation
was performed using the Macromodel program (MMFF94 force
field[61]) ; all atoms farther than 10 � from the binding site were
held fixed following our previously reported protocol.[8] The
stability of the C2’-OH�N ACHTUNGTRENNUNG(His 229) H bond and C2’-O-HNACHTUNGTRENNUNG(Gly 370) H bond was monitored during the whole simulation.
The overlay of 100 snapshots (sampled every 0.2 ps) of the
taxol conformations in each case is shown in Figure 9 a.


As the overlay clearly shows, the MD simulations of both
structures are very stable and do not cause any substantial
structural change. The C2’-OH�N ACHTUNGTRENNUNG(His 229) H bond is very stable
throughout the MD simulation process, maintaining an aver-
age distance of 2.0�0.2 �. The simulation confirms that the
REDOR-taxol conformation is a stable local minimum in the tu-
bulin-binding site. However, the H bond in the 1JFF-T-taxol
structure was unstable throughout the simulation, with an
average C2’-O�HN ACHTUNGTRENNUNG(Gly 370) distance of 5.0�0.8 �.


Therefore, the REDOR-taxol structure was confirmed to be a
valid model for the microtubule-bound bioactive conformation
of paclitaxel, although the T-taxol structure has been claimed
to be the only valid bioactive paclitaxel structure.[37, 41, 52, 59] The
paclitaxel SAR data clearly indicates the critical importance of a
free hydroxy group at the C2’ position. However, it was found
that the originally proposed critical C2’-OH�N ACHTUNGTRENNUNG(Arg 369) H bond
in the T-taxol model (1TUB) does not exist in the 1JFF-T-taxol
model. Although the C2’-O�HN ACHTUNGTRENNUNG(Gly 370) H bond is possible,
this reverse H bond wherein the oxygen of the C2’-OH serves
as a hydrogen acceptor, is inconsistent with the well-estab-
lished SAR of the C2’-OH moiety.[10, 60] Accordingly, the compari-
son of the REDOR-taxol with the T-taxol by MD simulations for
stability has revealed that the C2’-OH�N ACHTUNGTRENNUNG(His 229) bond in
REDOR-taxol is very stable, while the C2’-O�HN ACHTUNGTRENNUNG(Gly 370)
H bond in T-taxol is not stable during the simulations.


Active macrocyclic taxoids and their tubulin-bindingACHTUNGTRENNUNGconformations


The C4�C3’ linked macrocyclic paclitaxel analogues reported
by Kingston et al. were designed based on the T-taxol struc-
ture.[40, 41] In order to claim that the REDOR-taxol structure is a


valid model for the bioactive paclitaxel conformation, it is nec-
essary to examine whether those analogues can be predicted
by the REDOR-taxol conformation in the 1JFF protein. Two
macrocyclic analogues K1 and K2 were selected, the paclitaxel
molecule in the REDOR-taxol–1JFF complex was modified di-
rectly to include the K1 and K2 linkers and these structures
energy minimized (Insight II 2000, CVFF).


As Figure 10 a shows, K1 and K2 adopt the REDOR-taxol
structure very well, keeping the critical H bond between their
C2’-OH and His 229. Next, a 20 ps MD simulation of the
“REDOR-K2–1JFF” structure was performed to examine the sta-
bility of this complex. This MD simulation revealed that the
“REDOR-K2” structure was very stable and the C2’-O-H�N-ACHTUNGTRENNUNG(His 229) H-bond distance remained at 2.0�0.3 � during the
whole MD simulation (Figure 10 b).[62]


In the same manner, the “T-K2” structure was created by di-
rectly introducing the linker to the paclitaxel molecule in the


Figure 9. MD simulation of a) REDOR-taxol in 1JFF and b) T-taxol in 1JFF. For
clarity, only heavy atoms are shown.


Figure 10. a) Overlay of the REDOR-taxol (green) with “REDOR-K1” (blue) and
“REDOR-K2” (magenta) structures ; b) MD simulation of the “REDOR-K2” in
1JFF. For clarity, only heavy atoms and C2’OH of taxoids and a few residues
are shown.
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T-taxol–1JFF structure, followed by energy minimization (In-
sight II 2000, CVFF; Figure 11 a). The MD simulation of the
“T-K2–1JFF” was performed in the same manner as that for the
“REDOR-K2–1JFF”. The simulation showed a stable structure,
but the C2’-O�HN ACHTUNGTRENNUNG(Gly 370) H bond was not stable with an
average distance of 5.1�0.5 �.


Several C2�C3’ linked macrocyclic taxoids were reported to
mimic the T-taxol structure, including a taxoid QT, which
showed the same level of activity as paclitaxel in the tubulin-
polymerization assay, although the cytotoxicity of QT was
much weaker than that of paclitaxel.[44]


To predict the tubulin-bound structure of QT, an eight-atom
linker was introduced between the C3’N and C2-meta position
of paclitaxel molecule in the REDOR-taxol–1JFF and T-taxol–
1JFF complexes and these structures energy minimized. This
linker is long and flexible enough to avoid the collision with
His 229, which exists in some inactive C2�C3’ linked taxoids


with short linkers.[8, 33] There were two possible orientations for
the QT linker.[44] Thus, the orientation in which the C3’ phenyl
group was in a similar position as that of the REDOR- or
T-taxol structure was selected for overlay. The overlay of QT
with the REDOR-taxol (“REDOR-QT”) and that of QT with the
T-taxol (“T-QT”) after energy minimization (Insight II 2000) are
shown in Figure 12 a and b, respectively.


In the tubulin-bound QT structure, the distance between
C2’-OH and N ACHTUNGTRENNUNG(His 229) is 1.8 � (Figure 12 a), while the distance
between C2’-O and HN ACHTUNGTRENNUNG(Gly 370) is 3.7 � (Figure 12 b). In both
overlays, the 2-benzoate moiety of QT substantially deviates
from that of the REDOR-taxol or the T-taxol structure.


Figure 11. a) Overlay of the T-taxol structure (yellow) with “T-K1” (blue) and
“T-K2” (magenta) structures ; b) MD simulation of the “T-K2” in 1JFF. For clari-
ty, only heavy atoms and C2’OH of taxoids and a few residues are shown.


Figure 12. a) Overlay of the REDOR-taxol structure (green) with “REDOR-QT”
(light magenta) ; b) overlay of the T-taxol structure (yellow) with “T-QT” (light
magenta).
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Because the C14�C3’NBz-linked macrocyclic taxoids, de-
signed based on the REDOR-taxol structure, showed a similar
activity as paclitaxel,[53] both T-taxol and REDOR-taxol confor-
mations were examined. The overlay of SB-T-2053 and SB-T-
2054 with the REDOR-taxol is shown in Figure 13 a. The H-
bond distance between the C2’-OH of SB-T-2054 and His 229 is
2.7 �, while that between C2’-O and HN ACHTUNGTRENNUNG(Gly 370) is 3.7 � in the
T-taxol (Figure 13 b).


In order to examine how the conformationally restricted C13
side chains in the macrocyclic taxoids fit to the REDOR-taxol or
the T-taxol structure, we conducted a Monte Carlo conforma-
tional search in aqueous medium on SB-T-2053, SB-T-2054, K1,
K2 and QT. We focused on the dihedral angles involved in the
C13 side chain since those should be the angles most affected
by the introduction of the constraint. Figure 14 shows the di-
hedral angle distributions for the three macrocyclic taxoids
and comparisons of those to the reference values from the
REDOR-taxol and the T-taxol structures.


K2 has a very similar dihedral angle distribution to that of
K1, while paclitaxel has a wider distribution than the macrocy-
clic taxoids as expected. All the taxoids shared the same range
between �1008 and �1508 for the C13�O13 torsion angle. SB-
T-2053 has a similar range to K1 and K2 in the second torsion
angle (O13�C1’), but the torsion angle distribution of QT is
very different. SB-T-2054 and SB-T-2053 show a very similar di-
hedral angle distribution since they have the same length link-
ers; however, SB-T-2054 is more rigid. For the C1’�C2’ dihedral
angle, however, neither REDOR-taxol nor T-taxol is in the major
dihedral angle distributions, while the two structures are con-
sistent with the distributions of the last torsion angle (C2’�C3’).
The results indicate that both the REDOR-taxol and the T-taxol
structures can be used to predict the tubulin-bound structures
of macrocyclic taxoids equally well, while leaving the critical
difference in the C2’-OH H-bonding mode and stability, asACHTUNGTRENNUNGdescribed above.


While the molecular mechanics (MM), MD simulation and
Monte Carlo structural search studies of the macrocyclic tax-
oids indicate that both REDOR-taxol and T-taxol structures are
equally predictive of these active taxoids, the dihedral angles
of C13�C1’�C2’�O2’ of all the taxoids did not match those of
REDOR-taxol or T-taxol. These findings suggest that both struc-
tures need further refinement.


Recent advances in the MD simulations of T-taxol in tubulinACHTUNGTRENNUNGconformations


Long time MD simulations were widely used in computational
chemistry and structural biology with the rapid development
of computer and computational software. Recently, three MD
simulations of paclitaxel and other taxoids in tubulin wereAC HTUNGTRENNUNGreported based on the T-taxol structure.


In 2006, Botta et al. reported the simulation of paclitaxel,
IDN-5390 and epothilone A in human class I and class III b-tu-
bulins to study the resistance against paclitaxel caused by the
tubulin isoform.[63] The T-taxol–1JFF complex[33, 37] was used as
the template for the complexes and 2 ns simulations were per-
formed by using Macromodel (v 7.2)[64] and AMBER united
atom force field,[65] with a force constant of 23.9 kcal mol ��1


applied to the protein backbone. Solvent effects were taken
into account by means of the implicit GB/SA water model.[66]


Similar to the proposed T-taxol–1JFF complex, a H bond
formed between the C2’-O and H-N of Gly 370. The direct inter-
action of paclitaxel and the M loop could explain the higher
binding affinity between paclitaxel and class I b-tubulin than
class III b-tubulin. The epothilone A–1JFF (1TVK) structure was


Figure 13. a) Overlay of the REDOR-taxol (green) with “REDOR-2053” (blue)
and “REDOR-2054” (magenta) structures; b) overlay of the T-taxol structure
(yellow) with “T-2053” (blue) and “T-2054” (magenta) structures.
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used as the template to create epothilone–class I/III complexes,
and the smaller and more flexible epothilone molecule moves
from its original position during the simulation.


In 2007, Snyder et al. reported >5 ns simulations of T-taxol,
K1 and K2 in a,b-tubulin dimer with the GROMACS (v 3.2.1)[67]


and the GROMOS96 united atom force field[68] to explain the
higher binding affinity of the bridged taxoids with stabilized
microtubule compared with paclitaxel.[43] Each a,b-tubulin–
ligand complex was solvated in a box of 35 000–39 000 SPC
water molecules with two magnesium cations associated with
the phosphates of the nucleotides and 36 sodium cations
added to each system to neutralize the overall charge. The
K1–1JFF and K2–1JFF complexes were created by inserting the
bridges into the T-taxol molecule followed by energy minimi-
zation and MD simulation. The taxoids could keep the T-taxol
conformation during the process. Although the detailed inter-
action of individual groups with b-tubulin was not shown, it
was found that the bridged taxoids caused greater conforma-
tional change in the b-tubulin M loop than paclitaxel with a
conformation that strengthens the contact between adjacent
microtubule protofilaments.


In 2008, a 10 ns MD simulation (AMBER force field[69]) was
performed for paclitaxel, docetaxel and CTX-40 (Figure 12, IC50/
IC50,paclitaxel = 5.5 (A2780), 0.01 (A2780AD)) in b-tubulin (1JFF) to


Figure 14. Conformational diversity in macrocyclic taxoids: K1, brown; K2, orange; QT, yellow; SB-T-2053, green; SB-T-2054, dark green. The reference value
for REDOR-taxol (blue) and T-taxol (red) are indicated by vertical lines.
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study the binding mode of the taxoids.[70] Conditions used for
the simulation (pH 6.5) led to the double protonation of
His 229 and therefore a H bond was formed between His 229
and the C3’N carbonyl, rather than p–p interactions with the
C2 benzoate.[37] The relative orientation of these groups was
claimed to be in agreement with structural data obtained for
microtubule-bound docetaxel by means of the transfer nuclear
Overhauser enhancement (TR-NOESY) experiment.[70]


Progress in the development of paclitaxel mimics


On the basis of the binding conformation of paclitaxel in tubu-
lin, it may be possible to design paclitaxel mimics with simpler
structure and similar or even higher activity.[7, 8] The common
pharmacophore analysis for the microtubule-stabilizing
agents[18] suggested that the role of the baccatin core was to
serve as a rigid scaffold that secures the proper orientation of
the C2, C3’, and C3’N side chains and the baccatin core could
be replaced by a much simpler scaffold that retains most of its
three-dimensional features, but without its structural complexi-
ty.[71]


In 2004, Ojima et al. reported four paclitaxel mimics with bi-
cyclic scaffold based on the common pharmacophore
model.[71] Two hydroxy groups were included in the design to
mimic the C2 and C13 hydroxy groups on baccatin with similar


dihedral angles. The mimics
showed micromolar activity
against human breast cancer
cell lines, and the open-chain
taxoid mimic 19 is a little more
potent than the macrocyclic
taxoid mimic 20. However, none
of the mimics showed apprecia-
ble ability to promote tubulin
polymerization.


Roussi et al. also synthesized
four steroidal compounds bear-
ing the phenylisoerine and ben-
zoate side chains to mimic the
T-form of docetaxel. Two hy-
droxy groups were used to


mimic the C13 and C2 hydroxy groups in baccatin. The com-
pounds showed at least 10 000 times less activity than docetax-
el, and no activity in a microtubule disassembly inhibitory
assay. However, unexpectedly, two compounds (21 and 22)
showed inhibitory activity against microtubule assembly.[72]


In 2006, Kingston et al. reported the macrocyclic paclitaxel
mimics based on the active C4�C3’ linked macrocyclic taxoids,
which were designed from the T-taxol structure.[40, 73] The same
bridge could converted the inactive open-chain nor-paclitaxel
derivative (25) to a highly active macrocyclic one (26).[74] The
three hydroxy groups on the bicyclic ring were designed to
mimic the C2, C4 and C13 hydroxy groups. Achiral 2-adaman-
tanone was used as the starting material in the synthesis
giving rise to two diastereomers (23 and 24). The compounds
showed micromolar activity, slightly promoting tubulin poly-
merization. Interestingly, 24 showed somewhat higher activity
than 23, indicating the relative regiochemistry of the benzoate
group does not affect the activity significantly, although 23 is a
better mimic than 24. The macrocyclic paclitaxel mimics can
adopt the essential elements of the T-taxol conformationACHTUNGTRENNUNGaccording to a molecular modeling study.[73]
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Outlook


Due to the lack of resolution in the electron crystallographic
structure, molecular modeling, synthetic chemistry and solid-
state 19F NMR became the most important methods in the
study of the protein-bound conformation of paclitaxel in b-tu-
bulin. The structures of paclitaxel itself obtained in crystal or
solution (polar conformation and nonpolar conformation),
which were proposed to be possible tubulin-bound conforma-
tions earlier, were proven incorrect based on these studies.


The T-taxol structure, obtained from the molecular modeling
study of the electron crystallographic structure, was claimed to
be the only valid bioactive paclitaxel structure. Many structural
constrained taxoids were designed based on the T-taxol con-
formation; few of these constrained taxoids possess higher or
equal activity compared with paclitaxel in cytotoxicity or tubu-
lin polymerization assays. The T-taxol structure has been serv-
ing as a common template in many molecular modeling stud-
ies. On the other hand, the REDOR-taxol structure, proposed
based on the molecular modeling study of the REDOR NMR
data, is also proven to be a valid model for the microtubule-
bound bioactive conformation of paclitaxel. The REDOR-taxol
structure was used to design a series of highly active macrocy-
clic taxoids. The C2’-OH�N ACHTUNGTRENNUNG(His 229) H bond in the REDOR-
taxol–1JFF structure was found to be very stable in MD simula-
tion, while the C2’-O�HN ACHTUNGTRENNUNG(Gly 370) H bond in the T-taxol–1JFF
structure is unstable in MD simulation. Also, the fact that the
oxygen of the C2’-OH serves as hydrogen acceptor in T-taxol is
inconsistent with the known SAR data. The Monte Carlo struc-
tural search of the macrocyclic taxoids suggests that both pro-
posed bioactive conformations of paclitaxel need furtherACHTUNGTRENNUNGrefinement.


With the increasing availability of ultrafast computers, and
new and more advanced computational methods, MD simula-
tion is widely used in the study of the bioactive conformation
of paclitaxel in tubulin, although different results appear to be
obtained by using different methods and parameters. Novel
paclitaxel mimics with simpler structures have been designed
and examined but their activities are still much weaker than
paclitaxel. Nevertheless, it is still possible that new paclitaxel
mimics with high activity emerge based on innovative design
and syntheses by fully exploiting the tubulin-bound paclitaxel
structure in combination with those of other microtubule-
stabilizing agents.


Acknowledgements


Some of the work done in the laboratories of authors described
was supported by grants from the National Institutes of Health
(CA103314 and GM42798 to I.O.) and the National Science Foun-
dation (PACI-MCA02N028 to C.S.). The authors are grateful to Dr.
James P. Snyder, Emory University for providing the coordinates
of the T-taxol–1JFF complex structure.


Keywords: microtubules · tubulin · paclitaxel · REDOR NMR ·
REDOR-taxol · T-taxol · molecular modeling


[1] A. Jemal, E. Ward, Y. Hao, M. Thun, JAMA J. Am. Med. Assoc. 2005, 294,
1255–1259.


[2] A. Jemal, R. Siegel, E. Ward, T. Murray, J. Xu, C. Smigal, M. J. Thun, CA-
Cancer J. Clin. 2006, 56, 106–130.


[3] E. K. Rowinsky, Annu. Rev. Med. 1997, 48, 353–374.
[4] T. M. Mekhail, M. Markman, Expert Opin. Pharmacother. 2002, 3, 755–


766.
[5] P. B. Schiff, J. Fant, S. B. Horwitz, Nature 1979, 277, 665–667.
[6] M. A. Jordan, L. Wilson, Nat. Rev. Cancer 2004, 4, 253–265.
[7] D. G. Kingston, S. Bane, J. P. Snyder, Cell Cycle 2005, 4, 279–289.
[8] R. Geney, L. Sun, P. Pera, J. Bernacki Ralph, S. Xia, B. Horwitz Susan, L.


Simmerling Carlos, I. Ojima, Chem. Biol. 2005, 12, 339–348.
[9] J. Dubois, D. Guenard, F. Gueritte-Voegelein, N. Guedira, P. Potier, B.


Gillet, J. C. Beloeil, Tetrahedron 1993, 49, 6533–6544.
[10] H. J. Williams, A. I. Scott, R. A. Dieden, C. S. Swindell, L. E. Chirlian, M. M.


Francl, J. M. Heerding, N. E. Krauss, Tetrahedron 1993, 49, 6545–6560.
[11] D. G. Vander Velde, G. I. Georg, G. L. Grunewald, C. W. Gunn, L. A. Mitsch-


er, J. Am. Chem. Soc. 1993, 115, 11650–11651.
[12] D. Mastropaolo, A. Camerman, Y. Luo, G. D. Brayer, N. Camerman, Proc.


Natl. Acad. Sci. USA 1995, 92, 6920–6924.
[13] S. Lin, I. Ojima, Expert Opin. Ther. Pat. 2000, 10, 869–889.
[14] D. M. Bollag, P. A. McQueney, J. Zhu, O. Hensens, L. Koupal, J. Liesch, M.


Goetz, E. Lazarides, C. M. Woods, Cancer Res. 1995, 55, 2325–2333.
[15] P. Giannakakou, R. J. Kowalski, E. Hamel, J. Biol. Chem. 1997, 272, 2534–


2541.
[16] T. Lindel, P. R. Jensen, W. Fenical, B. H. Long, A. M. Casazza, J. Carboni,


C. R. Fairchild, J. Am. Chem. Soc. 1997, 119, 8744–8745.
[17] E. ter Haar, R. J. Kowalski, E. Hamel, C. M. Lin, R. E. Longley, S. P. Gunase-


kera, H. S. Rosenkranz, B. W. Day, Biochemistry 1996, 35, 243–250.
[18] I. Ojima, S. Chakravarty, T. Inoue, S. Lin, L. He, S. B. Horwitz, S. D. Kuduk,


S. J. Danishefsky, Proc. Natl. Acad. Sci. USA 1999, 96, 4256–4261.
[19] T. C. Boge, Z.-J. Wu, R. H. Himes, D. G. Vander Velde, G. I. Georg, Bioorg.


Med. Chem. Lett. 1999, 9, 3047–3052.
[20] I. Ojima, S. Lin, T. Inoue, M. L. Miller, C. P. Borella, X. Geng, J. J. Walsh, J.


Am. Chem. Soc. 2000, 122, 5343–5353.
[21] I. Ojima, X. Geng, S. Lin, P. Pera, R. J. Bernacki, Bioorg. Med. Chem. Lett.


2002, 12, 349–352.
[22] X. Geng, M. L. Miller, S. Lin, I. Ojima, Org. Lett. 2003, 5, 3733–3736.
[23] O. D. Querolle, J. Thoret, S. Dupont, C. Gueritte, F. Guenard, Eur. J. Org.


Chem. 2003, 542–550.
[24] O. Querolle, J. Dubois, S. Thoret, F. Roussi, S. Montiel-Smith, F. Gueritte,


D. Guenard, J. Med. Chem. 2003, 46, 3623–3630.
[25] E. Nogales, S. G. Wolf, K. H. Downing, Nature 1998, 391, 199–203.
[26] S. Rao, N. E. Krauss, J. M. Heerding, C. S. Swindell, I. Ringel, G. A. Orr,


S. B. Horwitz, J. Biol. Chem. 1994, 269, 3132–3134.
[27] S. Rao, G. A. Orr, A. G. Chaudhary, D. G. Kingston, S. B. Horwitz, J. Biol.


Chem. 1995, 270, 20 235–20 238.
[28] S. Rao, L. He, S. Chakravarty, I. Ojima, G. A. Orr, S. B. Horwitz, J. Biol.


Chem. 1999, 274, 37990–37994.
[29] J. Lowe, H. Li, K. H. Downing, E. Nogales, J. Mol. Biol. 2001, 313, 1045–


1057.
[30] J. H. Nettles, H. Li, B. Cornett, J. M. Krahn, J. P. Snyder, K. H. Downing,


Science 2004, 305, 866–869.
[31] R. M. Buey, I. Barasoain, E. Jackson, A. Meyer, P. Giannakakou, I. Paterson,


S. Mooberry, J. M. Andreu, J. F. Diaz, Chem. Biol. 2005, 12, 1269–1279.
[32] A. Canales, R. Matesanz, N. M. Gardner, J. M. Andreu, I. Paterson, J. F.


Diaz, J. Jimenez-Barbero, Chem. Eur. J. 2008, 14, 7557–7569.
[33] J. P. Snyder, J. H. Nettles, B. Cornett, K. H. Downing, E. Nogales, Proc.


Natl. Acad. Sci. USA 2001, 98, 5312–5316.
[34] F. Gueritte-Voegelein, D. Guenard, F. Lavelle, M. T. Le Goff, L. Mangatal,


P. Potier, J. Med. Chem. 1991, 34, 992–998.
[35] C. S. Swindell, N. E. Krauss, S. B. Horwitz, I. Ringel, J. Med. Chem. 1991,


34, 1176–1184.
[36] H. J. Williams, G. Moyna, A. I. Scott, C. S. Swindell, L. E. Chirlian, J. M.


Heerding, D. K. Williams, J. Med. Chem. 1996, 39, 1555–1559.
[37] A. A. Alcaraz, A. K. Mehta, S. A. Johnson, J. P. Snyder, J. Med. Chem.


2006, 49, 2478–2488.
[38] B. B. Metaferia, J. Hoch, T. E. Glass, S. L. Bane, S. K. Chatterjee, J. P.


Snyder, A. Lakdawala, B. Cornett, D. G. I. Kingston, Org. Lett. 2001, 3,
2461–2464.


&12& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 14


�� These are not the final page numbers!


MED L. Sun, C. Simmerling and I. Ojima



http://dx.doi.org/10.1001/jama.294.10.1255

http://dx.doi.org/10.1001/jama.294.10.1255

http://dx.doi.org/10.3322/canjclin.56.2.106

http://dx.doi.org/10.3322/canjclin.56.2.106

http://dx.doi.org/10.1038/277665a0

http://dx.doi.org/10.1038/nrc1317

http://dx.doi.org/10.1016/j.chembiol.2005.01.004

http://dx.doi.org/10.1016/S0040-4020(01)81822-6

http://dx.doi.org/10.1016/S0040-4020(01)81823-8

http://dx.doi.org/10.1021/ja00077a095

http://dx.doi.org/10.1073/pnas.92.15.6920

http://dx.doi.org/10.1073/pnas.92.15.6920

http://dx.doi.org/10.1517/13543776.10.6.869

http://dx.doi.org/10.1074/jbc.272.4.2534

http://dx.doi.org/10.1074/jbc.272.4.2534

http://dx.doi.org/10.1021/ja9717828

http://dx.doi.org/10.1021/bi9515127

http://dx.doi.org/10.1073/pnas.96.8.4256

http://dx.doi.org/10.1016/S0960-894X(99)00522-3

http://dx.doi.org/10.1016/S0960-894X(99)00522-3

http://dx.doi.org/10.1021/ja000293w

http://dx.doi.org/10.1021/ja000293w

http://dx.doi.org/10.1016/S0960-894X(01)00747-8

http://dx.doi.org/10.1016/S0960-894X(01)00747-8

http://dx.doi.org/10.1021/ol0354627

http://dx.doi.org/10.1002/ejoc.200390092

http://dx.doi.org/10.1002/ejoc.200390092

http://dx.doi.org/10.1021/jm030770w

http://dx.doi.org/10.1038/34465

http://dx.doi.org/10.1074/jbc.274.53.37990

http://dx.doi.org/10.1074/jbc.274.53.37990

http://dx.doi.org/10.1006/jmbi.2001.5077

http://dx.doi.org/10.1006/jmbi.2001.5077

http://dx.doi.org/10.1126/science.1099190

http://dx.doi.org/10.1016/j.chembiol.2005.09.010

http://dx.doi.org/10.1002/chem.200800039

http://dx.doi.org/10.1073/pnas.051309398

http://dx.doi.org/10.1073/pnas.051309398

http://dx.doi.org/10.1021/jm00107a017

http://dx.doi.org/10.1021/jm00107a042

http://dx.doi.org/10.1021/jm00107a042

http://dx.doi.org/10.1021/jm950796q

http://dx.doi.org/10.1021/jm051119r

http://dx.doi.org/10.1021/jm051119r

http://dx.doi.org/10.1021/ol016124d

http://dx.doi.org/10.1021/ol016124d

www.chemmedchem.org





[39] C. Liu, J. K. Schilling, R. Ravindra, S. Bane, D. G. I. Kingston, Bioorg. Med.
Chem. 2004, 12, 6147–6161.


[40] T. Ganesh, R. C. Guza, S. Bane, R. Ravindra, N. Shanker, A. S. Lakdawala,
J. P. Snyder, D. G. I. Kingston, Proc. Natl. Acad. Sci. USA 2004, 101,
10006–10011.


[41] T. Ganesh, C. Yang, A. Norris, T. Glass, S. Bane, R. Ravindra, A. Banerjee,
B. Metaferia, S. L. Thomas, P. Giannakakou, A. A. Alcaraz, A. S. Lakdawala,
J. P. Snyder, D. G. I. Kingston, J. Med. Chem. 2007, 50, 713–725.


[42] J. P. Snyder, N. Nevins, D. O. Cicero, J. Jansen, J. Am. Chem. Soc. 2000,
122, 724–725.


[43] N. Shanker, D. G. I. Kingston, T. Ganesh, C. Yang, A. A. Alcaraz, M. T. Ge-
balle, A. Banerjee, D. McGee, J. P. Snyder, S. Bane, Biochemistry 2007, 46,
11514–11527.


[44] O. Querolle, J. Dubois, S. Thoret, F. Roussi, F. Gueritte, D. Gu�nard, J.
Med. Chem. 2004, 47, 5937–5944.


[45] A.-L. Larroque, J. Dubois, S. Thoret, G. Aubert, D. Guenard, F. Gueritte,
Bioorg. Med. Chem. Lett. 2005, 15, 4722–4726.


[46] A.-L. Larroque, J. Dubois, S. Thoret, G. Aubert, A. Chiaroni, F. Gueritte, D.
Guenard, Bioorg. Med. Chem. . 2007, 15, 563–574.


[47] L. Barboni, C. Lambertucci, G. Appendino, D. G. Vander Velde, R. H.
Himes, E. Bombardelli, M. Wang, J. P. Snyder, J. Med. Chem. 2001, 44,
1576–1587.


[48] C. Liu, M. Tamm, M. W. Notzel, K. Rauch, A. de Meijere, J. K. Schilling, A.
Lakdawala, J. P. Snyder, S. L. Bane, N. Shanker, R. Ravindra, D. G. I. King-
ston, Eur. J. Org. Chem. 2005, 3962–3972.


[49] I. Ojima, S. D. Kuduk, S. Chakravarty, M. Ourevitch, J.-P. Begue, J. Am.
Chem. Soc. 1997, 119, 5519–5527.


[50] I. Ojima, S. D. Kuduk, S. Chakravarty, Adv. Med. Chem. 1999, 4, 69–124.
[51] Y. Li, B. Poliks, L. Cegelski, M. Poliks, A. Cryczynski, G. Piszcek, P. G.


Jagtap, D. R. Studelska, D. G. I. Kingston, J. Schaefer, S. Bane, Biochem-
istry 2000, 39, 281–291.


[52] Y. Paik, C. Yang, B. Metaferia, S. Tang, S. Bane, R. Ravindra, N. Shanker,
A. A. Alcaraz, S. A. Johnson, J. Schaefer, R. D. O’Connor, L. Cegelski, J. P.
Snyder, D. G. I. Kingston, J. Am. Chem. Soc. 2007, 129, 361–370.


[53] L. Sun, X. Geng, R. Geney, Y. Li, C. Simmerling, Z. Li, J. W. Lauher, S. Xia,
S. B. Horwitz, J. M. Veith, P. Pera, R. J. Bernacki, I. Ojima, J. Org. Chem.
2008, 73, 9584–9593.


[54] I. Ojima, J. C. Slater, E. Michaud, S. D. Kuduk, P.-Y. Bounaud, P. Vrignaud,
M.-C. Bissery, J. Veith, P. Pera, R. J. Bernacki, J. Med. Chem. 1996, 39,
3889–3896.


[55] I. Ojima, J. Chen, L. Sun, C. P. Borella, T. Wang, M. L. Miller, S. Lin, X.
Geng, L. Kuznetsova, C. Qu, D. Gallager, X. Zhao, I. Zanardi, S. Xia, S. B.
Horwitz, J. Mallen-St. Clair, J. L. Guerriero, D. Bar-Sagi, J. M. Veith, P.
Pera, R. J. Bernacki, J. Med. Chem. 2008, 51, 3203–3221.


[56] D. G. I. Kingston, J. Nat. Prod. 2000, 63, 726–734.
[57] L. Barboni, G. Giarlo, M. Ricciutelli, R. Ballini, G. I. Georg, D. G. Vander-


Velde, R. H. Himes, M. Wang, A. Lakdawala, J. P. Snyder, Org. Lett. 2004,
6, 461–464.


[58] Z. Ferjancic, R. Matovic, Z. Cekovic, Y. Jiang, J. P. Snyder, V. Trajkovic,
R. N. Saicic, Tetrahedron 2006, 62, 8503–8514.


[59] S. A. Johnson, A. A. Alcaraz, J. P. Snyder, Org. Lett. 2005, 7, 5549–5552.
[60] J. Kant, S. Huang, H. Wong, C. Fairchild, D. Vyas, V. Farina, Bioorg. Med.


Chem. Lett. 1993, 3, 2471–2474.
[61] T. A. Halgren, J. Comput. Chem. 1996, 17, 490–519.
[62] It was claimed that the “REDOR-K2” structure was unstable and drastic


conformational reorganization of the structure took place “to avoid
steric clash (with Phe 272)” in the MD simulation done by the Emory
group using the same force field (MMFF94) (Ref. [59]). However, such
reorganization did not happen at all in the study performed by the
Stony Brook group. The origin of this marked difference in the compu-
tational analysis is most likely due to the “reconstructed” REDOR-taxol
structure in the Emory Group study in the absence of the exact coordi-
nates from the Stony Brook group.


[63] M. Magnani, F. Ortuso, S. Soro, S. Alcaro, A. Tramontano, M. Botta, FEBS
J. 2006, 273, 3301–3310.


[64] F. Mohamadi, N. G. J. Richards, W. C. Guida, R. Liskamp, M. Lipton, C.
Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput. Chem. 1990,
11, 440–467.


[65] S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, C. Ghio, G. Alagona, S.
Profeta, Jr. , P. Weiner, J. Am. Chem. Soc. 1984, 106, 765–784.


[66] W. C. Still, A. Tempczyk, R. C. Hawley, T. Hendrickson, J. Am. Chem. Soc.
1990, 112, 6127–6129.


[67] E. Lindahl, B. Hess, D. van der Spoel, J. Mol. Model. 2001, 7, 306–317.
[68] W. R. P. Scott, P. H. Huenenberger, I. G. Tironi, A. E. Mark, S. R. Billeter, J.


Fennen, A. E. Torda, T. Huber, P. Krueger, W. F. van Gunsteren, J. Phys.
Chem. A 1999, 103, 3596–3607.


[69] W. D. Cornell, P. Cieplak, C. I. Bayly, I. R. Gould, K. M. Merz, Jr. , D. M. Fer-
guson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, P. A. Kollman, J. Am.
Chem. Soc. 1995, 117, 5179–5197.


[70] R. Matesanz, I. Barasoain, C.-G. Yang, L. Wang, X. Li, C. de Ines, C. Co-
derch, F. Gago, J. J. Barbero, J. M. Andreu, W.-S. Fang, J. F. Diaz, Chem.
Biol. 2008, 15, 573–585.


[71] X. Geng, R. Geney, P. Pera, R. J. Bernacki, I. Ojima, Bioorg. Med. Chem.
Lett. 2004, 14, 3491–3494.


[72] F. Roussi, Q. A. Ngo, S. Thoret, F. Gueritte, D. Guenard, Eur. J. Org. Chem.
2005, 3952–3961.


[73] T. Ganesh, A. Norris, S. Sharma, S. Bane, A. A. Alcaraz, J. P. Snyder, D. G. I.
Kingston, Bioorg. Med. Chem. 2006, 14, 3447–3454.


[74] S. Tang, C. Yang, P. Brodie, S. Bane, R. Ravindra, S. Sharma, Y. Jiang, J. P.
Snyder, D. G. I. Kingston, Org. Lett. 2006, 8, 3983–3986.


Received: February 4, 2009


Published online on && &&, 2009


ChemMedChem 0000, 00, 1 – 14 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &13&


These are not the final page numbers! ��


The Bioactive Conformation of Taxol



http://dx.doi.org/10.1016/j.bmc.2004.09.002

http://dx.doi.org/10.1016/j.bmc.2004.09.002

http://dx.doi.org/10.1073/pnas.0403459101

http://dx.doi.org/10.1073/pnas.0403459101

http://dx.doi.org/10.1021/jm061071x

http://dx.doi.org/10.1021/ja9930115

http://dx.doi.org/10.1021/ja9930115

http://dx.doi.org/10.1021/bi700753y

http://dx.doi.org/10.1021/bi700753y

http://dx.doi.org/10.1021/jm0497996

http://dx.doi.org/10.1021/jm0497996

http://dx.doi.org/10.1016/j.bmcl.2005.07.069

http://dx.doi.org/10.1016/j.bmc.2006.09.030

http://dx.doi.org/10.1021/jm001103v

http://dx.doi.org/10.1021/jm001103v

http://dx.doi.org/10.1002/ejoc.200500243

http://dx.doi.org/10.1021/ja9633777

http://dx.doi.org/10.1021/ja9633777

http://dx.doi.org/10.1016/S1067-5698(99)80004-2

http://dx.doi.org/10.1021/bi991936r

http://dx.doi.org/10.1021/bi991936r

http://dx.doi.org/10.1021/ja0656604

http://dx.doi.org/10.1021/jo801713q

http://dx.doi.org/10.1021/jo801713q

http://dx.doi.org/10.1021/jm9604080

http://dx.doi.org/10.1021/jm9604080

http://dx.doi.org/10.1021/jm800086e

http://dx.doi.org/10.1021/np000064n

http://dx.doi.org/10.1021/ol036204c

http://dx.doi.org/10.1021/ol036204c

http://dx.doi.org/10.1016/j.tet.2006.06.080

http://dx.doi.org/10.1021/ol051780p

http://dx.doi.org/10.1016/S0960-894X(01)80980-X

http://dx.doi.org/10.1016/S0960-894X(01)80980-X

http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3C490::AID-JCC1%3E3.0.CO;2-P

http://dx.doi.org/10.1111/j.1742-4658.2006.05340.x

http://dx.doi.org/10.1111/j.1742-4658.2006.05340.x

http://dx.doi.org/10.1002/jcc.540110405

http://dx.doi.org/10.1002/jcc.540110405

http://dx.doi.org/10.1021/ja00315a051

http://dx.doi.org/10.1021/ja00172a038

http://dx.doi.org/10.1021/ja00172a038

http://dx.doi.org/10.1021/jp984217f

http://dx.doi.org/10.1021/jp984217f

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1016/j.chembiol.2008.05.008

http://dx.doi.org/10.1016/j.chembiol.2008.05.008

http://dx.doi.org/10.1016/j.bmcl.2004.04.060

http://dx.doi.org/10.1016/j.bmcl.2004.04.060

http://dx.doi.org/10.1002/ejoc.200500203

http://dx.doi.org/10.1002/ejoc.200500203

http://dx.doi.org/10.1016/j.bmc.2006.01.002

http://dx.doi.org/10.1021/ol061438s

www.chemmedchem.org





MINIREVIEWS


L. Sun, C. Simmerling,* I. Ojima*


&& –&&


Recent Advances in the Study of the
Bioactive Conformation of Taxol


Demystifying Taxol : The structurally
complex natural product paclitaxel is
among the most important antitumor
drugs presently in the clinic. While the
mechanism of action is known, the bio-
logically active conformation has been
much debated. Herein we summarize
the considerable research efforts that
have gone into elucidating the bioactive
conformation of paclitaxel.
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Introduction


Adenosine, a naturally occurring nucleoside, is involved in a
wide variety of physiological and pathophysiological process-
es.[1] Some of its physiological actions include effects on heart
rate and atrial contractility, vascular smooth muscle tone, re-
lease of neurotransmitters, platelet function, lipolysis, renal
function and white blood cell function.[2] Adenosine mediates
these effects through the activation of at least four human re-
ceptors (P1) belonging to the superfamily of G-protein-coupled
receptors, which have been recently cloned[3] and classified as
A1, A2A, A2B, and A3.[4, 5] The subtypes are classified on the basis
of coupling to second messengers, as well as pharmacological
profiles for agonists and antagonists. In fact, adenosine A1 and
A3 receptors (AA1R and AA3R, respectively) are linked to inhibi-
tion of adenylyl cyclase, while A2A and A2B subtypes (AA2AR and
AA2BR, respectively) are linked to stimulation of the same
enzyme.[6]


The prototypical adenosine receptor (AR) antagonists are
naturally occurring methylxanthines which have been exten-
sively modified for increased potency and selectivity toward
specific AR subtypes.[7–9] However, only a few xanthine antago-
nists, such as caffeine and theophylline, have been approved
as drugs for their CNS-stimulating, diuretic, and bronchodilat-
ing effects.[9, 10] Hence, many efforts in recent decades have
been directed toward the synthesis and development of new
AR antagonists endowed with high affinity and subtype selec-
tivity. These antagonists include different classes of nitrogen
polyheterocyclic systems[11] such as pyrazoloACHTUNGTRENNUNG[1,5-a]pyridines,
pyrazoloACHTUNGTRENNUNG[4,3-e] ACHTUNGTRENNUNG[1,2,4]triazolo ACHTUNGTRENNUNG[1,5-c]pyrimidines, pyrrolopyrimi-
dines, 1,4-dihydropyridines, pyridines, and aminopyrimidines.[12]


Other AR antagonists, the structure of which directly corre-
late to the natural ligand adenosine, exhibit adenine core sub-
stitutions. Many publications have demonstrated that introduc-
tion of different substituents in the 2-, 8-, and 9-position of ad-
enine result in high-affinity antagonists with distinct receptor
selectivity profiles.[13–17] Hence, substituted adenine derivatives,
prepared as hypoglycemic agents, were found to possess high
potency for the AA2BR subtype,[18] whereas novel N6-cyclopen-
tyladenine derivatives were characterized as neutral antago-
nists endowed with high affinity for AA1R.[19] In contrast, 2-phe-
nylaminoadenines bearing a variety of cycloalkyl rings at the
N6 position were found to possess high affinity for AA3R.[20]


Recent clinical evidence has demonstrated that AA2AR antag-
onists effectively decrease motor impairment in Parkinsonian
patients who have low risk of dyskinesia, potentially providing
an alternative approach for the treatment of Parkinson’s dis-
ease.[21–23] Accordingly, we reported that three 9-ethyladenine
(1) derivatives, each bearing a bromine, ethoxy group, or furyl


Clinical evidence has demonstrated that AA2AR antagonists
could be an alternative approach to the treatment of Parkin-
son’s disease. Recently, three 9-ethyladenine derivatives bear-
ing a bromine atom, an ethoxy group, and a furyl ring, respec-
tively, in the 8-position have been reported to ameliorate
motor deficits in rat Parkinson’s disease models, suggesting a
potential therapeutic role for these compounds. Starting from
these observations, a new series of 9-ethyladenine derivatives,
bearing different substituents such as halogens, alkoxy groups,
aromatic and heteroaromatic rings in the 8-position, were syn-


thesized. Radioligand binding assays demonstrated that some
of the new compounds bind rat AA2AR with higher affinity
than the previously reported congeners and that there is a
good correlation between binding to rat and human receptors.
Hence, the new molecules could represent new tools suitable
for the in vivo studies in rat models of Parkinson’s disease. Fi-
nally, a molecular docking analysis of the compounds was per-
formed using a homology model of rat AA2AR, built using the
human crystal structure as the template, and results are in
agreement with the binding data.
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ring at the 8-position (compounds 2, 7, and 11, respectively),
bind human AA2AR with nanomolar affinity[14, 24, 25] and amelio-


rate motor deficits in rat models of Parkinson’s disease, provid-
ing further evidence of a possible therapeutic role for these
compounds.[26]


Beginning with these observations, we aimed to produce
compounds endowed with improved affinity and selectivity at
rat and human AA2AR. A series of novel purine derivatives was
prepared by introducing various substituents at the 8-position
of 9-ethyladenine. Taking into account the structures of afore-
mentioned AA2AR antagonists 2, 7, and 11, our compounds
were specifically designed with halogens, alkoxy groups, aro-
matic, and heteroaromatic rings at this position. Other 8-posi-
tion derivatives included small substituents with a variety of
electronic properties, such as methyl, trifluoromethyl, and hy-
droxy groups.


These compounds, together with 2, 7, 11, 9, and 20, the ac-
tivities of which at human ARs have already been report-
ed,[14, 24, 25] were screened using radioligand binding assays in
rat ARs. The importance of characterizing the affinity of these
molecules for rat membrane receptors is based on future plans
to test in in vivo rat models of Parkinson’s disease, although
they are intended for pharmacological use in humans. Some of
the novel compounds were also tested in binding assays with
human ARs for comparison with rat AR binding data. Finally, a
molecular docking analysis of the new 9-ethyladenine deriva-
tives was performed using a homology model of rat AA2AR,
built using the human AA2AR crystal structure as a template.[27]


This analysis was carried out with the aim at finding a possible
rationalization of the different binding affinities of the mole-
cules for the rat AA2AR, as well as enabling further optimization
of this class of adenosine antagonists.


Results and Discussion


Chemistry


The 8-halogen derivatives 2–4 were synthesized from 9-ethyl-ACHTUNGTRENNUNGadenine (1), which was prepared as previously reported.[13, 14]


Reaction of 1 with N-bromosuccinimide (NBS) or N-chlorosucci-
nimide (NCS) was carried out in dry DMF at room temperature
for 20 h to yield the corresponding 8-bromo- and 8-chloro-9-
ethyladenine (2[10] and 3, respectively). 9-ethyl-8-iodo-9H-ade-
nine (4) was obtained by treating 1 with lithium diisopropyl-ACHTUNGTRENNUNGamide (LDA) and then I2 in anhydrous THF (Scheme 1). 8-hy-


droxy-9-ethyladenine (5) was synthesized from 2, following re-
action with 98 % HCO2H at reflux, whereas the 9-ethyl-8-alkoxy
adenine derivatives 6–10 were obtained by allowing 2 to react
with the corresponding alcohols, using catalytic sodium hy-
droxide (Scheme 2). Synthesis of 11 and 12 was accomplished


beginning with 2, which was reacted in anhydrous THF with
the 2-tributylstannyl derivatives of furan and thiophene, re-
spectively, using catalytic bis(triphenylphosphine)palladium di-
chloride. Reduction of 11 using PdO in H2 atmosphere under
acidic conditions yielded 13 (Scheme 2). For the synthesis of
14, compound 2 was added to sodium trifluoroacetate and
copper iodide under N2 atmosphere at 80 8C for 2.5 h. The C8
methyl- and phenyl-substituted compounds were synthesized
using a different method involving a cyclization to yield the
purine structure (Scheme 3).


Ethylamine and 5-amino-4,6-dichloropyrimidine (15) were
combined in a sealed bomb at 150 8C for 27 h, to obtain 5-
amino-4-chloro-6-ethylaminopyrimidine (16), which had been
previously synthesized using a different procedure.[28] Reaction
of 16 with triethylorthoacetate (TEOA) or triethylorthobenzoate
(TEOB) at room temperature for 12 h, using catalytic methane-
sulfonic acid and dichloromethane, yielded 17 and 18, respec-


Scheme 1. Reagents and conditions: a) NBS, DMF; b) NCS, DMF; c) LDA/I2,
THF.


Scheme 2. Reagents and conditions: a) HCOOH; b) NaOH, ROH; c) (nBu)3Sn-
R1, (Ph3P)2PdCl2, THF; d) H2/PdO; e) CF3COONa.
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tively. These derivatives were successively treated with liquid
ammonia, in sealed vials at room temperature, to obtain the
desired 8-methyl- and 8-phenyladenine derivatives 19 and 20.


Biology


All compounds were evaluated in binding assays using rat
AA1R, AA2AR, and AA3R. Displacement of [3H]CHA (N6-cyclohex-
yladenosine) from AA1R in rat cortical membranes and of
[3H]CGS 21680 (2-[4-(2-carboxyethyl)-phenethylamino]-5’-N-eth-
ylcarboxamidoadenosine) from rat striatal membranes were
performed as previously described.[29] The affinity for rat AA3R
was determined by displacement of [125I]AB-MECA (N6-(3-iodo-
4-aminobenzyl)-5’-N-methylcarboxamidoadenosine) in rat
testis. Some of the compounds were also evaluated at human
recombinant ARs that were transfected into Chinese hamster
ovary (CHO) cells and analyzed with radioligand binding stud-
ies for AA1R, AA2AR, and AA3R. Receptor binding affinity was
determined using [3H]CCPA (2-chloro-N6-cyclopentyladenosine)
as the radioligand for AA1R, whereas [3H]NECA (5’-N-ethylcar-
boxamidoadenosine) was used for the AA2AR and AA3R sub-
types.[30] The data for rat and human receptors, reported as Ki


or as percentage of inhibition at 10 or 20 mm, are listed in
Tables 1 and 2.


Binding data analysis


Rat receptors


Most of the novel 8-substituted 9-ethyladenine derivatives
demonstrated good affinity and selectivity for rat AA2AR
(Table 1). Affinity for the AA3R subtype was generally lower
than for AA1R, giving the compounds greater AA2AR/AA3R se-
lectivity as compared to AA2AR/AA1R selectivity. In particular,
the 8-halogen-substituted compounds (2–4) displayed affinity
at rat AA2AR with Ki values in the high-nanomolar range and
were slightly selective for the same receptor subtype (2 : Ki


AA2AR = 184 nm ; AA1R/AA2AR = 2, AA3R/AA2AR>109; 3 : Ki


AA2AR = 188 nm ; AA1R/AA2AR>106, AA3R/AA2AR>106; 4 : Ki


AA2AR = 91 nm ; AA1R/AA2AR = 8, AA3R/AA2AR = 19); in fact, in
some cases, the compounds did not bind either AA1R or AA3R
when tested at concentrations as high as 10 or 20 mm. Replace-


ment of the 8-halogen with a hydroxy group decreased the
AA2AR binding affinity; however, the resulting compound (5 ; Ki


AA2AR = 4037 nm) retained AA2AR selectivity and did not bind
either rat AA1R or AA3R.


Replacement of the 8-hydroxy group with alkoxy substitu-
ents (6–10) modulated the AA2AR binding affinity, indicative of
different interactions with rat AA2AR. The presence of small
chains, such as methoxy or ethoxy, increased the AA2AR affinity
(6; Ki AA2AR = 46 nm and 7; Ki AA2AR = 643 nm), while the pres-
ence of an isopropoxy group was detrimental for affinity to
AA2AR (8; Ki AA2AR>100 mm).


The presence of an aromatic and sterically hindered sub-
stituent, such as a phenethoxy group, at the 8-position highly
favored the rat AA2AR interaction, yielding the most active
compound of the entire series (10 ; Ki AA2AR = 28 nm, selectivi-
ty: AA1R/AA2AR = 31, AA3R/AA2AR>714). However, replacement
of the phenyl ring found in 10 with a cyclohexyl substituent
led to a remarkable decrease in AA2AR binding affinity (9 ; Ki


AA2AR = 4400 nm). The difference in AA2AR activity of com-
pounds 9 and 10 may be attributed to different p-stacking in-


Scheme 3. Reagents and conditions: a) EtNH2, 150 8C, 27 h; b) TEOA or TEOB,
MeSO3H; c) NH3.


Table 1. Affinities of 8-substituted-9-ethyladenines in radioligand binding
assays at rat AA1R, AA2AR, and AA3R.[a]


Compd R Ki [nm]
AA1R[b] AA2AR[c] AA3R[d]


2 Br 444ACHTUNGTRENNUNG(394–446)
184ACHTUNGTRENNUNG(169–199)


40 %[f]


3 Cl 30 %[f] 188ACHTUNGTRENNUNG(166–211)
21 %[f]


4 I 699ACHTUNGTRENNUNG(641–759)
91ACHTUNGTRENNUNG(82–100)


1700
(1469–1946)


5 OH 30 %[e] 4037
(3982–4321)


7 %[e]


6 OCH3 515ACHTUNGTRENNUNG(465–563)
46ACHTUNGTRENNUNG(39–50)


24 %[e]


7 OCH2CH3 4600
(4146–5076)


643ACHTUNGTRENNUNG(565–726)
34 %[f]


8 OCH ACHTUNGTRENNUNG(CH3)2 615ACHTUNGTRENNUNG(568–663)
>105 17 000


(14 908–19 222)
9 OACHTUNGTRENNUNG(CH2)2-cHex 12 969


(11 750–14 244)
4400


(3839–4997)
7600


(6707–8546)
10 OACHTUNGTRENNUNG(CH2)2-Ph 871ACHTUNGTRENNUNG(824–918)


28ACHTUNGTRENNUNG(24–33)
37 %[f]


11 furyl 40ACHTUNGTRENNUNG(37–43)
153ACHTUNGTRENNUNG(137–169)


900ACHTUNGTRENNUNG(789–1018)
12 thiophenyl 45ACHTUNGTRENNUNG(38–52)


208ACHTUNGTRENNUNG(189–228)
0 %[f]


13 tetrahydrofuryl 33 %[e] 38 %[e] 14 %[e]


14 CF3 982ACHTUNGTRENNUNG(894–1023)
63


(57.6–65.8)
9 %[e]


19 CH3 34 %[f] 2653
(2379–2650)


0 %[f]


20 Ph 11ACHTUNGTRENNUNG(9.3–12)
763ACHTUNGTRENNUNG(675–856)


1800
(1547–2070)


[a] 95 % confidence intervals of Ki values are given in parentheses. [b] Dis-
placement of specific [3H]CHA binding in rat cortical membranes, or per-
centage of specific binding inhibition. [c] Displacement of specific
[3H]CGS 21680 binding in rat striatal membranes, or percentage of specific
binding inhibition. [d] Displacement of specific [125I]AB-MECA binding in
rat testis membranes, or percentage of specific binding inhibition.
[e] Percent inhibition at 10 mm. [f] Percent inhibition at 20 mm.
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teractions of the compounds and contrasts in steric hindrance
induced by the phenyl and cyclohexyl rings.


The presence of aromatic rings, such as furyl, thiophenyl,
and phenyl, directly conjugated to the purine system was well
tolerated by AA2AR, but also favored interaction with the AA1R
subtype, as observed with 11, 12 and 20, which showed affini-
ty for rat AA1R in the nanomolar range and resulted in slightly
AA1R-selective profiles (11; Ki AA1R = 40 nm ; AA2AR/AA1R = 4,
AA3R/AA1R = 22; 12 ; Ki AA1R = 45 nm ; AA2AR/AA1R = 5, AA3R/
AA1R>444, and 20 ; Ki AA1R = 11 nm ; AA2AR/AA1R = 69, AA3R/
AA1R = 164). However, a lack of conjugation prevented interac-
tion with all rat receptor subtypes, as evidenced by the bind-
ing data of 13 (inhibition at 10 mm of 33 %, 38 %, and 14 % at
rat AA1R, AA2AR, and AA3R, respectively).


Finally, the 8-methyl derivative 19 exhibited moderate
AA2AR affinity (Ki AA2AR = 2653 nm) only twofold higher than
that shown by the 8-hydroxy derivative 5, but replacement
with an 8-trifluoromethyl substituent yielded a considerable in-
crease in AA2AR affinity (14; Ki AA2AR = 63 nm). The differing af-
finities of these compounds might be explained by the abilities
of the corresponding 8-substituents to polarize the aromatic
adenine scaffold. This hypothesis is further supported by the
AA2AR binding data obtained for compounds 2–4, 6, and 7,
which contain 8-halogen or 8-alkoxy substituents that have dif-
ferent polarizing effects.


Human receptors


The affinity of the 8-substituted 9-ethyladenine derivatives
(compounds 2, 7–11, 14, and 20) was generally higher for
human ARs than for rat receptors (Table 2). This finding, in
agreement with our observations of a series of 2- and 8-alkyn-


yl-9-ethyladenines previously reported,[17] might be explained
by taking into account the differences in in vitro models of
human and rat receptors. On the other hand, similar activity
trends were observed for both receptor species, as most com-
pounds were selective AA2AR antagonists in rat and human re-
ceptors. Accordingly, compound 8, bearing an isopropoxy sub-
stituent, and compound 20, bearing a phenyl ring directly con-
jugated to the purine scaffold, resulted in selective ligands for
the AA1R subtype at both rat and human receptors. The simi-
larities in affinity for rat and human receptor subtypes does
not hold true only for the conjugated 8-furyl derivative (com-
pound 11), which exhibited AA1R selectivity for rat receptors
(AA2AR/AA1R = 4) and AA2AR selectivity for human receptors
(AA1R/AA2AR = 6). Notably, this compound was the most active
AA2AR ligand among those tested in the human subtypes, fol-
lowed by the 8-ethoxy and 8-bromo derivatives (compounds 7
and 2) with Ki values of 46 and 52 nm, respectively.


Furthermore, as in the case of rat receptors, the affinity of
the 8-substituted 9-ethyladenine derivatives for the human
AA3R subtype was generally lower than at AA1R and AA2AR,
leading to compounds endowed with higher selectivity for the
AA2AR versus the AA3R, as compared to the AA1R, subtypes.


Molecular modeling


A molecular docking analysis of the adenine derivatives was
performed using a homology model of rat AA2AR, which was
built with the recently published human AA2AR crystal structure
as a template,[27] with the ultimate aim at producing a possible
rationalization for the different binding affinities of the mole-
cules for rat AA2AR. The human AA2AR crystal structure was
solved in complex with ZM241385 antagonist, hence the tem-
plate structure already contains a cavity suitable for a binding
site. This is one of the most significant differences with respect
to previously used templates, in particular the bovine rhodop-
sin crystal structures.


Another important feature of this crystal structure is the fold
of the extracellular loop 2 (EL2) region, which is presented as a
short a-helix segment in the human AA2AR structure, but as
two b-strands in the bovine rhodopsin structures. Furthermore,
the human AA2AR structure presents four disulfide bridges lo-
cated in the extracellular loops, instead of the unique analogue
feature present in the bovine rhodopsin crystal structures. The
homology modeling of rat AA2AR was straightforward due to
the high sequence similarity (approximately 82 %) between rat
and human receptors. The obtained model was subjected to
stages of checking and refinement in order to verify and cor-
rect unwanted atom clashes or cis-amide peptide bonds. The
obtained rat AA2AR model (Figure 1) was used as a target for
the docking analysis of various adenine derivatives, and the
obtained docking conformations were subjected to energy
minimization. Due to the presence of water molecules in the
template crystal structure which play a relevant role in the
human AA2AR–ZM241385 interaction, we chose to reintroduce
these water molecules in the rat AA2AR binding site for post-
docking energy minimization, in order to verify possible roles
of solvent molecules in the stabilization of adenine binding


Table 2. Affinities of 8-substituted-9-ethyladenines in radioligand binding
assays at human AA1R, AA2AR, and AA3R.[a]


Compd R Ki [nm]
AA1R[b] AA2AR[c] AA3R[d]


2 Br 280ACHTUNGTRENNUNG(250–320)
52ACHTUNGTRENNUNG(24–110)


27 800
(22 300–34 700)


7 OCH2CH3 2400
(2100–2600)


46ACHTUNGTRENNUNG(24–91)
21 000


(11 000–41 000)
8 OCH ACHTUNGTRENNUNG(CH3)2 440ACHTUNGTRENNUNG(390–490)


>105 12 000
(6 000–22 000)


9 O ACHTUNGTRENNUNG(CH2)2-cHex 9000
(5600–14 000)


2600
(2100–3100)


7500
(6800–8200)


10 O ACHTUNGTRENNUNG(CH2)2-Ph 890ACHTUNGTRENNUNG(590–1330)
150ACHTUNGTRENNUNG(96–230)


36 200
(16 900–77 600)


11 furyl 24ACHTUNGTRENNUNG(16–34)
3.7ACHTUNGTRENNUNG(3.0–4.6)


4700
(2900–7600)


14 CF3 631ACHTUNGTRENNUNG(554–719)
80ACHTUNGTRENNUNG(50–128)


20 600
(19 800–21 500)


20 Ph 27ACHTUNGTRENNUNG(15–47)
360ACHTUNGTRENNUNG(140–980)


3300
(1500–7100)


[a] 95 % confidence intervals of Ki values are given in parentheses. [b] Dis-
placement of specific [3H]CCPA binding in CHO cells, stably transfected
with human recombinant AA1R. [c] Displacement of specific [3H]NECA
binding in CHO cells, stably transfected with human recombinant AA2AR.
[d] Displacement of specific [3H]NECA binding in CHO cells, stably trans-
fected with human recombinant AA3R.
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and to compare these roles to those observed in the human
AA2AR-ZM241385 interaction. The binding cavity of rat AA2AR
(Figure 2) was inserted between the TM2 (A60, I63) TM3 (A78,
V81, L82, L84, T85), EL2 (F163, E164), TM5 (V173, N176, F177)
TM6 (W241, L244, H245, N248), and TM7 (I269, S272, H273) do-
mains.


Our analyzed derivatives present several structural analogies
with respect to the originally co-crystallized ZM241385 antago-
nist, which can be viewed as a “comparison term” in our analy-
sis. Observing the general binding mode of the adenine deriva-
tives, it was noted that the orientations of the bicyclic scaffold
are grouped into two families. For the first family (Figure 3),
docking simulation results for most of the derivatives share a
similar binding motif inside the transmembrane (TM) region of
rat AA2AR, with the adenine pyrimidine ring located between
TM3 and TM6 domains and the imidazole ring located be-
tween TM3 and TM7 helices. This scaffold orientation causes


the 8-position substituents to be oriented toward the top of
the receptor, while the N1-C2-N3 region of the adenine scaf-
fold projects toward the central TM core. Key receptor residues
for the interaction with these derivatives are F163, E164 and
N248, corresponding to human AA2AR F168, E169 and N253, re-
spectively. The F163 phenyl ring and the adenine scaffold form
a p–stacking interaction, while the E164 carboxy group and
N248 amide functionalities are involved in hydrogen bonding
with the N6 amine of the adenine core. Furthermore, the N248
amide gives an additional polar interaction with N1 of the ade-
nine scaffold.


The 9-ethyl group and the 8-position substituent are located
in a narrow subpocket between TM2 (A60 and I63) and TM7
(Y266 and I269). The shape and the volume of this subpocket
allow the presence of only small groups in addition to the 9-
ethyl substituent (Figure 3 a). This may explain why halogens
or other small substituents such as methyl, trifluoromethyl, me-
thoxy, and ethoxy are well tolerated (Figure 3 b) and at the
same time could explain the inactivity of compound 8, as it
bears a more sterically hindered isopropoxy substituent at the
8-position. Compounds 9 and 10 (cyclohexylethoxy and phe-


Figure 1. Homology model of rat AA2AR. Docking conformation of com-
pound 1 (ball-and-stick representation) indicates the location of the binding
site.


Figure 2. Binding cavity location and shape; residues involved in compound
binding are indicated.


Figure 3. a) Top view of docking conformation for compound 4 ; binding
cavity volume is indicated by surface representation; TM2 and TM7 residues
involved in the definition of the N9-ethyl and C8 substituent subpocket are
indicated. Side views of docking conformations for b) compound 4 and
c) compound 10 ; residues with primary interactions are indicated; hydrogen
bonds are represented as dashed lines.
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nethoxy substituents, respectively) conformations belong in
this family as well, and in this case the narrow subpocket is oc-
cupied by the ethoxy “spacer,” while the six-membered rings
are located externally with respect to the binding site (Fig-
ure 3 c), analogously to the ZM241385 “tail” segment in the
human AA2AR crystal structure. Finally, the 9-ethyl substituent
is located in a position originally occupied by a water molecule
in the human AA2AR crystal structure. During energy refine-
ment of docking conformations, this water molecule was dis-
placed from its original position and relocated to a position
within proximity of N3 on the adenine scaffold.


The second family of docking conformations is presented by
adenine derivatives substituted in the 8-position with various
furyl, thiophenyl, and phenyl aromatic rings (compounds 11,
12 and 20, respectively). In this case, the binding motif is “in-
verted” with respect to the first family of docking conforma-
tions; the 8-substituent projects toward the central TM core.
This scaffold orientation is similar to that observed for
ZM241385, particularly for compound 11 (8-furyl substituent),
which is located in the binding site in a nearly superimposable
fashion relative to the analogous molecular area within the co-
crystallized structure, presenting identical interactions with the
receptor as observed with ZM241385 (Figure 4).


As seen in the co-crystal structure, the F163 phenyl ring and
adenine scaffold form a p-stacking interaction, while the
double hydrogen bonding interaction of the N248 amide
group with the N6 amino group and N7 atom of adenine is
analogous to the interaction of ZM241385 with N253 of
human AA2AR.[27] The aromatic substituent is located in a sub-
pocket within proximity of L82, M172, L244, H245, and N248,
and it presents partially hydrophobic and partially hydrophilic
characteristics. This feature is the basis of the higher affinity
observed for compound 11 relative to compounds 12 and 20.


Additionally, the subpocket is partially filled by the 9-ethyl
substituent, decreasing the available space for large 8-position
substituents. As a consequence, the affinity is decreased when


8-substituent size increases (size: 8-furyl<8-thiophenyl<8-
phenyl; Ki rat AA2AR: 8-furyl<8-thiophenyl<8-phenyl), and
when the aromatic furyl ring is fully reduced to the bulkier tet-
rahydrofuryl group, AA2AR affinity is lost. During energy refine-
ment of docking conformations, the presence of the 9-ethyl
substituent (not present in the corresponding position of the
ZM241385 co-crystal structure) caused the water molecules to
rearrange slightly, although they maintained their approximate
original positions and orientations.


Very interestingly, by superimposing the docking conforma-
tions of compounds 10 and 11 (the compounds with the high-
est rat AA2AR affinity for each family of docking conformations)
and comparing them with the binding mode of ZM241385 in
the co-crystal structure (Figure 5), it is possible to note the in-
teractions that are conserved for these compounds. Additional-
ly, this superimposition enables evaluation of the substituent
roles for the adenine derivatives, particularly the 9-ethyl group,
which modulates the interaction with the receptor.


Other observations from this comparative method suggest
that exploration of the 2-position of adenine derivatives may
be beneficial, possibly in combination with 8-substitutions. In
fact, compounds within the first family of docking conforma-
tions exhibit potential 2-substituents in the location occupied
by the furyl substituent of ZM241385; alternatively, the orienta-
tion of compounds with “family 2” docking conformations sug-
gests that a possible 2-substituent would instead correspond
to the ZM241385 phenylethylamino chain. With regard to
either of these hypotheses, a combination of 2- and 8-substitu-
ents could lead to more active compounds at AA2AR.


Conclusions


Binding data for rat and human ARs demonstrated that the re-
ported 8-substituted-9-ethyladenines behave as AR antagonists
and that they are endowed, with few exceptions, of different
degrees of selectivity for the AA2AR subtype. In addition, there


Figure 4. Side view of docking conformation for compound 11; residues
with primary interactions are indicated; hydrogen bonds are represented as
dashed lines.


Figure 5. Superimposition of ZM241385 (black) in its original position and
orientation in the human AA2AR crystal structure and the docking conforma-
tions for compounds 10 (light gray) and 11 (medium gray).
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is a good correlation between affinity data for the two species.
Notably, the three AA2AR antagonists 2, 7, and 11, with a bro-
mine, an ethoxy, and a furyl ring, respectively, in the 8-position
of 9-ethyladenine not only exhibited excellent activity in the
in vivo models of Parkinson’s disease, but are the most active
AA2AR antagonists for human receptors (2 ; Ki hAA2AR = 52 nm ;
rAA2AR = 184 nm ; 7; Ki hAA2AR = 46 nm ; rAA2AR = 643 nm ; 11;
hAA2AR = 3.7 nm ; Ki rAA2AR = 153 nm). However, the newly syn-
thesized 8-iodo, 8-methoxy, 8-phenethoxy, and 8-trifluorometh-
yl derivatives (4 ; Ki AA2AR = 91 nm, 6 ; Ki AA2AR = 46 nm, 10 ; Ki


AA2AR = 28 nm, and 14 ; Ki AA2AR = 63 nm, respectively) exhibit-
ed higher affinity and selectivity than observed for 2, 7, and 11
at rat AA2AR. In particular, compound 10 had 28 nm affinity
and 31-fold selectivity versus AA1R, and may provide a new
option suitable for in vivo studies in rat models of Parkinson’s
disease. Molecular modeling studies provided a description of
two different potential binding modes of the synthesized li-
gands and their partially shared interactions with rat AA2AR.
Without a doubt, the recent crystallization of human AA2AR will
have significant impact and utility for the analysis of purinergic
receptor structures, the rationalization of different binding af-
finities of the corresponding ligands, and the design of new
molecules with improved affinity and selectivity at human
AA2AR.


Experimental Section


Synthesis


General : Melting points were determined using a B�chi apparatus
and are uncorrected. 1H NMR spectra were obtained using a Mer-
cury 400 MHz spectrometer; d values in ppm, J values in Hz. All ex-
changeable protons were confirmed by addition of D2O. Thin layer
chromatography (TLC) was carried out on TLC plates with silica gel
60 F254 (Merck). For column chromatography, silica gel 60 (Merck)
was used. Elemental analyses were determined using a Fisons In-
struments Model EA 1108 CHNS-O model analyzer and are within
�0.4 % of theoretical values.


8-Chloro-9-ethyl-9H-adenine (3): NCS (163 mg, 1.22 mmol) was
added to a solution of 1 (100 mg, 0.61 mmol) in dry DMF (10 mL),
and the reaction mixture was stirred at room temperature for 20 h.
The solvent was removed under vacuum, and the remaining resi-
due was partitioned between H2O and CHCl3. The combined or-
ganic layers were washed with 2 n NaOH, dried over anhydrous
Na2SO4, filtered, and concentrated under vacuum. The crude prod-
uct was purified by preparative TLC, eluting with CHCl3/c-hexane/
MeOH (85:10:5) to obtain 3 (51 mg; 43 % yield) as a white solid;
mp: 218–220 8C (MeOH); 1H NMR ([D6]DMSO): d= 1.34 (t, 3 H, J =
7.3 Hz, CH3), 4.19 (q, 2 H, J = 7.2 Hz, CH2), 7.38 (s, 2 H, NH2),
8.17 ppm (s, 1 H, H-2); Anal. (C7H8ClN5) C, H, N.


9-Ethyl-8-iodo-9H-adenine (4): A solution of 1 (500 mg, 3.1 mmol)
in dry THF (10 mL) was added dropwise to a solution of LDA
(15.5 mmol) in dry THF (6 mL), maintained at �70 8C. After 1 h, a
solution of I2 (1.22 g, 4.9 mmol) in dry THF (10 mL) was added
dropwise at �70 8C. After 1 h, the reaction was quenched by
adding 4 drops of acetic acid and 3 mL MeOH. Volatile constituents
were removed under vacuum, and the residue was purified by
flash chromatography on a flash silica gel column with CHCl3/
MeOH (98:2) eluent to obtain 4 (570 mg, 64 % yield) as a white


powder; mp: 247–249 8C (MeOH); 1H NMR ([D6]DMSO): d= 1.31 (t,
3 H, J = 7.2 Hz, CH3), 4.12 (q, 2 H, J = 7.2 Hz, CH2), 7.34 (s, 2 H, NH2),
8.08 ppm (s, 1 H, H-2); Anal. (C7H8IN5) C, H, N.


9-Ethyl-8-hydroxy-9H-adenine (5): A solution of 2 (100 mg,
0.41 mmol) in 98 % formic acid (10 mL) was stirred at reflux over-
night. The formic acid was removed under vacuum, and the mix-
ture was co-evaporated three times with H2O. Compound 5 was
obtained from crude residue via recrystallization from H2O (86 %
yield); mp: 225–227 8C (H2O); 1H NMR (400 MHz, [D6]DMSO): d=


1.18 (t, 3 H, J = 7.0 Hz, CH3), 3.74 (q, 2 H, J = 7.0 Hz, CH2), 6.40 (br s,
2 H, NH2), 8.00 (s, 1 H, H-2), 10.20 ppm (br s, 1 H, OH); Anal.
(C7H9N5O) C, H, N.


9-Ethyl-8-methoxy-9H-adenine (6): A solution of 2 (400 mg,
1.65 mmol) and NaOH (5 mmol) in MeOH (20 mL) was stirred at
80 8C for 3 h. The solvent was removed under vacuum, and the res-
idue was neutralized with 2 n HCl, then partitioned between H2O
and CHCl3. The combined organic extracts were dried over anhy-
drous Na2SO4 and concentrated under vacuum. The residue was
purified using a silica gel column, eluting with CHCl3/c-hexane/
MeOH (70:28:2) to obtain compound 6 (255 mg, 80 % yield) as a
white solid; mp: 177–179 8C; 1H NMR ([D6]DMSO): d= 1.25 (t, 3 H,
J = 7.2 Hz, NCH2CH3), 3.93 (q, 2 H, J = 7.2 Hz, CH2), 4.08 (s, 3 H,
OCH3), 6.77 (br s, 2 H, NH2), 8.01 ppm (s, 1 H, H-2); Anal. (C8H11N5O)
C, H, N.


8-Ethoxy-9-ethyl-9H-adenine (7): A solution of 2 (100 mg,
0.41 mmol) and NaOH (5 mmol) in EtOH (5 mL) was stirred at 80 8C
for 16 h. The solvent was removed under vacuum, and the residue
was neutralized with 2 n HCl, then partitioned between H2O and
CHCl3. The combined organic extracts were dried over anhydrous
Na2SO4 and concentrated under vacuum. The residue was purified
using a silica gel column, eluting with CHCl3/MeOH (95:5) to
obtain compound 7 (66 mg, 80 % yield), as a white solid; mp: 181–
183 8C (MeOH); 1H NMR ([D6]DMSO): d= 1.28 (t, 3 H, J = 7.1 Hz,
NCH2CH3), 1.42 (t, 3 H, J = 7.1 Hz, OCH2CH3), 3.96 (q, 2 H, J = 7.1 Hz,
NCH2), 4.53 (q, 2 H, J = 7.1 Hz, OCH2), 6.78 (br s, 2 H, NH2); 8.04 ppm
(s, 1 H, H-2); Anal. (C9H13N5O) C, H, N.


9-Ethyl-8-isopropoxy-9H-adenine (8): A solution of 2 (200 mg,
0.82 mmol) and NaOH (5 mmol) in iPrOH (10 mL) was stirred at
100 8C for 24 h. The solvent was removed under vacuum, and the
residue was neutralized with 2 n HCl, then partitioned between
H2O and CHCl3. The combined organic extracts were dried over an-
hydrous Na2SO4 and concentrated under vacuum. The residue was
purified using a silica gel column, eluting with CHCl3/MeOH (95:5)
to obtain compound 8 (100 mg, 58 % yield) as a white solid; mp:
112–115 8C; 1H NMR ([D6]DMSO): d= 1.27 (t, 2 H, J = 7.2 Hz,
NCH2CH3), 1.42 (d, 6 H, J = 6.1 Hz, OCH ACHTUNGTRENNUNG(CH3)2), 3.95 (q, 2 H, J = 7.1 Hz,
NCH2CH3), 4.51 (t, 1 H, J = 6.6 Hz, OCH2), 6.76 (s, 2 H, NH2), 8.04 ppm
(s, 1 H, H-8); Anal. (C10H15N5O) C, H, N.


8-(2-Cyclohexylethoxy)-9-ethyl-9H-adenine (9): A solution of 2
(200 mg, 0.83 mmol), NaOH (5.00 mmol), and cyclohexylethanol
(0.84 mL; 6.08 mmol) in DMF (5 mL) was stirred at 80 8C for 8 h.
The solvent was removed under vacuum, and the residue was neu-
tralized with 2 n HCl, then partitioned between H2O and CHCl3.
The combined organic extracts were dried over anhydrous Na2SO4


and concentrated under vacuum. The residue was purified using a
silica gel column, eluting with CHCl3/MeOH (98:2) to obtain com-
pound 9 (137 mg, 55 % yield) as a white solid; mp: 128–131 8C;
1H NMR ([D6]DMSO): d= 0.99 (m, 2 H, H-cHex), 1.20 (m, 2 H, H-cHex),
1.27 (t, 3 H, J = 7.2 Hz, NCH2CH3), 1.45 (m, 1 H, H-cHex), 1.71 (m, 6 H,
H-cHex), 3.95 (q, 2 H, J = 7.2 Hz, NCH2CH3), 4.51 (t, 2 H, J = 6.6 Hz,
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OCH2)), 6.76 (s, 2 H, NH2), 8.04 ppm (s, 1 H, H-8); Anal. (C15H23N5O) C,
H, N.


9-Ethyl-8-(2-furyl)-9H-adenine (11): 2-(Tributylstannyl)furan
(3.3 mL, 10.48 mmol) and bis(triphenylphosphine)palladium di-
chloride (85 mg, 0.12 mmol) were added to a solution of 2
(500 mg, 2.07 mmol) in anhydrous THF (10 mL). The mixture was
held at reflux for 5 h, and was then concentrated under vacuum,
and the residue was purified by preparative TLC using CHCl3/
MeOH (95:5) as eluent to obtain compound 11 (365 mg, 77 %
yield) as a white powder; mp: 231–233 8C; 1H NMR ([D6]DMSO): d=
1.35 (t, 3 H, J = 7.0 Hz, CH3), 4.44 (q, 2 H, J = 7.0 Hz, CH2), 6.78 (m,
1 H, H-furyl), 7.18 (d, 1 H, J = 3.5 Hz, H-furyl), 7.37 (s, 2 H, NH2), 8.01
(s, 1 H, H-furyl), 8.18 ppm (s, 1 H, H-2); Anal. (C11H11N5O) C, H, N.


9-Ethyl-8-(2-thienyl)-9H-adenine (12): 2-(Tributylstannyl)thiophene
(1.0 mL, 3.17 mmol) and bis(triphenylphosphine)palladium dichlor-
ide (50 mg, 0.071 mmol) were added to a solution of 2 (150 mg,
0.62 mmol) in dry THF (10 mL). The mixture was held at reflux for
24 h, and was then concentrated under vacuum, and the residue
was purified by silica gel chromatography, eluting with CHCl3/
EtOAc/MeOH (70:25:5) to obtain compound 12 (76 mg, 50 % yield)
as a white solid; mp: 208–210 8C; 1H NMR ([D6]DMSO): d= 1.37 (t,
3 H, J = 7.2 Hz, CH3), 4.44 (q, 2 H, J = 7.2 Hz, CH2), 7.28 (m, 3 H, H-
thienyl and NH2), 7.72 (d, 1 H, J = 4.6 Hz, H-thienyl), 8.01 (d, 1 H, J =
6.1 Hz, H-thienyl), 8.18 ppm (s, 1 H, H-2); Anal. (C11H11N5S) C, H, N, S.


9-Ethyl-8-(2-tetrahydrofuryl)-9H-adenine (13): Compound 5
(150 mg, 0.65 mmol) was dissolved in iPrOH (45 mL). PdO (150 mg)
and concentrated HCl (0.5 mL) were added, and the mixture was
placed under hydrogenation conditions (H2, 13 atm) at 65 8C. After
9 h the reaction mixture was filtered through Celite, the solvent
was removed, and the residue was purified using column chroma-
tography, eluting with EtOAc/c-hexane/MeOH (60:33:7) to obtain
compound 13 as a white solid (51 mg; 34 % yield); mp: 132–134 8C
(CH3CN); 1H NMR ([D6]DMSO): d= 1.35 (t, 3 H, J = 7.2 Hz, CH2CH3),
1.95–2.31 (m, 3 H, 1 H di-CH2-3’ and CH2-4’), 2.50–2.75 (m, 1 H, H-3’),
3.83 (m, 2 H, CH2-5’), 4.24 (q, 2 H, J = 7.2 Hz, CH2-H3), 5.21 (t, 1 H, J =
6.6 Hz, H-2’), 7.16 (s, 2 H, NH2), 8.13 ppm (s, 1 H, H-2); Anal.
(C11H15N5O) C, H, N, S.


9-Ethyl-8-(trifluoromethyl)-9H-purin-6-amine (14): CF3COONa
(446 mg, 3.28 mmol) and CuI (311 mg, 1.64 mmol) were added to a
solution of 2 (200 mg, 0.82 mmol) in NMP (7 mL); the mixture was
stirred at 80 8C under N2 atmosphere for 2.5 h. The reaction mix-
ture was partitioned with Et2O, then the Et2O extract was dried
over anhydrous Na2SO4, filtered, and concentrated under vacuum.
The residue was purified using a silica gel column and CHCl3/
MeOH/methanolic NH3 (98:1:1) eluent to obtain compound 14
(25 mg, 13 % yield) as a vitreous solid. 1H NMR ([D6]DMSO): d= 1.29
(t, 3 H, J = 7.2 Hz, CH3), 4.10 (q, 2 H, J = 7.2 Hz, CH2), 7.32 (br s, 2 H,
NH2), 8.06 ppm (s, 1 H, H-2); 13C NMR ([D6]DMSO): d= 14.90 (CH3),
38.33 (CH2), 101.77 (CF3), 121.40 (C5), 150.42 (C8), 152.56 (C3 and
C4), 154.59 ppm (C6); Anal. (C8H8F3N5) C, H, N.


5-Amino-4-chloro-6-ethylaminopyrimidine (16): A solution of 15
(400 mg, 2.44 mmol), EtNH2 (0.18 mL, 2.72 mmol), and 1 mL of Et3N
in EtOH (20 mL) was heated in a steel vial at 150 8C for 27 h. The
reaction mixture was concentrated under vacuum, and the residue
was purified by chromatography on a silica gel column, eluting
with CHCl3/MeOH (99.5:0.5) to obtain compound 16 (370 mg,
88 %) as a yellow solid: mp: 142–144 8C; 1H NMR ([D6]DMSO): d=
1.16 (t, 3 H, J = 7.3 Hz, CH3), 3.39 (m, 2 H, CH2), 5.01 (s, 2 H, NH2),
6.67 (br s, 1 H, NH), 7.72 ppm (s, 1 H, H-2); Anal. (C6H9ClN4) C, H, N.


6-Chloro-9-ethyl-8-methyl-9H-purine (17): Triethylorthoacetate
(240 mL, 1.32 mmol) and methanesulfonic acid (80 mL) were added
to a solution of 16 (200 mg, 1.20 mmol) in 10 mL dry CH2Cl2. The
mixture was stirred at room temperature overnight. The solvent
was evaporated under vacuum, and the residue was held at reflux
with 1 n HCl (10 mL) for 2 h. The mixture was then neutralized
with a saturated solution of NaHCO3 and extracted with CHCl3. The
extract was washed with H2O, dried over anhydrous Na2SO4, fil-
tered, and concentrated under vacuum to get the crude product,
which was then purified by flash chromatography over silica gel,
eluting with CHCl3/MeOH (98:2) to obtain compound 17 (98 mg,
42 % yield) as a white solid; mp: 71–72 8C; 1H NMR ([D6]DMSO): d=
1.37 (t, 3 H, J = 7.2 Hz, CH2CH3), 2.68 (s, 3 H, CH3), 4.29 (q, 2 H, J =
7.2 Hz, CH2CH3), 8.71 ppm (s, 1 H, H-2); Anal. (C8H9ClN4) C, H, N.


6-Chloro-9-ethyl-8-phenyl-9H-purine (18): Triethylorthobenzoate
(147 mL, 0.65 mmol) and methanesulfonic acid (40 mL) were added
to a solution of 16 (100 mg, 0.58 mmol) in CH2Cl2 (10 mL). The mix-
ture was stirred at room temperature overnight. The solvent was
removed under vacuum, and the residue was held at reflux for 2 h
with 1 n HCl (5 mL). The reaction mixture was neutralized with a
saturated solution of NaHCO3 and then extracted with CHCl3. The
combined organic extracts were washed with H2O, dried over an-
hydrous Na2SO4, filtered, and concentrated under vacuum to get
the crude product, which was purified using preparative TLC with
CHCl3/MeOH (99:1) as eluent to obtain compound 18 (95 mg, 42 %
yield) as pure product; mp: 127–128 8C; 1H NMR ([D6]DMSO): d=
1.38 (t, J = 7.0 Hz, 3 H, CH3), 4.42 (q, 2 H, J = 7.2 Hz, CH2), 7.67 (m,
3 H, H-Ph), 7.90 (m, 2 H, H-Ph), 8.83 ppm (s, 1 H, H-2); Anal.
(C13H11ClN4) C, H, N.


9-Ethyl-8-methyl-9H-adenine (19): A solution of 17 (80 mg,
0.41 mmol) and NH3(l) (10 mL) was sealed in a stainless steel tube
and allowed to sit at room temperature for 24 h. The NH3 was
evaporated, and the residue was purified using preparative TLC,
eluting with CHCl3/MeOH (96:4) to obtain compound 19 (64 mg,
93 % yield) as a white solid; mp: 222–224 8C; 1H NMR ([D6]DMSO):
d= 1.37 (t, 3 H, J = 7.3 Hz, CH2CH3), 2.54 (s, 3 H, CH3), 4.15 (q, 2 H,
J = 7.3 Hz, CH2CH3), 7.03 (S, 2 H, NH2), 8.10 ppm (s, 1 H, H-2); Anal.
(C8H11N5) C, H, N.


9-Ethyl-8-phenyl-9H-adenine (20): A mixture of 18 (40 mg,
0.16 mmol) and NH3(l) (5 mL) was sealed in a stainless steel tube
and allowed to sit at room temperature for 24 h. The NH3 was
evaporated, and the residue was purified using preparative TLC,
eluting with CHCl3/MeOH (98:2) to obtain 28 mg (75 %) of com-
pound 20 as a solid; mp: 183–185 8C; 1H NMR ([D6]DMSO): d= 30
(t, 3 H, J = 7.0 Hz, CH2CH3), 4.27 (q, 2 H, J = 7.2 Hz, CH2CH3), 7.29 (S,
2 H, NH2), 7.60 (m, 3 H, H-Ph), 7.78 (m, 2 H, H-Ph), 8.20 ppm (s, 1 H,
H-2); Anal. (C13H13N5) C, H, N.


Biology


Binding studies at rat ARs : AA1R and AA2AR binding: displacement
of [3H]CHA (31 Ci mmol�1) from AA1R in rat cortical membranes and
of [3H]CGS 21680 (42.1 Ci mmol�1) from rat striatal membranes were
performed as previously described.[29] [125I]AB-MECA binding to
AA3R of rat testis membranes was performed in 50 mm Tris, 10 mm


MgCl2, and 1 mm EDTA buffer (pH 7.4), containing 0.2 mg proteins
and 25 nm DPCPX, to selectively block AA1R subtypes. Incubations
were carried out for 90 min at 25 8C. Nonspecific binding was de-
termined in the presence of 50 mm R-PIA and accounted for 30 %
of total binding. The binding reactions were terminated by rapid
filtration through a Whatman GF/C filter, washing with ice-cold
buffer (3 � 5 mL). All compounds were routinely dissolved in DMSO
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and diluted with assay buffer to the final concentration, with the
amount of DMSO never in excess of 2 %. At least six different con-
centrations of each compound were used, and IC50 values were
computer-generated using a program incorporating a nonlinear re-
gression formula (GraphPad Software, La Jolla, CA, USA). IC50 values
were converted into Ki values by using known dissociation con-
stant (Kd) values for the radioligands in the different tissues and fol-
lowing the Cheng–Prusoff equation.[31] The Kd values of [3H]CHA,
[3H]CGS 21680, and [125I]AB-MECA were 1.2, 10, and 1.35 nm, re-
spectively.


Binding studies and adenylyl cyclase activity at human ARs : The
radioligand binding experiments were performed as previously de-
scribed.[30] For AA1R binding, 1 nm [3H]CCPA was used as a radioli-
gand, whereas 30 and 10 nm [3H]NECA was used for AA2AR and
AA3R, respectively. Nonspecific binding was determined in the
presence of 1 mm theophylline (AA1R) or 100 mm R-PIA (AA2AR and
AA3R). Ki values were calculated from competition curves by non-
linear curve fitting using the program SCTFIT.[32] CHO cells stably
transfected with human adenosine receptors were grown adher-
ently and maintained in Dulbecco’s modified Eagle’s medium with
nutrient mixture F12 (DMEM/F12) without nucleosides, containing
10 % fetal calf serum, penicillin (100 U mL�1), streptomycin
(100 mg mL�1), l-glutamine (2 mm), and Geneticin (G-418,
0.2 mg mL�1) at 37 8C in 5 % CO2/95 % air as previously described.[30]


For radioligand binding studies and measurement of adenylyl cy-
clase activity, crude membrane fractions were prepared from fresh
or frozen cells with two different protocols which were described
recently.[30] Determination of adenylyl cyclase activity also followed
the procedure described.[30] IC50 values for inhibition of cyclase
stimulated with 5 mm NECA were calculated using the Hill equation
and were converted into Ki values using the Cheng–Prusoff equa-
tion. The Hill slopes were near unity, suggesting a competitive in-
teraction for the antagonists tested.


Molecular modeling


Computational methodologies : All molecular modeling studies
were performed on a two-CPU (PIV 2.0–3.0 GHz) Linux PC. Homolo-
gy modeling and docking studies were carried out using the Mo-
lecular Operating Environment (MOE, version 2008.10) suite.[33] All
ligand structures were optimized using RHF/AM1 semiempirical
calculations, using the software package MOPAC implemented in
MOE.[34]


Homology model of the rat AA2AR : A homology model of the rat
AA2AR was built using the recently solved X-ray crystal structure of
the human AA2AR in complex with ZM241385 (PDB code: 3EML,[27]


available at the RCSB Protein Data Bank, 2.6 � resolution) as a tem-
plate. The amino acid sequences of the TM helices in rat and
human AA2ARs were easily aligned, as they present approximately
82 % sequence identity. The boundaries identified from the X-ray
crystal structure of human AA2AR were applied for the correspond-
ing sequences of the TM helices of rat AA2AR. The loop domains of
rat AA2AR were built by the loop search method implemented in
MOE. Once the heavy atoms were modeled, all hydrogen atoms
were added, and the protein coordinates were then minimized by
MOE using the AMBER99 force field.[35] The minimizations were
performed by 1000 steps of steepest descent, followed by conju-
gate gradient minimization, until the RMS gradient of the potential
energy was less than 0.05 kJ mol�1 ��1.


Molecular docking of the rat AA2AR antagonists : The human
AA2AR crystal structure was solved in complex with ZM241385 an-
tagonist. The ligand was removed prior to receptor modeling, and


the cavity occupied by this molecule, and still present in the ob-
tained rat AA2AR model, was employed as the binding site region
for the docking analyses. All antagonist structures were then
docked using the MOE Dock tool, a method which is divided into a
number of stages. First, for conformational analysis of ligands, the
algorithm generated conformations from a single 3D conformation
by conducting a systematic search. In this way, all combinations of
angles were created for each ligand. For placement, a collection of
poses was generated from the pool of ligand conformations using
the Alpha Triangle placement method. Poses were generated by
superimposing ligand atom triplets and triplet points in the recep-
tor binding site. The receptor site points are alpha sphere centers
which represent locations of tight packing. For each iteration, a
random conformation was selected, and random triplets of ligand
atoms and alpha sphere centers were used to determine the pose.
Poses generated by the placement methodology were scored
using two available methods implemented in MOE, the London dG
scoring function which estimates the free energy of binding of the
ligand from a given pose, and Affinity dG Scoring, which estimates
the enthalpic contribution to the free energy of binding. The top-
30 poses for each ligand were sent to a MOE database. Each result-
ing ligand pose was then subjected to MMFF94[36–42] energy mini-
mization until the RMS gradient of the potential energy was less
than 0.05 kJ mol�1 ��1. In this phase, water molecules originally
present in the human AA2AR were recovered and subjected to
energy minimization along with the ligands. AMBER99 partial
charges of receptor and water molecules and MOPAC output par-
tial charges of ligands were used.
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Adenosine A2A Receptor Antagonists:
New 8-Substituted 9-Ethyladenines as
Tools for in vivo Rat Models of
Parkinson’s Disease


A new series of 8-substituted 9-ethyla-
denine derivatives has been synthesized
and tested at rat and human adenosine
receptors. Binding data demonstrates
that some compounds could represent
new tools suitable for in vivo studies in
rat models of Parkinson’s disease and
for the design of new molecules with
improved affinity and selectivity at
human AA2AR.
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Highly Selective Apoptotic Cell Death Induced by Halo-Salane Titanium
Complexes


Timo A. Immel,[a] Malgorzata Debiak,[b] Ulrich Groth,[a] Alexander B�rkle,[b] and Thomas Huhn*[a]


Following the accidental discovery of cisplatin by Rosenberg
and co-workers[1, 2] and its enormous success as chemothera-
peutic agent, there has been a growing interest in the investi-
gation of other platinum-based compounds as well as non-ACHTUNGTRENNUNGplatinum metal-based systems. Among these, titanium(IV)
complexes showed encouraging antitumor activity in various
cell lines.[3–7] Nearly all complexes investigated were derivatives
of either titanocene dichloride[8] or budotitane,[9, 10] the only ti-
tanium complexes reaching clinical trials so far. Titanocene di-
chloride showed promising results in phase I trials and was fur-
ther investigated in phase II studies. Unfortunately, no objec-
tive clinical responses were observed.[11, 12] The main disadvan-
tages of titanocene complexes are their fast hydrolysis under
physiological conditions and the formation of unidentified me-
tabolites. The hydrolysis of the first chloride of titanocene di-
chloride occurs within seconds and the cyclopentadienyl li-
gands are hydrolyzed after 2–3 days. This hampers identifica-
tion of the active species and the investigation of mechanistic
detail.[13] Furthermore, little is known about the cellular uptake
of titanium complexes or their exact mechanism of action. It
has been shown that titanocene dichloride is enriched in areas
near the nuclear chromatin, covalently binds to DNA and in-
hibits DNA synthesis.[14, 15] Interestingly, the binding to DNA
occurs via the phosphate backbone rather than the nucleobas-
es.[16, 17] Titanocene dichloride was also reported to inhibit
human topoisomerase II.[18]


Concerning the cellular uptake, it seems that transferrin, as
well as albumin, plays a role in transferring TiIV into the cell.
While stripping of the ligands is required for trafficking of TiIV


via transferrin,[19] a route via albumin could leave the com-
plexes intact. An adduct of the complex stabilized by albumin
might then enter the cell.[20] This would promote a more active
role for these drugs in contrast to the prodrug role proposed
for the transferrin delivery mechanism. Consistent with these
findings, two methyl substituted titanium salane complexes
were recently reported to be cytotoxic independent of trans-
ferrin.[21]


We herein report the synthesis of halogen-substituted titani-
um salane complexes 2 a–d and their detailed biochemical
evaluation in two different tumor cell lines. The salane ligands


1 a–d were accessible by simple refluxing the appropriate
phenol, N,N’-dimethylethylenediamine and formaldehyde in
methanol.[22] Metalation with titanium tetraisopropoxide (Ti-ACHTUNGTRENNUNG(OiPr)4) finally gave the racemic C2 symmetrical complexes[23, 24]


(Scheme 1), which could be recrystallized from n-hexane orACHTUNGTRENNUNGtoluene.


Single crystals of 2 a (Figure 1) were obtained from toluene
at room temperature.


The cytotoxicity of complexes 2 a–d was studied using the
AlamarBlue assay in the human cervix carcinoma cell line HeLa
S3 and in Hep G2 cells, an established human hepatocarcino-
ma cell line with epithelial morphology. This assay was report-
ed to be highly reproducible and more sensitive than the MTT
assay.[25] Cells were incubated for 48 h with different concentra-
tions of the complexes. AlamarBlue was added and converted
by living cells to the red fluorescent dye resorufin.


Measuring the fluorescence and comparing it to a negative
control gave the relative number of cells that survived the
treatment.[26] The resulting dose-response curves for the HeLa
S3 cell line are shown in Figure 2. The IC50 values—the concen-
tration at which 50 % of cells remained viable with respect to


Scheme 1. Preparation of complexes 2 a–d (a : R = F; b : R = Cl; c : R = Br; d :
R = Me). Reagents and conditions : a) Ti ACHTUNGTRENNUNG(OiPr)4, toluene, RT.


Figure 1. ORTEP diagram of 2 a at 50 % probability ellipsoids.
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controls—of the titanium complexes in both cell lines are sum-
marized in Table 1. Cisplatin was also tested as a reference
compound.


The IC50 values were clearly dependent on the steric
demand of the halogen. The cytotoxicity of halogen-substitut-
ed complexes 2 a (R = F) and 2 b (R = Cl) is similar to that ob-
served for the methyl-substituted complex 2 d. This observa-
tion indicates that electronic effects play only a minor role in
the overall cytotoxicity. Complexes 2 a and b, with IC50 values
comparable to cisplatin, are among the most active titanium
complexes found to date.[27] NMR studies recently conducted
by our group employing a [D8]THF/D2O mixture revealed re-
markable robustness towards hydrolytic cleavage. With a typi-
cal half-life for the loss of the isopropoxy groups of ~7 h,
salane complexes 2 a–d are much more stable compared with
titanocenes complexes.


Anticancer drugs are effective due to their specific induction
of apoptosis,[28] therefore, we also studied the overall cytotoxic-
ity measured by the AlamarBlue assay; the distribution of cell
death based on either apoptosis or necrosis. In contrast to ne-
crosis, which is a form of traumatic cell death resulting from
acute cellular injury, apoptosis is programmed cell death. In
principle, antitumor agents should predominantly induce
apoptosis as, in contrast to necrosis, apoptosis does not cause
inflammatory responses, which could cause severe side effects.


We followed the fate of HeLa S3 cells upon incubation with
complexes 2 a, 2 b and 2 d at 8 mm, 10 mm and 10 mm, respec-
tively—that is, concentrations two- to fivefold greater than the
IC50 values for loss of cell viability (Table 1)—via double stain-
ing with propidium iodide and fluorescein isothiocyanate-la-
beled annexin V (Figure 3). Because of its significantly lower cy-
totoxicity bromo-substituted complex 2 c was omitted from
these measurements.


A differentiation between apoptotic and necrotic cell death
is possible as propidium iodide only stains necrotic and late-
apoptotic cells with ruptured cell membranes, whereas annex-
in V binds to both apoptotic and necrotic cells. The propor-
tions of apoptotic and necrotic cells were determined using
flow cytometry.


We found that the halogen-substituted complexes 2 a and
2 b nearly exclusively killed the cells through apoptosis induc-
tion (Figure 3). Metal-free ligands 1 a and 1 b were also tested
in a control experiment; no significant toxicity was observed
even with four times higher concentrations. Notably, after incu-
bation with complex 2 b (R = Cl), cell death was caused almost
exclusively by apoptosis (>96 %, Table 2). Few other titanium
complexes are known to be as highly selective for the induc-
tion of apoptosis[29, 30] and the IC50 values of the complexes re-
ported herein are at least one order of magnitude higher than
those of comparable antitumor agents such as ACHTUNGTRENNUNGcisplatin.


To the best of our knowledge, complex 2 b is the first titani-
um complex that combines high cytotoxicity with a selective
induction of apoptosis. Selective induction of apoptosis is of
enormous therapeutic relevance as nonspecific damage to
healthy cells by necrosis can be minimized. Interestingly, the
ratio of apoptosis to necrosis was, in contrast to the overall cy-
totoxicity, not as significantly affected by the steric demand of
the ligands. A noticeable difference was found between the
halogen-substituted complexes 2 a and 2 b (>90 % apoptotic
cell death) and the methyl-substituted complex 2 d (<50 %
apoptotic cell death). Here, electronic effects might play a role.


Currently, we are studying further aspects of the mechanism
of action of those salane complexes to better understand their
striking selectivity.


Experimental Section


The Supporting Information contains full experimental details for
the synthesis of the salane complexes 2 a–d outlined in Scheme 1.
Details of the cytotoxicity studies conducted can also be found in
the Supporting Information. Crystallographic data can be obtained


Figure 2. Loss of cell viability (HeLa S3) as a function of treatment with vary-
ing concentrations of cisplatin or complexes 2 a–c after 48 h of incubation.
Complexes: 2 a, *; 2 b, !; 2 c, &; cisplatin, ^.


Table 1. IC50 values of complexes 2 a–d and cisplatin in HeLa S3 and Hep
G2 cells.[a]


Complex IC50 [mm]
HeLa S3 Hep G2


2 a 1.6�0.1 2.2�0.2
2 b 5.3�0.2 4.0�0.2
2 c 13�1 40�6
2 d 2.2�0.1 2.1�0.2


cisplatin 1.2�0.4 3.0�1.3


[a] values measured after 48 h of incubation.


Table 2. Percentage of dead Hela S3 cells killed via apoptosis upon incu-
bation with 2 a, b and d.


Complex Concentration [mm] Apoptotic/dead cells [%]


2 a 8.0 90.1�4.4
2 b 10.0 95.5�2.6
2 d 10.0 48.8�9.0
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free of charge from the Cambridge Crystallographic Data Centre
(CCDC 719706, www.ccdc.cam.ac.uk/data_request/cif).
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Highly Selective Apoptotic Cell Death
Induced by Halo-Salane Titanium
Complexes


Metal-based antitumor agents : Halo-
gen-substituted titanium salane com-
plexes showed IC50 values comparable
to cisplatin. In contrast to their alkyl-
substituted congeners, they almost ex-


clusively induced apoptotic cell death.
This unique combination of very low
IC50 values and pronounced preference
for apoptosis makes them promising
therapeutic agents.
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Introduction


Calcium levels in the body are tightly controlled through an in-
tricate network of absorption, elimination, and storage path-
ways.[1] In all cells, extracellular Ca2+ concentrations and levels
of Ca2 + in the endoplasmic or sarcoplasmic reticulum are sev-
eral orders of magnitude higher than Ca2 + concentrations in
the cytoplasm.[2] Calcium channels in the plasma membrane
can depolarize the cell by allowing the influx of Ca2 + from the
extracellular environment. The resulting increase in levels of cy-
tosolic Ca2 + influences a variety of fundamental cellular pro-
cesses.


The influx of calcium ions into smooth muscle cells leads to
cell contraction.[3] Reduction of calcium influx through voltage
operated L-type calcium channels in these cells is the primary
mechanism of action of drugs such as verapamil, diltiazem,
and amlodipine that are used to treat hypertension and
angina (Figure 1).


Calcium-mediated cell-signaling pathways also play impor-
tant roles in the response of B- and T-lymphocytes to extracel-
lular signals (Figure 2).[4, 5] Stimulation of cell-surface receptors
leads to the activation of phospholipase C and production of
inositol-1,4,5-trisphosphate [Ins ACHTUNGTRENNUNG(1,4,5)P3] . This signaling mole-
cule mediates the release of Ca2 + from the endoplasmic reticu-
lum (ER) lumen into the cytosol. The resulting depletion of lu-
minal Ca2+ results in the activation of calcium-release-activated
calcium (CRAC) channels in the plasma membrane and the
influx of external Ca2 + into the cytosol. The entry of external


Ca2 + following reduction of the calcium concentration in the
ER is known as either capacitative calcium entry or store-oper-
ated calcium entry (SOCE), while the current generated by the
opening of CRAC channels is termed ICRAC.[6, 7]


There are also additional, non-CRAC channels that mediate
SOCE. Non-CRAC channels that contribute to SOCE are clearly
distinguished both by the mechanism of channel activation as
well as by the channel conductance properties.[8, 9]


Figure 1. Structures of marketed calcium (L-type) channel antagonists.


Figure 2. Store-operated calcium entry in lymphocytes (reproduced from ref-
erence [13] with permission; copyright 2007, Elsevier, Amsterdam).
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Controlled variation in intracellular calcium concentration is a
key component of the immune response signaling pathway in
lymphocytes. Store-operated calcium entry (SOCE) in these
cells provides a prolonged increase in cytoplasmic Ca2 + con-
centrations and ultimately leads to the production of pro-in-
flammatory cytokines. Molecules that inhibit SOCE could there-
fore be useful immunomodulating agents for the treatment of
rheumatoid arthritis, psoriasis, inflammatory bowel disease,
and other conditions. Although the presence of the SOCE sig-
naling pathway in lymphocytes and other cells involved in the


immune response has been known for many years, key pro-
teins involved in SOCE were identified only recently. The iden-
tification of these proteins may further enable the identifica-
tion of agents that inhibit SOCE without affecting other cellular
processes. This contribution documents representative exam-
ples of the small-molecule inhibitors of SOCE that have been
reported to date. Where possible, methods that were used to
characterize the mechanism of action of the inhibitors are also
described.


&2& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 14


�� These are not the final page numbers!


MED Z. K. Sweeney, A. Minatti, et al.



www.chemmedchem.org





The enzyme calcineurin is a critical mediator of cellular Ca2 +


signaling, and its role in lymphocyte activation has been exam-
ined in detail. Calcineurin’s phosphatase activity is regulated
through the reversible binding of Ca2+-calmodulin and is re-


sponsive to the prolonged oscillations in cytosolic calcium con-
centrations that result from SOCE. An extensively studied sub-
strate of calcineurin is the nuclear transcription factor of acti-
vated T-cells (NFAT). Ca2 +-dependent NFAT dephosphorylation
promotes nuclear accumulation of the transcription factor
(Figure 2).[10, 11] In the nucleus, NFAT helps to direct transcrip-
tion of several pro-inflammatory cytokine genes such as inter-
leukin 2 (IL-2), interleukin 4 (IL-4) and interferon g (IFN-g). The
immunosuppressive drugs tacrolimus and cyclosporine A, to-
gether with other cellular cofactors, form complexes that bind
to calcineurin and prevent the dephosphorylation of NFAT in
response to elevated levels of cytosolic Ca2 + .[12] Interference
with calcium-signaling pathways in lymphocytes is therefore
recognized as a clinically useful method of reducing undesired
immune responses.


Although the presence of the SOCE signaling pathway in
lymphocytes and other cells has been known for 20 years, two
key proteins involved in SOCE were identified only recent-
ly.[5, 13–15] The CRAC channel regulatory protein stromal interac-
tion molecule (STIM1) is a transmembrane protein located pri-
marily in the endoplasmic reticulum, while ORAI1—also called
CRACM1—is a subunit of a gated plasma membrane ion chan-
nel. There is now strong evidence that decreased calcium
levels in the ER induce STIM1 to form puncta close to the
plasma membrane, where this protein interacts with the ORAI
subunits of the CRAC channel to permit Ca2+ influx into the
cell.


A specific form of the inherited deficient immune response
known as severe combined immunodeficiency (SCID) is charac-
terized by a mutation (Arg91Trp) in the ORAI1 protein.[16, 17] T-
lymphocytes isolated from patients with this form of SCID do
not show CRAC channel currents and have decreased cytokine
expression, although they appear to develop normally. Two
proteins closely related to ORAI1, termed ORAI2 and ORAI3,
have also been identified.[6, 18] These proteins are known to
form calcium channels that contribute to SOCE.[19–21] The rela-
tive importance of the various ORAI paralogues in mediating
SOCE may be cell-type or species dependent.[14]


The immunodeficiency of CRAC-defective SCID patients,
combined with our understanding of the particular importance
of SOCE to lymphocyte activation, suggests that the modula-
tion of the ORAI1-containing CRAC channel could be an impor-
tant target for the treatment of inflammatory diseases such as
psoriasis, asthma, rheumatoid arthritis, and inflammatory
bowel disease.[22, 23] Molecules that specifically block CRAC
channels may have fewer side effects than drugs that target
the function of other proteins in the calcium signaling path-
way (e.g. STIM1 or calmodulin), as many of these proteins are
thought to contribute to a broad array of fundamental physio-
logical processes.


Identification of SOCE inhibitors


Several methods have been used to identify molecules that in-
terfere with SOCE.[8] The recent identification of the ORAI pro-
teins and STIM homologues as critical components of SOCE
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now allow these experiments to be performed using recombi-
nant expression of these proteins.[24, 25]


A commonly employed approach to the identification of
SOCE inhibitors uses fluorescence-based measurements of in-
tracellular calcium concentration following depletion of intra-
cellular stores.[8, 26] The depletion of intracellular stores can be
accomplished experimentally with Ins ACHTUNGTRENNUNG(1,4,5)P3 or an agonist of
surface receptors linked to Ins ACHTUNGTRENNUNG(1,4,5)P3 formation. Alternatively,
inactivation of Ca2 +-ATPases that transport Ca2 + from the cyto-
sol into stores in the ER will lead to store depletion; thapsigar-
gin or cyclopiazonic acid are commonly used to inactivate
Ca2 +-ATPases in these experiments.[27]


Electrophysiological methods to characterize ICRAC currents
are important for studying calcium channels associated with
SOCE.[9] In the whole-cell patch-clamp method, intracellular
stores are depleted to activate ICRAC, and current is measured
during systematic variations of the cellular membrane poten-
tial. The small ICRAC current, which has distinctive inward rectifi-
cation and high Ca2 + selectivity, is directly monitored. This
method is the only technique that permits direct detection of
CRAC channel activity. Patch-clamp experiments therefore
allow significantly more precise characterization of SOCE inhib-
itors than fluorescent methods, which simply report changes
in cytosolic Ca2 + concentrations. In particular, electrophysiolo-
gy experiments can exclude the possibility that inhibitor-in-
duced membrane depolarization is responsible for a decrease
in calcium influx following store depletion.


Molecules that inhibit CRAC channels are also expected to
reduce both the translocation of NFAT and the level of IL-2 pro-
duction in lymphocytes. It is therefore possible to identify
SOCE inhibitors indirectly using established NFAT transloca-
tion[28, 29] and IL-2 production[30] assays. Subsequent analysis
using fluorescence detection of SOCE or electrophysiological
measurements can then be performed to confirm the mecha-
nism of action of these compounds.


It is important to consider the variety of mechanisms by
which a molecule might decrease SOCE without interacting di-
rectly with the CRAC channel. Compounds that simply reduce
the electrochemical driving force for Ca2 + entry may be mis-
takenly identified as direct blockers of CRAC channels in assays
that rely on measurements of intracellular calcium concentra-
tions. For example, activators of the TRPM4 channel or K+-
channel blockers could depolarize the plasma membrane and
decrease the magnitude of the
ICRAC current.[31, 32] Similarly, com-
pounds that prevent STIM1
translocation could be mistaken
for CRAC channel blockers. Care-
ful electrophysiology studies are
required to determine the pre-
cise mechanism of action of mol-
ecules that are identified as
SOCE inhibitors using fluorescent
probes to track changes in intra-
cellular Ca2+ concentration.


Most SOCE inhibitors identi-
fied to date appear to be poorly


selective for the specific block of CRAC channels. However, the
identification of potent, selective inhibitors of these ion chan-
nels should be facilitated by the recent discovery of ORAI1 and
STIM1 and new high-throughput ion channel inhibition
assays.[33] Herein we document the inhibitors of SOCE that
have been reported so far. Where possible, the methods that
were used to characterize the mechanism of action of the in-
hibitors are also described.


Abbott Labs


In 1999, Abbott disclosed a novel class of NFAT transcription
factor regulators that contain a 3,5-disubstituted pyrazole
bound to a 4-amide-substituted phenyl ring (Figure 3).[30, 34, 35]


The initial lead structures 1 and 2 were discovered in a high-
throughput reporter-gene-based screen for inhibition of IL-2
synthesis in stimulated Jurkat T-lymphocytes. Testing of the
compounds in a concanavalin A-induced proliferation assay
using human and rat peripheral blood mononuclear cells
(PBMCs) and several assays measuring cytokine inhibition in
human whole blood and various human cell types demonstrat-
ed the potential of these compounds to function as novel im-
munosuppressive agents (Table 1).[30, 35, 36]


Replacement of the isoxazole heterocycle in the initial lead
with a thiadiazole ring led to the very potent compound 3
(Figure 3, Table 1). As described in the following section, re-
searchers at Astellas have reported that 3 is a potent inhibitor
of thapsigargin-induced SOCE in Jurkat T-lymphocytes. Inter-
estingly, independent studies by Abbott showed that 2 did not
inhibit Ca2+ influx in Jurkat T-lymphocytes induced by anti-
CD3. These researchers, while not identifying a specific mecha-
nism of action, suggested that the target of compound 2 is
downstream of Ca2 + influx.[36] Inhibition of immune response
was determined to occur via a calcineurin-independent mecha-
nism, distinguishing these compounds from classic immuno-
suppressive drugs such as cyclosporine A and tacrolimus.[37]


Compounds bearing fluorinated phenyl and heteroaromatic
rings (e.g. 4, Figure 3, Table 1) showed an additional boost in
potency in several cytokine inhibition and cellular proliferation
assays. The observation that the potency of the compounds in
a concanavalin A-stimulated human PBMC proliferation assay
was not reflected in IL-2 synthesis inhibition in human whole
blood was attributed to the high protein binding (>99.7 %) of


Figure 3. Abbott compounds.
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these compounds. To decrease
protein binding, the lipophilic
CF3 group at position 5 of the
pyrazole was varied. In general,
decreased protein binding and
therefore improved potency in
the whole-blood assay was ach-
ieved by introducing the more
hydrophilic substituents CN,
OMe, and OCHF2 (i.e. 5, Figure 3,
Table 1).


The most promising com-
pound, 5, inhibited IL-2 produc-
tion in whole blood 10-fold
more potently than cyclospori-
ne A. This compound also displayed an excellent pharmacoki-
netic profile in rats (t1=2


~6.5 h) and monkeys (t1=2
~8 h).[30] In


two-week toxicity studies in monkeys, 5 was reported to be
generally well tolerated, although some neurological side ef-
fects were observed.[38] In addition, 5 showed good efficacy in
an Ascaris-induced nonhuman primate model of asthma as
compared with cyclosporine A.[30] More recently, compound 5
was shown to prevent high-glucose-induced NFAT-c3 accumu-
lation in cerebral arteries.[39, 40]


Astellas Pharma


In screening assays targeted
toward the discovery of novel
immunosuppressive agents, re-
searchers at Yamanouchi Phar-
maceuticals (now Astellas
Pharma) identified 5-pyrazol-5-yl-
2-thiophene-carboxamide 6 as a
moderately potent SOCE inhibi-
tor (Figure 4).[41–46] Modification
of the initial lead was guided
both by the ability of the com-
pounds to inhibit thapsigargin-
induced Ca2 + influx in Jurkat T-


lymphocytes, and selectivity versus inhibition of voltage-oper-
ated calcium channels (Table 2). These studies revealed that
compounds bearing an ortho-substituted phenyl ring (e.g. 7)
were highly active and selective SOCE inhibitors. The authors
observed a correlation between the degree of hydrophobicity
of the corresponding acetamides and the inhibitory potency.


Subsequently, the role of the pyrazole moiety on the CRAC
channel inhibitory activity and selectivity was studied.[42] The
hydrophobic trifluoromethyl group at position 3 of the pyra-
zole ring proved to be essential for inhibitory activity and se-


Table 1. Abbott compounds.


Compd IC50 [nm]
PBMC
proliferation
human[a]


PBMC
proliferation
rat[a]


IL-2
whole blood[b]


IL-2
PBMC[c]


IL-4
inhibition[d]


IL-5
inhibition[d]


1 301 9603 6032 380 150 150
2 322 1266 1978 314 110 150
3 173 687 1735 102 50 80
4 42 141 496 NA 4.8 22
5 82 146 182 NA NA NA


[a] PBMC proliferation stimulated by concanavalin A. [b] PMA/ionomycin-induced IL-2 synthesis in human
whole blood. [c] Inhibition of IL-2 production in anti-CD3/CD28-stimulated human PBMC. [d] Inhibition of IL-4
and IL-5 secretion in PMA-stimulated human T-cells.


Figure 4. Astellas compounds.


Table 2. Astellas compounds.


Compd IC50 [mm]
CRAC[a]


IC50 [mm]
VOC[b]


Selectivity[c] IC50 [mm]
Inhibition of IL-2[d]


ED50 [mg kg�1 p.o.]
Hepatitis in mice[e]


Inhibition [%]
DTH in mice[f]


ED50 [mg kg�1 p.o.]
Eosinophilia in rats[g]


6 0.13 0.75 5.8 0.53 NA NA NA
7 0.30 10 33 0.053 12.7[h] NA NA
8 0.085 2.6 31 0.21 4.2 NA NA
3 0.15 4.7 31 0.017 0.61 100[i] 2.4
9 0.092 2.6 28 0.0059 NA 8.3 NA


10 0.077 27 % >130 0.018 NA 44 NA
11 0.29 41 % >34 0.033 NA 64 1.3
12 0.4 3.5 8.8 NA NA NA NA


[a] Inhibition of thapsigargin-induced Ca2 + influx in Jurkat T-lymphocytes. [b] Inhibition of Ca2 + influx in KCl-stimulated PC12-h5 cells. [c] Selectivity =


(IC50 VOC)/(IC50 CRAC). [d] Inhibition of PHA-induced IL-2 production in Jurkat T-lymphocytes. [e] Inhibition of concanavalin A-induced liver injury in mice. [f] In-
hibition of TNCB-induced contact hypersensitivity in mice; percent inhibition at 30 mg kg�1. [g] Inhibition of OA-induced airway eosinophilia in rats.
[h] 67 % inhibition. [i] ED50 = 1.1 mg kg�1 p.o.
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lectivity, as well as a small substituent at position 1, which
maintained a specific torsional angle between the pyrazole
and the thiophene rings. The authors also found that the NH
group of the amide linkage is essential for high potency. Re-
placement of the central thiophene ring by other heterocycles
or a phenyl ring resulted in a loss of activity.


Interestingly, compound 8, which bears a 1,4-phenylene
core and an amide linkage that is inverted relative to the origi-
nal series of inhibitors, showed improved inhibitory potency
and selectivity (Figure 4, Table 2). The high potency of the
compounds was attributed to their extended ground-state
conformation. These inhibitors also maintained a distance be-
tween the CF3 group and the amide proton similar to that
found in the original thiophene series (~9.4 �).


A new series of inhibitors was designed based on the 1,4-
phenylene core, the reversed amide and an N-bound bis(tri-
fluoromethyl)pyrazole moiety. As observed in the original thio-
phene series, substituents neighboring the amide bond result-
ed in higher inhibitory potency and selectivity. Compound 3
(Figure 4, Table 2), now commonly known as YM58483 or BTP2,
effectively and selectively blocked thapsigargin-induced Ca2 +


influx through store-operated channels in Jurkat T-lymphocytes
(IC50 = 150 nm).[47] . In an electrophysiology assay, Astellas
showed that extracellularly applied 3 blocked Ins ACHTUNGTRENNUNG(1,4,5)P3-
evoked ICRAC in Jurkat T-lymphocytes and in rat basophil leuke-
mia cells (IC50 = 2.2 and 0.5 mm, respectively).[32] The discrepan-
cy between these values and the ability of these compounds
to suppress cytokine production at nanomolar concentrations
[IC50(IL-2, Jurkat) = 17 nm] was explained by the observation
that 3 activates the cation channel TRPM4.[32] In these studies
it was shown that 3 does not interact with K+ channels or Cl�


channels.[32] However, He et al. later suggested that 3 may in-
hibit TRPC3 and TRPC5 channels.[48]


Zitt et al. determined IC50 values of 10 and 14 nm for 3-medi-
ated inhibition of thapsigargin-induced SOCE channels in
Jurkat T-lymphocytes and peripheral blood lymphocytes, re-
spectively.[26] These authors attributed the difference in the
magnitude of their inhibitory constants from the value report-
ed by Astellas to the different extracellular Ca2+ concentrations
and pre-incubation times used in the assays. They also showed
that 3 inhibits SOCE independent of the method chosen to
stimulate store depletion (anti-CD3, thapsigargin, Ins ACHTUNGTRENNUNG(1,4,5)P3).
Compound 3 inhibited IL-2 secretion in CD4+ cells,[26] as well
as IL-5 production from human whole blood in a manner that
was again similar to the known immunosuppressants predniso-
lone and cyclosporine A.[49, 50]


Given the impressive in vitro immunosuppressive activity of
compound 3, this inhibitor served as a new lead structure for
further investigations.[51] The substituent at position 5 of the
pyrazole was varied, and SOCE inhibitory activity was com-
pared with the calculated torsion angle between the pyrazole
and the benzene rings. The key message was that highly
active compounds show a torsion angle greater than 408. The
best results with respect to inhibitory activity and selectivity
were obtained when the CF3 moiety was replaced with small
or electron-withdrawing groups such as CH3, CN, Cl, or Br (e.g.
9, Figure 4, Table 2). As mentioned above, identical substruc-


tures were evaluated by Abbott on a slightly different series of
compounds.


Variation of the heteroaromatic right-hand portion of the in-
hibitors revealed that a certain degree of torsion between the
amide moiety and the right-hand portion was also important
for maintaining CRAC channel inhibitory activity. The introduc-
tion of a halogen atom at position 5 or a methyl group at posi-
tion 6 of a pyridine-3-yl ring improved both activity and selec-
tivity in this series (10 and 11, Figure 5, Table 2).[51] Various an-


nulated pyrazoles were disclosed in a separate patent (e.g. 12
and 13, Figure 5).[52] Compound 12 inhibited activity of the
CRAC channel and had good selectivity with respect to the in-
hibition of a VOC channel (Table 2).[51, 52] All Astellas inhibitors
were potent suppressors of induced IL-2 production in Jurkat
T-lymphocytes and other cytokines in different cell
types.[41, 42, 47, 51]


In vivo studies of the orally available Astellas compounds
(i.e. 3 and 8, Table 2) revealed their ability to inhibit concanava-
lin A-induced hepatitis in mice, with compound 3 showing an
ED50 value of 0.61 mg kg�1 p.o. in this model.[41, 42] Several inhib-
itors also proved to be active in a contact hypersensitivity
model in mice (3, ED50 = 1.1 mg kg�1, Table 2).[47, 51]


The effect of CRAC channel inhibition on antigen-induced
eosinophilia was studied using asthmatic models in rats and
guinea pigs, and compared with known corticosteroids and cy-
closporine A.[49, 50] Additionally, the influence of 3 in a mouse
graft-versus-host disease (GVHD) model was examined. Inhibi-
tor 3 inhibited anti-host cytotoxic T-cell activity in a dose-de-
pendent manner. This compound also inhibited spleen T-cell
proliferation (IC50 = 330 nm) and the sheep red blood cell in-
duced delayed type hypersensitivity response in mice follow-
ing oral administration. Little is known regarding the safety
profile of 3. It has been reported that there was no significant
change in general activity in mice following oral administration
up to 30 mg kg�1.[53]


Finally, inhibitor 11 was identified in a patent application as
a preventive or remedy for inflammatory bowel disease. This
compound prevented water secretion from gastrointestinal ep-
ithelial cells and relieved diarrheal symptoms in a series of
in vivo tests in rodents. In this model, 11 performed equally to


Figure 5. Astellas compounds.
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or better than econazole, cyclosporine A, sulfasalazine, and
prednisolone.[54]


Boehringer Ingelheim


In the same year that Abbott and Astellas disclosed their dis-
covery of the pyrazole immunosuppressive agents, Boehringer
Ingelheim revealed a very similar series of compounds as in-
hibitors of IL-2 production in T-lymphocytes (Figure 6).[55, 56]


Again, the 3,5-bis(trifluoromethyl)pyrazole moiety served as a
common motif. Many inhibitors contained a pyridine ring at-
tached at the 3-position of the pyrazole ring (e.g. 15). Several
examples of the invention contained amide linkages, although
similar alkyl amines were also claimed.


The compounds showed IC50 values less than 10 mm in an IL-
2 production assay and were specifically identified as inhibitors
of SOCE (Table 3). Compounds 14 and 15 showed IC50 values
of 214 and 300 nm, respectively, for the inhibition of anti-CD3-
stimulated Ca2+ influx in Jurkat T-lymphocytes. Additionally, 14
and 15 proved to be potent inhibitors of soluble epoxide hy-
drolase.[56] In vivo studies showed that 14 and 15 inhibited an
allogenic transplant response in mice.[55, 56]


In a subsequent series of patents, Boehringer Ingelheim re-
searchers identified three additional compound classes as in-
hibitors in an IL-2 promoter assay in which the pyrazole
moiety was replaced by an indole or imidazole ring.[57, 58] .
These inhibitors are represented by 16, 17, and 18, and show
IC50 values less than 10 mm in an IL-2 production assay


(Figure 6). Notably, these applications did not refer to the abili-
ty of these compounds to inhibit SOCE.


Finally, a series of 4-substituted b-carbolines (e.g. 19,
Figure 6, Table 3) was disclosed by Boehringer Ingelheim in
2000. These compounds inhibited Ca2 + influx and IL-2 produc-
tion in T-cells. Several inhibitors also proved to effectively sup-
press the graft-versus-host (GVH) reaction in mice.[59]


Synta Pharmaceuticals


As early as 2005, Synta Pharmaceuticals reported the identifica-
tion of inhibitors of ICRAC in human primary T-cells, Jurkat T-lym-
phocytes, and rat basophil leukemia (RBL) cells.[60] Importantly,
it was claimed that these inhibitors showed selectivity for


CRAC inhibition over modulation
of KV1.3, hERG, TRPM4, or TRPM7
channels. Since that time, many
applications have been filed by
Synta that describe a large
number of structurally differenti-
ated SOCE inhibitors.


Biphenyl compounds


The initial patents in this area
from Synta disclosed the activity
of a new series of ICRAC inhibitors
in which the pyrazole ring of the
Astellas compounds had been
replaced with an ortho-substitut-


ed phenyl ring (Figure 7).[61, 62] Compounds were tested for in-
hibition of ICRAC in RBL cells using a whole-cell patch-clamp
assay. The potency of selected compounds is shown in Table 4.
ICRAC inhibition was observed in Jurkat T-lymphocytes and pri-
mary T-cells. The ability of compounds 20 and 22 to inhibit cy-
tokine release was determined in whole blood following ad-
ministration of the inhibitors to monkeys. After phorbol 12-
myristate 13-acetate (PMA)/ionomycin stimulation, both com-
pounds inhibited the production of IL-2 and TNF-a with a po-
tency similar to that of cyclosporine A (Figure 7, Table 4). Stud-
ies with phytohemagglutinin-stimulated PBMCs also indicated
that compounds 20, 21, and 22 potently inhibited cytokine
production. Compound 20 also reduced degranulation in RBL
cells (IC50 = 0.38 mm).


All of the ICRAC inhibitors claim-
ed in this application[61] were
also reported to inhibit the activ-
ity of KV1.3 ion channels, al-
though no data were provided.
In addition, some compounds
were found to activate TRPM4
channels. For example, com-
pound 23 (Figure 7) activated
TRPM4 in HEK-293 cells overex-
pressing TRPM4 with an IC50


value of ~50 nm. However, ICRAC


inhibitor 21 had no effect on


Figure 6. Boehringer Ingelheim compounds.


Table 3. Boehringer Ingelheim compounds.


Compd IC50 [nm]
CRAC[a] SEH


inhibition[b]


IL-2 reporter
assay[c]


IL-2 inhibition,
PBMC[d]


IL-4 inhibition,
PBMC[d]


IFN-g inhibition,
PBMC[d]


14 214 464 190 NA NA NA
15 300 60 80 20 16 22
19 500[e] NA 230 300 NA NA


[a] Inhibition of anti-CD3-induced Ca2 + influx in Jurkat T-lymphocytes. [b] Inhibition of soluble epoxide hydro-
lase activity. [c] Inhibition of IL-2 promoter-driven luciferase activity in Jurkat cells. [d] Inhibition of cytokine se-
cretion in PBMCs. [e] Inhibition of thapsigargin-induced Ca2 + influx in Jurkat T-lymphocytes.
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TRPM4 currents in electrophysiology studies with Jurkat T-lym-
phocytes.


Further investigation led to the identification of a number of
ICRAC inhibitors, exemplified by 24 and 25 (Figure 7), that con-
tain esters or ester isosteres in the 5-postion of the terminal
phenyl ring.[63] Both of the highlighted compounds potently
decreased ICRAC in RBL cells and the production of IL-2 from
Jurkat T-lymphocytes (Table 4). In addition, compound 24 was
an active inhibitor of degranulation in anti-IgE-stimulated RBL
cells.


Central heteroaromatic ring


Substitution of the central phenyl ring of the Synta com-
pounds provided further families of ICRAC inhibitors (Figure 8).[64]


The majority of the compounds exemplified in these patents
featured a 2,5-substituted or a 3-substituted terminal phenyl


ring and a pyridine or pyrazine central aromatic group. Pyra-
zine 26 inhibits RBL ICRAC with an IC50 value of 70 nm and de-
creases IL-2 secretion in Jurkat T-lymphocytes at low concen-
trations (Table 4). Thiophene 27 has similar activity in these
assays. The amide group of the thiophene inhibitors has been
transposed relative to the original Synta compounds in accord-
ance with the structure–activity relationships originally de-
scribed by Astellas.


In separate applications, phenylthiazole compounds such as
28 (Figure 8, Table 4) were demonstrated to be ICRAC inhibi-
tors.[65] A large number of compounds with different substitu-
ents at the 4-position of the thiazole ring were claimed to be
immunomodulators in this application. A more recent applica-
tion described annulated thiazoles similar to 29 that decrease
IL-2 production in Jurkat T-lymphocytes, although no electro-
physiology data were provided.[66]


Heterocyclic compounds in the western portion


Small molecules containing 6,5-heterocycles were discovered
by Astellas and Boehringer Ingelheim to be potent SOCE or IL-
2 production inhibitors. An application from Synta describes
several examples of compounds claimed to modulate ICRAC,
TRPM4, and KV1.3 (Figure 9). The structure of inhibitor 30 is
representative of the majority these compounds, and 30 was
claimed to inhibit KV1.3 in patch-clamp experiments.[67] Both 30
and 31 inhibited the secretion of cytokines from stimulated
PBMCs (Table 4). Inhibitor 32 was specifically mentioned to be
an activator of TRPM4, while closely related pyrazine 33 was
reported to be a potent inhibitor of ICRAC in RBL cells


Table 4. Synta inhibitors.


Compd IC50 [nm]
ICRAC


[a] Jurkat IL-2[b] PBMC TNF-a[c] Other


20 100 NA 68 380[d]


21 300 NA 271 430[d]


22 200 NA 81 NA
23 NA NA NA 50[e]


24 20 4 NA 2520[d]


25 40 2 NA NA
26 70 4 NA NA
28 220 30–50 NA NA
29 NA <30 NA NA
30 NA 29 424 NA
31 NA 3 47 NA
32 NA <100 NA NA
33 60 6 NA NA
34 150 75–150 NA NA
35 NA 5 NA NA
36 100 11 NA NA
37 NA 18 NA NA


[a] Inhibition of ICRAC measured in RBL cells. [b] Inhibition of IL-2 produc-
tion in Jurkat T-lymphocytes. [c] Inhibition of TNF-a production from
human PBMCs. [d] Inhibition of degranulation in RBL cells. [e] Inhibition
of TRPM4 expressed in HEK-293 cells.


Figure 8. Synta heterocycles.


Figure 7. Early Synta compounds.


Figure 9. Synta benzimidazoles.
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(Figure 9).[68] In a delayed-type hypersensitivity test in rats,
compound 33, administered orally, was found to have efficacy
similar to cyclosporine A.


Additional classes of compounds recently claimed to be ICRAC


inhibitors include the tetrahydropyridinyl compounds 34 and
35 (Figure 10, Table 4).[69, 70] Electrophysiology data were pro-


vided for 34, and excellent pharmacokinetic parameters were
obtained for inhibitor 35 following oral administration of the
corresponding dihydrochloride salt to rats. Further elaboration
of this portion of the inhibitors appears to be possible. For ex-
ample, 36 inhibited ICRAC with an IC50 value of 100 nm, and
compounds related to 37 were reported to inhibit cytokine
production in Jurkat T-lymphocyte incubations (Figure 10,
Table 4).[71]


Miscellaneous SOCE Inhibitors


SKF-96365 was one of several imidazole compounds to be
clearly identified as an inhibitor of SOCE (Figure 11).[72, 73] In as-
sessments of the ability of SKF-96365 to block thapsigargin-in-
duced calcium entry into Jurkat T-lymphocytes, the compound
demonstrated an IC50 value for ICRAC inhibition of ~12 mm. SKF-
96365 is also known to be an inhibitor of voltage-gated calci-
um channels. In the initial publications it was suggested that
this compound might decrease ICRAC either by interfering with
cytochrome P450 activity or by affecting the activity of calmo-
dulin. The structurally related imidazole compounds econazole
and miconazole were also determined to inhibit SOCE
(Figure 11).[73] In a separate study, it was found that both eco-
nazole and an impermeable econazole derivative blocked ICRAC


in Jurkat T-lymphocytes when applied extracellularly, but not
when added intracellularly.[74] This observation was inconsistent


with the hypothesis that the imidazoles reduce SOCE indirectly
by decreasing the activity of P450 enzymes.


In mouse smooth muscle, trifluoromethylphenylimidazole
(TRIM), was determined to block SOCE (Figure 11, EC50 =


42 mm).[75] Although this compound was less potent than SKF-
96365 in this system, experiments suggested that TRIM had
improved selectivity versus inactivation of voltage-operated
calcium channels.


Several small molecules were tested for their ability to
reduce SOCE in human carcinoma cells.[76] The triazole deriva-
tive N-1-n-octyl-3,5-bis-(4-pyridyl)triazole (DPT),[77, 78] sulindac
sulfide, and mefenamic acid were found to inhibit SOCE follow-
ing thapsigargin-induced store depletion (Figure 12). The au-


thors suggested that SOCE might be important for cell prolifer-
ation, and the possibility that SOCE inhibitors may function as
novel agents for the treatment of cancer has been highlighted
recently.[79]


Along these lines, the antiproliferative compound L651582
(Figure 12) inhibits M5 muscarinic receptor-mediated calcium
influx in Chinese hamster ovary (CHO) cells that do not
depend on voltage-operated calcium channels.[80] Although no
electrophysiology studies were reported, L651582 did not
affect levels of Ins ACHTUNGTRENNUNG(1,4,5)P3 or 3’,5’-cyclic adenosine monophos-
phate (cAMP), consistent with a mechanism of action involving
block of SOCE.


The diphenylborinate 2-APB (Figure 13) has been widely
used to characterize CRAC channel activity, although the ef-


fects of 2-APB are concentration dependent.[23, 81, 82] At
low concentrations, some current potentiation is ob-
served, whereas at high concentrations, application
of the inhibitor causes temporary enhancement fol-
lowed by ICRAC block. It has been reported that this
compound also blocks a variety of potassium chan-
nels and TRP channels while activating TRPV6 chan-
nels. Compounds structurally related to 2-APB have
also been found to inhibit SOCE.[83] Screening of 150
phenylboronate compounds led to the identification


Figure 10. Recent Synta compounds.


Figure 11. Imidazole derivatives.


Figure 12. N-1-n-octyl-3,5-bis-(4-pyridyl)triazole, sulindac sulfide, mefenamic
acid, and L651582.
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of DPB163 (Figure 13), which reduced thapsigargin-induced
SOCE in various cell lines at sub-micromolar concentrations.
Receptor-operated calcium entry was also affected by these
analogues.


Capsaicin (Figure 14 was reported to inhibit CRAC at high
concentrations (IC50 = 30 mm).[84, 85] Again, K+ channels were
also modulated at these concentrations, while activation or in-


hibition were described for various TRP channels. More recent-
ly, the lipophilic phenol diethylstilbestrol (Figure 14) was found
to inhibit SOCE in a variety of cell types.[86] In RBL cells, the IC50


for inhibition of ICRAC was approximately 0.6 mm. Interestingly,
when diethylsilbestrol was applied intracellularly, no inhibition
of ICRAC was observed. Monovalent cation currents mediated by
TRPM7 were not affected by this inhibitor. Furthermore, trans-
stilbene, a structurally related alkene, did not affect ICRAC.


The mechanism by which the acidic chloride channel blocker
NPPB (Figure 15) blocks store-operated calcium channels was
studied by scientists at AstraZeneca.[87, 88] As the ability of Cl�


channel blockers to decrease ICRAC was not proportional to the
potency with which these compounds reduced Cl� channel
block, it was argued that the inhibition of ICRAC by NPPB in-
volves a mechanism distinct from their Cl� channel-blocking
activity. From whole-cell ICRAC recordings in Jurkat T-lympho-
cytes, NPPB was found to be a reversible inhibitor with an IC50


value of 5 mm. Kinetics measurements and inhibition studies at
various extracellular pH levels suggested that the neutral form
of NPPB interacts directly with the CRAC channel in Jurkat T-
lymphocytes. Other Cl� channel blockers that have also been
found to be weak inhibitors of ICRAC in rodent cell lines include
NPPA and niflumic acid (Figure 15).[89, 90] Finally, the oligomy-


cins, which affect Cl� currents and mitochondrial ATP produc-
tion, were found to inhibit ICRAC (IC50 for oligomycin B: ~0.5 mm)
in Jurkat T-lymphocytes.[91]


The irreversible iPLA2 inhibitor 38 (Figure 16) inhibits thapsi-
gargin-induced calcium influx in Jurkat T-lymphocytes and
other cell types, although the exact mechanism of SOCE inhibi-
tion remains undefined.[92] The identification of this inhibitor
supports the potential role of iPLA2 and other cellular factors
as components of the SOCE pathway.[93]


In 2001 BASF disclosed a new class of SOCE inhibitors based
on cycloalkyl-piperazinylethanol derivatives (39, Figure 16).[94] It
was reported that these compounds were effective at low-mi-
cromolar concentrations. High selectivity for the inhibition of
store-operate calcium channels compared to receptor-operat-
ed calcium channels was observed.


Boehringer Ingelheim reported a series of dihydroisoquino-
lines (Figure 16) that were effective blockers of thapsigargin-in-
duced Ca2+ influx in RBL cells. These compounds were thought
to inhibit SOCE by blocking Na+ and K+ channels. Compounds
40 and 41 had IC50 values of 3.47 and 7.57 mm, respectively.[95]


Nifedipine and nitrendipine (Figure 17), marketed dihydro-
pyridine L-type calcium channel blockers, have been reported
to block SOCE in Jurkat T-lymphocytes.[96, 97] In this system, the


Figure 13. Borinate SOCE inhibitors.


Figure 14. Phenol SOCE inhibitors.


Figure 15. Cl� channel inhibitors that decrease SOCE.


Figure 16. SOCE inhibitors.


Figure 17. Voltage-operated calcium channel blockers that inhibit SOCE.
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structurally distinct L-type blockers verapamil and diltiazem
(Figure 1) did not inhibit SOCE, and it was emphasized that ni-
fedipine did not appear to inhibit calcium entry by a mecha-
nism involving plasma membrane depolarization. Mibefradil
(Figure 17), a T-type calcium channel blocker, was also found
to inhibit SOCE. The effect of mibefradil was considered to be
due to the specific inhibition of store-operated channels, as
other T-type calcium blockers did not show an effect on calci-
um entry following store depletion.[98]


In experiments investigating the block of SOCE by CD95,
whole-cell patch-clamp recordings revealed that C2 ceramide,
C6 ceramide, and sphingosine reversibly and dose-dependently
blocked ICRAC in single T-cells (Figure 18).[99] C2 ceramide also
blocked NFAT activity in lymphocytes, albeit at high concentra-
tions (100 mm).


Several kinase inhibitors have been found to interfere with
SOCE.[100] The myosin light chain kinase inhibitors wortmannin
and ML-9 were found to decrease calcium influx following
store depletion in human macrophages, while the kinase inhib-
itor methyl-2,5-dihydroxycinnamate decreased SOCE in human
platelets (Figure 19).[101, 102] Based on these results, the authors


suggested that certain kinases and phospholipases involved in
microtubule formation may play a role in SOCE. Recent publi-
cations from other laboratories have suggested that the micro-
tubule cytoskeleton may play a role in STIM1 redistribution fol-
lowing Ca2 + store depletion.[103, 104] YC-1, an inhibitor of cyclo-
piazonic acid-activated SOCE in neutrophils, may also disrupt
the integrity of the cytoskeleton necessary for calcium influx
following store depletion (Figure 19).[105]


It is well known that lipophilic acids can modulate ion chan-
nel function by nonspecifically changing the physical proper-
ties of the membrane bilayer in which the channel resides.[106]


More specific and higher-affinity interactions are also possi-
ble.[107] The unsaturated fatty acids arachidonic acid and oleic
acid were found to inhibit SOCE following thapsigargin-in-
duced store depletion in several cell types at micromolar con-
centrations.[108] Progesterone, a lipophilic steroid that is known
to have a high affinity for membranes, was also found to inhib-
it SOCE in Jurkat T-lymphocytes.[109] Experiments with radiola-
beled progesterone revealed that the extent of inhibition was
proportional to the levels of membrane-bound progesterone.
Interestingly, related steroids did not appear to significantly
affect SOCE in this system.


The antimalarials primaquine and chloroquine (Figure 20)
block ICRAC induced by store depletion in rat megakaryo-
cytes.[110] As these drugs are known to disrupt vesicle transport,
it was initially postulated that vesicle transport may play a role
in SOCE.[111] Primaquine was also found to reversibly inhibit
SOCE in frog oocytes.[112] Mechanistic studies in oocytes sug-
gested that membrane fusion processes were less likely than
protein-signaling pathways to be involved in SOCE.


Summary


In response to activation by cell-surface receptors, store-oper-
ated calcium entry (SOCE) produces a sustained influx of Ca2 +


into the cytoplasm. While the resulting calcium-release-activat-
ed current (ICRAC) was discovered more than a decade ago and
has been characterized extensively, key proteins involved in
this pathway were discovered only recently. The identification
of these proteins is likely to accelerate efforts targeted at the
discovery of inhibitors of SOCE that selectively block the calci-
um-release-activated calcium channel (CRAC).


Many inhibitors of SOCE were discovered using methods
that measure intracellular calcium concentration following
store depletion. As SOCE involves the action of several differ-
ent proteins, the exact mechanism of action of many of these
inhibitors remains undefined. Nevertheless, these studies have
provided useful pharmacological tools for studying calcium-
signaling pathways.


A number of structurally diverse agents that inhibit SOCE
have also been characterized using electrophysiological meth-
ods. It is likely that these compounds are able to directly block
the CRAC channel. Some of these compounds, however, are
also thought to affect the function of other ion channels.


Recent patents and papers focus on series of aryl amide
CRAC channel inhibitors. Characterization of these compounds


Figure 18. Sphingosine and C2 ceramide.


Figure 19. SOCE inhibitors.


Figure 20. Antimalarial compounds that block SOCE.
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in vitro suggests that the aryl amide inhibitors reduce cytokine
production in lymphocytes and prevent degranulation of mast
cells. CRAC channel inhibitors have also shown efficacy in sev-
eral animal disease models.


Outlook


The identification of the ORAI and STIM proteins, along with
the fairly well-understood process by which calcium functions
as a second messenger in lymphocytes, will encourage further
efforts in the pharmaceutical industry to identify selective
CRAC channel inhibitors. The ORAI proteins, however, are
widely expressed in various tissues, and the ability of even se-
lective CRAC channel inhibitors to provide safe immunomodu-
lators remains to be demonstrated. Although lymphocytes are
particularly dependent on CRAC channel function, this path-
way is thought to play a role in a number of cell types. In par-
ticular, CRAC channels may be important for signaling process-
es in skeletal muscle, smooth muscle, and neurons.


Small molecules, most notably thapsigargin, SKF-96365
(Figure 11), and compound 3 (Figure 3 and 4), have been
useful tools for developing our understanding of SOCE. Future
generations of compounds may help us gain insight into the
function of the CRAC channel in various tissue types and the
role that the ORAI paralogues play in CRAC. Ultimately it is
hoped that one of these inhibitors will further validate the
CRAC channel as an important therapeutic target.
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Small-Molecule Inhibitors of Store-
Operated Calcium Entry


Molecules that inhibit store-operated
calcium entry (SOCE) are potentially
useful immunomodulating agents. The
identification of proteins involved in
this pathway may further enable the
identification of selective inhibitors.
Herein we document some examples of
the small-molecule inhibitors of SOCE
that have been reported to date. We
also describe methods that were used
to characterize the mechanism of action
of these inhibitors.
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3D QSAR Models Built on Structure-Based Alignments of
Abl Tyrosine Kinase Inhibitors
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Emmanuele Crespan,[c] Silvia Schenone,*[d] Olga Bruno,[d] Chiara Brullo,[d] and
Maurizio Botta*[a]


Introduction


Chronic myelogenous leukemia (CML) is a myeloproliferative
disorder that is usually characterized (in the leukemic cells of
more than 95 % of patients) by the presence of the Philadel-
phia chromosome, resulting from a translocation between
chromosomes 9 and 22. This translocation results in the trans-
fer of the Abelson (abl) oncogene to the breakpoint cluster
region (bcr) of chromosome 22, leading to the fused bcr–abl
gene and to the expression of a fusion protein (Bcr–Abl) with
deregulated tyrosine kinase activity.[1]


The kinase domains (highly conserved structures of about
300 residues) of the fusion protein (Bcr–Abl) and c-Abl are
identical in sequence and catalyze the transfer of the g-phos-
phate group of ATP to the hydroxy group of a tyrosine residue
of the peptide substrate. The structure of the kinase domain
can be divided into two lobes. At their interface, a number of
highly conserved residues form the ATP binding pocket and
the catalytic machinery.


Several conformations of the Abl tyrosine kinase domain
have been identified and are referred to as the inactive, active,
and Src-like inactive conformations.[2] The activation loop, a
centrally located regulatory element of the protein kinase, is
the region of the kinase domain that differs markedly between
the active and inactive states. In the active state, the activation
loop is in an extended or open conformation with an aspartic
residue (of the strictly conserved Asp-Phe-Gly motif at the N-
terminal base of the activation loop) positioned so as to inter-
act properly with the magnesium ion coordinated by ATP. The
remaining residues of the loop are positioned away from the
catalytic center so that the C-terminal portion of this loop pro-
vides a support for substrate binding. On the other hand, the


activation loop of the inactive state switches to a more closed
conformation.[3]


Imatinib, the first line therapy for CML treatment, binds the
inactive conformation of the kinase domain.[4] Nevertheless, re-
sistance to this drug is frequently observed mainly because of
mutations in the kinase domain of Bcr–Abl.[5] For this reason,
new Abl inhibitors able to bind both the active and inactive
conformations, or that preferentially bind the active form of
the protein, were discovered.[6] In this context, our previous
search of novel multitarget kinase inhibitors led to the design,
synthesis, biochemical evaluation, and preliminary molecular
modeling simulations of a large series of pyrazolo ACHTUNGTRENNUNG[3,4-d]pyrimi-


The X-ray crystallographic coordinates of the Abl tyrosine
kinase domain in its active, inactive, and Src-like inactive con-
formations were used as targets to simulate the binding mode
of a large series of pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidines (known Abl in-
hibitors) by means of GOLD software. Receptor-based align-
ments provided by molecular docking calculations were sub-
mitted to a GRID-GOLPE protocol to generate 3D QSAR
models. Analysis of the results showed that the models based
on the inactive and Src-like inactive conformations had very
poor statistical parameters, whereas the sole model based on
the active conformation of Abl was characterized by significant


internal and external predictive ability. Subsequent analysis of
GOLPE PLS pseudo-coefficient contour plots of this model
gave us a better understanding of the relationships between
structure and affinity, providing suggestions for the next opti-
mization process. On the basis of these results, new com-
pounds were designed according to the hydrophobic and hy-
drogen bond donor and acceptor contours, and were found to
have improved enzymatic and cellular activity with respect to
parent compounds. Additional biological assays confirmed the
important role of the selected compounds as inhibitors of cell
proliferation in leukemia cells.
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dines.[7] These compounds were
used to generate 3D QSAR
models of Abl inhibitors as de-
scribed in this paper, which were
then used to rationalize relation-
ships between the structural
properties of compounds and
their affinity, and to guide us
toward the synthesis of next
generation compounds with in-
hibitory activity toward Abl
better than that of parent com-
pounds.


In particular, the availability of
Abl crystal structures in the
active, inactive, and Src-like inac-
tive conformations (PDB[8] entries
2GQG,[9] 1IEP,[10] and 2G2I,[2] re-
spectively) in complex with vari-
ous inhibitors allowed us to
apply a structure-based ap-
proach to generate alignments
of Abl inhibitors within the
enzyme binding pocket. The
three-dimensional structure of
the target protein and a docking
protocol based on GOLD soft-
ware[11] were used to guide the
selection of inhibitor alignment.
Aligned inhibitors were in turn
used to build and validate three
structure-based 3D QSAR models
(one for each Abl conformation)
for Abl inhibitors by means of
the programs GRID[12] and
GOLPE.[13] The application of this
approach was based on the fact
that recent studies described the
combination of receptor-based
methods and 3D QSAR analysis
as a useful tool for the design
and prediction of bioactive com-
pounds.[14]


Results and Discussion


Chemistry


Compounds 86–88 and 92–96
(Table 1) were prepared as
shown in Scheme 1. The 1-(2-hy-
droxy-2-phenylethyl)-6-thioxo-
1,5,6,7-tetrahydro-4H-pyrazolo-ACHTUNGTRENNUNG[3,4-d]pyrimidin-4-one 97, pre-
pared according to our proce-
dure,[15] was alkylated at the C6
sulfur atom using the appropri-


Table 1. Structure of pyrazolo-pyrimidine derivatives and their affinity toward Abl.


Compd[a] R R1 R2 Ki [mm][b]


1[d] NHCH2C6H5 H CH2CHClC6H5 0.37
2[c] NHCH2C6H4mF H CH2CHClC6H5 0.04
3[d] NHCH2C6H4oF H CH2CHClC6H5 0.73
4[d] NHCH2C6H5 H CH2CHClC6H4pF 0.44
5[d] NHCH2C6H4pF H CH2CHClC6H4pF 0.20
6[c] NHCH2C6H4mF H CH2CHClC6H4pF 0.10
7[c] NHCH2C6H4oF H CH2CHClC6H4pF 0.02
8[c] NHCH2C6H4mCl H CH2CHClC6H4pF 0.12
9[d] NHCH2C6H4oCl H CH2CHClC6H4pF 0.20
10[c] NHCH2C6H4pF H CH2CHClC6H4pCl 0.08
11[c] NHCH2C6H4mCl H CH2CHClC6H4pCl 0.08
12[d] NHC3H7 H CHCHC6H5 7.4
13[c] NH-cyclopropyl H CHCHC6H5 50
14[c] NHC4H9 H CHCHC6H5 0.40
15[c] NH ACHTUNGTRENNUNG(CH2)2OC2H5 H CHCHC6H5 12
16[c] 1-pyrrolidinyl H CHCHC6H5 3.9
17[d] 1-piperidinyl H CHCHC6H5 0.20
18[d] 4-morpholinyl H CHCHC6H5 7.8
19[c] NH-cyclohexyl H CHCHC6H5 0.80
20[c] 1-hexahydroazepinyl H CHCHC6H5 0.30
21[c] NACHTUNGTRENNUNG(C2H5)2 SC3H7 CH2CHClC6H5 0.28
22[c] NHC3H7 SC3H7 CH2CHClC6H5 0.25
23[d] NHC3H7 N ACHTUNGTRENNUNG(CH3)2 CH2CHClC6H5 0.32
24[d] NHCH2C6H5 N ACHTUNGTRENNUNG(CH3)2 CH2CHClC6H5 0.16
25[c] NHC6H5 SCH3 CH2CHClC6H5 0.40
26[c] NHC3H7 H CH2CHOHC6H5 50
27[d] 1-piperidinyl H CH2CHOHC6H5 50
28[d] NHC4H9 H CH2CHOHC6H5 50
29[c] 4-morpholinyl H CH2CHOHC6H5 50
31[d] NHC4H9 SC2H5 CH2CHClC6H5 0.30
35[d] NHC3H7 SCH3 CH2CHClC6H5 4.8
36[c] NACHTUNGTRENNUNG(C2H5)2 SCH3 CH2CHClC6H5 0.40
37[d] NH ACHTUNGTRENNUNG(CH2)2OC2H5 SCH3 CH2CHClC6H5 1.5
40[c] NHCH2C6H5 SCH3 CH2CHClC6H5 0.30
42[d] 4-(2,6-dimethyl)morpholinyl SCH3 CH2CHClC6H5 3.5
44[c] 4-morpholinyl SC2H5 CHCHC6H5 9.0
48[c] 1-piperidinyl SCH3 CHCHC6H5 1.3
49[c] 4-morpholinyl SCH3 CHCHC6H5 6.8
50[c] 4-(2,6-dimethyl)morpholinyl SCH3 CHCHC6H5 4.7
51[d] NHC3H7 H CH2CHBrC6H5 4.8
52[d] NH-cyclopropyl H CH2CHBrC6H5 4.8
53[d] NHCH ACHTUNGTRENNUNG(CH3)2 H CH2CHBrC6H5 2.1
54[c] NHC4H9 H CH2CHBrC6H5 0.70
55[d] NH ACHTUNGTRENNUNG(CH2)2OC2H5 H CH2CHBrC6H5 1.6
56[c] 1-pyrrolidinyl H CH2CHBrC6H5 0.90
57[d] 1-piperidinyl H CH2CHBrC6H5 1.2
58[d] 4-morpholinyl H CH2CHBrC6H5 0.20
59[d] NH-cyclohexyl H CH2CHBrC6H5 0.50
60[c] 1-hexahydroazepinyl H CH2CHBrC6H5 4.9
61[d] NHC3H7 SCH3 CH2CHClC6H4pF 0.57
62[d] NHC4H9 SCH3 CH2CHClC6H4pF 0.11
63[d] 4-morpholinyl SCH3 CH2CHClC6H4pF 0.97
65[c] NHC3H7 SCH3 CH2CHClC6H4pCl 0.40
66[d] NHC4H9 SCH3 CH2CHClC6H4pCl 0.39
67[d] 4-morpholinyl SCH3 CH2CHClC6H4pCl 0.50
68[c] NHC3H7 SCH3 CH2CHBrC6H5 0.88
69[d] NHC4H9 SCH3 CH2CHBrC6H5 0.32
70[c] NH ACHTUNGTRENNUNG(CH2)2OC2H5 SCH3 CH2CHBrC6H5 0.55
71[c] 1-pyrrolidinyl SCH3 CH2CHBrC6H5 1.4
72[d] 1-piperidinyl SCH3 CH2CHBrC6H5 0.88
73[c] NHCH2C6H5 SCH3 CH2CHBrC6H5 0.19


&2& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 13


�� These are not the final page numbers!


MED S. Schenone, M. Botta, et al.



www.chemmedchem.org





ate alkyl bromide and anhydrous K2CO3 in anhydrous N,N-di-
methylformamide (DMF). The 6-alkylthio derivatives 98 a–c
were in turn chlorinated with the Vilsmeier complex (POCl3/


DMF, 1:1, 10 equiv) in CHCl3 at
reflux for 8 h to obtain the di-
chloro analogues 99 a–c. The
crude products were purified in
good yield by chromatography
on a Florisil column. Finally, reac-
tion of 99 a and 99 b with an
excess of various amines in an-
hydrous toluene at RT for two
days afforded 86, 87, 92, 95, 96
in yields ranging from 66 to
93 % (method A). The aniline de-
rivatives 88, 93, and 94 were ob-
tained by reaction between 99 a
and 99 c and the appropriate
aniline in ethanol at reflux for
4 h (method B).


Compound 91 was prepared
as shown in Scheme 2. The 5-
amino-1-(2-hydroxy-2-phenyleth-
yl)-1H-pyrazole-4-carboxamide
100, prepared according to our
procedure,[16] was treated with
NaOEt and EtOAc in absolute
ethanol at reflux for 6 h to afford
the 1-(2-hydroxy-2-phenylethyl)-
6-methyl-1,5-dihydro-4H-
pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidin-4-one
101 that was in turn chlorinated
with the Vilsmeier complex
(POCl3/DMF, 1:1, 30 equiv) in
CHCl3 at reflux for 12 h to obtain
the dichloro derivative 102. Re-
action of the latter with aniline
in absolute ethanol at reflux for
4 h gave 91 (method B).


Compounds 89 and 90 were
prepared as shown in Scheme 3.
Reaction of ethyl 5-amino-1-[2-
(4-bromophenyl)-2-hydroxyeth-
yl]-1H-pyrazole-4-carboxylate
103, prepared according to our
procedure,[17] with formamide for
8 h at 190 8C led to the pyrazolo-ACHTUNGTRENNUNG[3,4-d]pyrimidinone 104 in high
yield. Treatment of the latter
with an excess of the Vilsmeier
complex (POCl3/DMF, 1:1,
10 equiv) for 12 h at reflux in
CHCl3 gave the dichloro deriva-
tive 105. Finally, the C4 chlorine
atom was substituted with the
appropriate benzylamines in an-
hydrous toluene at RT to afford


the final compounds 89 and 90 (method A). The synthesis of
compounds 84 and 85 has been previously reported.[15]


Table 1. (Continued)


Compd[a] R R1 R2 Ki [mm][b]


77[d] NACHTUNGTRENNUNG(C2H5)2 SCH3 CH2CHClC6H4pCl 0.30
78[d] NHC6H4mF SCH3 CH2CHClC6H4pF 0.22
79[c] NHCH2C6H4pF SCH3 CH2CHClC6H4pF 0.22
80[d] NHCH2C6H4oF SCH3 CH2CHClC6H4pF 0.34
81[c] NACHTUNGTRENNUNG(C2H5)2 SC2H5 CH2CHClC6H5 0.33
82[d] NHC4H9 SC3H7 CH2CHClC6H5 0.52
83[c] NHCH2C6H5 SC3H7 CH2CHClC6H5 0.10
84[e] NHCH2C6H4oCl SCH3 CH2CHClC6H5 0.09 [31, 6.3][f]


85[e] NHC6H4mBr SCH3 CH2CHClC6H5 0.06 [30, 21][f]


86[e] NHCH2C6H5 S-cyclopentyl CH2CHClC6H5 0.06 [19, 8.8][f]


87[e] NHCH2CH2C6H5 S-cyclopentyl CH2CHClC6H5 0.07 [19, 8.4][f]


88[e] NHC6H4mCl S-cyclohexyl CH2CHClC6H5 0.07 [21, 25][f]


89[e] NHCH2C6H4oF H CH2CHClC6H4pBr 0.44 [7.9, 4.2][f]


90[e] NHCH2C6H4mF H CH2CHClC6H4pBr 0.02 [11, 6.0][f]


91[e] NHC6H5 CH3 CH2CHClC6H5 0.02 [32, 25][f]


92[e] NHC3H7 SC4H9 CH2CHClC6H5 0.02 [32, 9.0][f]


93[e] NHC6H4mF SC4H9 CH2CHClC6H5 0.04 [18, 3.8][f]


94[e] NHC6H4mCl SC4H9 CH2CHClC6H5 0.09 [19, 8.9][f]


95[e] NHCH2C6H5 SC4H9 CH2CHClC6H5 0.17 [12, 15][f]


96[e] NHCH2CH2C6H5 SC4H9 CH2CHClC6H5 0.24 [21, 15][f]


[a] Compounds omitted in this table are reported in table S1 in the Supporting Information. [b] Affinity values
were determined as previously described.[7] [c] Training set compounds. [d] Test set compounds. [e] Synthesized
on the basis of QSAR suggestions. [f] Inhibitory activity toward human leukemia KU-812 and K-562 cell lines,
expressed as IC50 values, which represent the mean of five experiments determined as previously described,[7b,c]


using PP2 as the reference compound; PP2 showed IC50 values of 15 and 12 mm toward KU-812 and K-562
cells, respectively.


Scheme 2. Synthesis of compound 91. Reagents and conditions: a) EtONa, CH3COOEt, absolute EtOH, reflux, 6 h;
b) POCl3/DMF, CHCl3, reflux, 12 h; c) method B: aniline, absolute EtOH, reflux, 4 h.


Scheme 1. Synthesis of compounds 86–88 and 92–96. Reagents and conditions: a) RBr, K2CO3, DMF, RT or 80 8C;
b) POCl3/DMF, CHCl3, reflux, 8 h; c) method A: amines, anhydrous toluene, RT, 48 h; method B: anilines, absolute
EtOH, reflux, 4 h.
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Molecular modeling calculations


Docking simulations


To check if the active site of Abl is the preferential binding site
of our compounds, blind docking calculations were performed
on the overall kinase domain of the enzyme in its active, inac-
tive, and Src-like inactive forms, using the Abl–dasatinib com-
plex (entry 2GQG of the PDB),[9] the Abl–gleevec (STI-571) com-
plex (entry 1IEP),[10] and the Abl–ATP complex (entry 2G2I),[2] re-
spectively. In particular, for each crystal structure, after removal
of the ligand, the kinase domain was relaxed through an
energy minimization step to avoid any steric bump which may
affect the X-ray structure. The software AutoDock was then
used to carry out blind docking simulations of inhibitors into
the relaxed structure of the Abl kinase domain. As a result, all
the clusters found by the software showed the inhibitor ac-
commodated within the kinase domain of the enzyme, sup-
porting the hypothesis that this is the preferential binding site
for pyrazolo-pyrimidines.


In the next step, the binding mode of pyrazolo-pyrimidine
derivatives was further investigated by means of docking simu-
lations focused on the Abl kinase domain, following a compu-
tational protocol previously described (software GOLD).[7b]


However, to check for the ability of the software to appropri-
ately handle Abl inhibitors, docking simulations were first per-
formed on the co-crystallized inhibitors or substrate. As a
result, the best solution or the most populated cluster of
ligand conformations contained the experimental pose of each
co-crystallized inhibitor or ligand, with a minimal deviation of
its atomic coordinates. Having a reliable computational proto-
col in our hands, it was used to dock pyrazolo-pyrimidine into
the Abl kinase domain. For this purpose, and to take into ac-
count the structural variability of the binding site, the struc-
tures of the three Abl conformations reported above were
used.


Two principal orientations were found for pyrazolo-pyrimi-
dines within the ATP pocket of Abl, depending on the pres-
ence or not of an alkylthio substituent at C6 position of the
heterocyclic nucleus, according to results previously repor-
ted.[7b] Briefly, compounds lacking the substituent at C6
showed an interaction pathway similar to dasatinib, although
only a hydrogen bond with Met318 was found, whereas an ad-
ditional interaction between the hydroxy group of Thr315 and
the amino group at C4 of the ligands further stabilized their


complexes with Abl. Several hydrophobic contacts
with the pockets referred to as hydrophobic region I
(HRI, mainly constituted by Val256, Ala269, Lys271,
Met290, Val299, Ile313, Thr315, Leu370, and Phe382)
and hydrophobic region II (HRII, mainly constituted
by Leu248, Gly249, Tyr253, Gly321, and Phe317) were
also found.


In the alternative binding mode, the presence of
the alkylthio substituent at the C6 position induced a
reorientation of the pyrazolo-pyrimidine scaffold,
whereas side chains at N1 and C4 retained lipophilic
contacts with the hydrophobic regions of the
enzyme binding site. In comparison with the previ-


ous binding mode, only the hydrogen bond usually involving
the amino group of the C4 side chain and the carbonyl back-
bone of Met318 was maintained.


Compounds bearing a bulky substituent at C4 showed a hy-
drogen bond between the N2 of the pyrazolo-pyrimidine ring
and the NH backbone of Met318. However, in both cases, the
loss of a hydrogen bond was not associated with a decrease in
activity. In addition, it is worth noting that all the compounds
bearing a tertiary amino group at position 4 showed a
common orientation, independent from the presence or not of
a C6 substitution. Such an orientation, very similar to that ob-
served for compounds unsubstituted at position 6, resulted in
the loss of the hydrogen bonds previously described. These
observations further supported our hypothesis that the lack of
hydrogen bonds does not seem to have a significant effect on
activity. In fact, although hydrophobic interactions appeared to
be very important for the binding of pyrazolo-pyrimidine deriv-
atives to Abl kinase, hydrogen bond interactions did not
appear to play a fundamental role for the affinity of com-
pounds.[7b] This is in agreement with the fact that not only
compounds establishing a single hydrogen bond with the
target but also many of those whose binding is characterized
by no hydrogen bonds showed good inhibitory activity.


Docking simulations on inactive and Src-like inactive confor-
mations of Abl led to results which were difficult to interpret.
In fact, in both cases it was impossible to identify a preferential
binding mode, although contacts typical of STI-571 and ATP
were reproduced. Also in these cases, hydrophobic interactions
are mainly responsible for complex stabilization, instead of hy-
drogen bonds.


Generation of 3D QSAR models for Abl inhibitors


The 3D QSAR analysis was performed on the basis of the fol-
lowing steps: 1) data set collection, 2) structure-based align-
ment of molecules, 3) computation of molecular descriptors
and principal component analysis (PCA), 4) training and test
set selection, 5) variable selection, QSAR model generation,
and validation, and 6) PLS analysis of the final 3D QSAR model.


Data set collection


A series of 83 pyrazolo-pyrimidines were collected from our
previous studies on Abl inhibitors, along with their affinity


Scheme 3. Synthesis of compounds 89 and 90. Reagents and conditions: a) formamide,
190 8C, 8 h; b) POCl3/DMF, CHCl3, reflux, 12 h; c) method A: benzylamines, anhydrous tol-
uene, RT, 48 h.
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toward Abl (table S1 in the Supporting Information). Being
aware that such compounds may have low solubility,[14] we
have chosen to prune the original dataset of 83 entries by re-
moving compounds whose low solubility may have affected
the assessment of the activity toward Abl. Compounds with a
QPlog Po/w value (calculated with the software QikProp)[18]


lower than 6.5 (�2.0 and 6.5 define the range of log P values
reported for 95 % of known drugs)[18] were removed, leading to
a set of 68 entries (Table 1). These compounds share a
common structural pattern, consisting of a pyrazolo-pyrimidine
moiety with various functional groups at positions 1, 4, and 6,
and show affinity values toward Abl (expressed as inhibition
constants, Ki) ranging from 0.02 mm to higher than 50 mm (the
highest test concentration). Inactive compounds were arbitrari-
ly assigned a Ki value of 50 mm. Affinity values were trans-
formed into the corresponding �log Ki (pKi) for subsequent cal-
culations.


Structure-based alignment of molecules


Focused docking calculations (performed following the same
protocol as described above) were performed on the 68 com-
pounds to find the most profitable interaction pattern with the
binding site of the enzyme. As different binding modes were
found among the conformations suggested by GOLD, the
lowest energy docked conformation of the most populated
cluster was chosen to define the alignment rule for subse-
quent QSAR analysis.


Computation of molecular descriptors and principalACHTUNGTRENNUNGcomponent analysis


Ligands, aligned each other, were imported into GRID and in-
teraction energies between selected probes and each molecule
(molecular interaction fields, MIFs) were calculated using a grid
spacing of 1 �. Three probes were chosen to describe all the
molecules. The C3 probe, corresponding to a methyl group,
was used to account for steric contacts. The O probe (a sp2 car-
bonyl oxygen) was used as a hydrogen bond acceptor, and the
N1 probe (neutral flat NH, that is, amide) was used as a hydro-
gen bond donor. Interaction energy values at each grid point
were imported into the GOLPE software for a preliminary PCA.


Training and test set selection


The main components were then imported into Cerius2[19] soft-
ware. The selection of training set compounds was performed
taking into account both the structural features and activity
profile of the data set of 68 entries. In detail, we have tried to
maximize the structural diversity, described in the orthogonal
variables (principal components), keeping the original distribu-
tion profile of activity. As a result, 34 compounds were selected
as the training set, whereas the remaining 34 compounds con-
stituted the test set (Table 1). Compounds belonging to the
training and the test set appeared to be uniformly dispersed in
the descriptor space and in the activity distribution profile
(Figure 1).


Variable selection, QSAR model generation, and validation


The descriptor set of training set compounds was imported
into GOLPE. As many of the variables derived from the GRID
analysis do not contribute to the correlation between chemical
structure and biological activity (that is, they could be consid-
ered noise that decreases the quality of the model), they were
removed using the pretreatment tool of GOLPE (details on the
various steps of variable selection are reported in table S2 in
the Supporting Information).


Accordingly, starting from 39 168 variables describing the
training set compounds in the active form of the Abl binding
site, application of the preliminary pretreatment (absolute
values lower than 0.01 kcal mol�1 were set to zero, whereas
variables that exhibited only two values were removed) de-
creased the number of variables to 17 770. Moreover, the D-op-
timal pre-selection procedure was also applied once (using
50 % as reduction level and five components) to obtain the
most informative variables correlated with biological activity.
Each selection of variables was preceded by calculation of a
PLS model based only on the last selected variables. After D-
optimal variable pre-selection, the number of variables was fur-
ther decreased to 8885.


A smart region definition (SRD) algorithm was applied to
select and group the regions of variables of highest impor-
tance for the model. Groups were then used in the fractional
factorial design (FFD) procedure replacing the original varia-
bles. FFD selection was applied until no further statistical im-
provement was observed (two runs). As a result, the model ob-
tained from the reduced set of variables (1229) was character-
ized by a significant enhancement of the predictive power
with respect to the parent model generated on the entire set
of variables (Table 2). In fact, the validation procedure showed
an improved internal predictive ability (q2 = 0.90) for the final
model with five components, in comparison with the model
based on all the 39 168 variables (q2 = 0.52). This result allowed
us to conclude that many of the original variables generated
noise, instead of contributing to the robustness of the model.
Moreover, the predictive power of the model was assessed by
calculating affinity values for the test set compounds. As a
result, a good correlation was found (0.51 as standard devia-


Figure 1. Distribution of training (*) and test set (*) compounds in the de-
scriptor space.
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tion of error of predictions, SDEP) between experimental and
predicted activity values of the external set of compounds
(Table 2 and Figure 2).


The same computational protocol applied to compounds
aligned into the inactive and Src-like inactive conformations of
Abl did not result in any statistically significant 3D QSAR
model. For this reason, subsequent calculations were per-
formed only on the basis of Abl inhibitors aligned into the
active form of the kinase domain.


PLS analysis of the final 3D QSAR model


One important feature of 3D QSAR analysis is the graphical
representation of the model, which makes its interpretation
easier. Several options are available in GOLPE to display the
final model. Among these, PLS pseudo-coefficients are very
useful because they allow the visualization of favorable and
unfavorable interactions between the probes and the mole-
cules under study. For this reason, GRID plots of PLS pseudo-
coefficients were analyzed by means of GOLPE with the pur-
pose of getting a better understanding of the structure–activi-


ty relationships. Compounds 7 and 83 (showing the best activ-
ity toward Abl among the C6-unsubstituted and C6-substituted
pyrazolo-pyrimidines, respectively) were chosen as representa-
tive examples of the entire set of compounds to analyze plots
of PLS coefficients.


Contour maps for the C3 probe indicated sterically disfa-
vored and favored regions of space (magenta and yellow, re-
spectively). In particular, regions with higher positive values
corresponded to a profitable interaction between a molecular
substituent and the methyl probe, contributing to an improve-
ment in affinity. In contrast, the principal regions with negative
values corresponded to unfavorable interactions between a
substituent of the molecule and the methyl probe, contribu-
ting to a decrease in activity. Analysis of 7 embedded into the
C3 contour map showed HRI mainly contoured by favorable
regions (yellow dihedrals, Figure 3 A), whereas HRII was charac-
terized by favorable regions corresponding to the para posi-
tion of the terminal phenyl ring at the N1 side chain. In an at-
tempt to better fill such a region, compounds 89 and 90, bear-
ing a bromine atom at the para position of the N1 phenyl ring,
were synthesized and found to have a significantly different af-
finity. In particular, the high affinity of 90 (0.02 mm) was ac-
counted for by the fact that both the N1 and C4 substituents
occupied favorable regions, with the bromine matching HRII in
a region corresponding to the side chain of Tyr253 and the
m-F phenyl group lying within the yellow spheres close to HRI.
In contrast, the o-F substituent of 89 was found in proximity
to a forbidden part of HRI, near the Thr315 carbonyl group
(upper right portion of Figure 3 A), probably accounting for the
lower affinity (0.44 mm). Moreover, it is important to note that
an unfavorable region (magenta dihedrals, corresponding to
the carbonyl group of Gly254) was found in front of the C6 po-
sition, accounting for the fact that C6-substituted pyrazolo-pyr-
imidines adopted an alternative binding mode with respect to
the corresponding C6-unsubstituted analogues.


Accordingly, 83, characterized by a good affinity toward iso-
late Abl (0.10 mm), showed the alternative binding mode im-
posed by the presence of a C6 substituent, leading the N1 side
chain to be located within HRI, while the alkyl substituent at
C6 was accommodated within HRII (Figure 3 B). Analysis of the
methyl contour map showed two different favorable zones in
front of the C6 portion of the heterocyclic scaffold of C6-sub-
stituted compounds. One of them (corresponding to the side


Table 2. Statistical parameters of calculations leading to the final 3D QSAR model for Abl inhibitors based on the active conformation of the enzyme.


Training and Test Set Selection[a] GOLPE Software
PCA[b] First PLS[c] Last PLS[d] Prediction


on Test Set
Validation (LOO) Validation (LOO)


Components XVarExp Xaccum R2 SDEP q2 R2 SDEP q2 SDEP Ext


0 0.0000 0.9243 �0.0615 0.0000 0.9243 �0.0615 0.7491
1 18.0533 18.0533 0.6882 0.8263 0.1516 0.7193 0.7243 0.3482 0.6279
2 10.6689 28.7221 0.8956 0.6367 0.4963 0.9420 0.4211 0.7797 0.5639
3 8.4715 37.1936 0.9397 0.6541 0.4683 0.9712 0.3527 0.8455 0.5035
4 6.7509 43.9445 0.9694 0.6124 0.5340 0.9810 0.3142 0.8773 0.5073
5 4.6377 48.5821 0.9732 0.623 0.5178 0.9894 0.2850 0.8991 0.5142


[a] Cerius2 software. [b] 68 objects, 39 168 variables. [c] 34 objects, 39 168 variables. [d] 34 objects, 1229 variables.


Figure 2. Calculated (estimated and predicted) versus experimental affinity
of training (*) and test set (~) compounds.
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chains of Val256 and Leu248 and indicated with a long arrow
in Figure 3 B) was very close to the central core and suggested
that a small hydrophobic group in this position could give
active compounds. As an example, the C6 methyl derivative
91, whose methyl group perfectly filled the favorable contour,
had an affinity of 0.02 mm. The second region, (mainly corre-
sponding to the side chain of Tyr253 and indicated with a
short arrow in Figure 3 B) allowing for the presence of hydro-
phobic groups, is located in such a way to be matched by the
alkyl moiety of a thioalkyl substituent at C6. Among thioalkyl
substituents, cyclic moieties were suggested to have the opti-


mal shape and size properties to fit such a region, the cyclo-
pentyl (86 and 87) and cyclohexyl (88) derivatives being char-
acterized by good affinity values (0.06, 0.07, and 0.07 mm, re-
spectively). Also compounds bearing smaller substituents, such
as 84 and 85, had similar affinity values (0.09 and 0.06 mm, re-
spectively). On the other hand, an n-butyl chain causes a trans-
lation of the ligand within the binding site, even if the affinity
was maintained at low micromolar values in many cases (92–
96).


Moreover, the good affinity found for 93–94 (0.04 and
0.09 mm, respectively) seemed to depend on the fact that the


Figure 3. PLS coefficient plots obtained with the C3 [panels A) and B)] , N1 [panels C) and D)] , and O [panels E) and F)] probes, projected in the Abl–7 and
Abl–83 complexes, respectively. Favorable interactions (that is, an increase in pKi) between a substituent and the probe occur in yellow regions, whereas un-
favorable interactions (a decrease in pKi) between a substituent and the probe occur in magenta regions.
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meta position of the anilino
moiety at C4 is contoured by a
favorable region. Among com-
pounds bearing an unsubstitut-
ed phenyl ring at C4, lengthen-
ing the benzylamino side chain
of 95 to 96 did not significantly
influence affinity. Similarly, 86
and 87 showed comparable af-
finity. On the basis of these re-
sults, the size and shape of the
amino side chain at position 4
was worthy of further consider-
ation. In fact, although the linear
portion of the chain (corre-
sponding to the ethylenamino
or methylenamino spacer) was
accommodated in a region of space without any contact with
methyl contours, the phenyl ring was embedded in a narrow
groove between forbidden regions defined by carbonyl moiet-
ies of Thr319 and Tyr320. As a result, an interesting affinity was
found, in general, for the phenylethylamino, benzylamino, and
anilino derivatives with respect to compounds with bulkier
(five- and six-membered heterocyclic rings, such as pyrrolidine,
morpholine, and piperidine) substituents at C4. This finding
suggested that optimal substituents at position 4 should have
a planar shape, whereas cyclic amino substituents showed
steric hindrance, interacting with the magenta portion of the
methyl probe contour.


Contour maps generated with the N1 probe mimic the hy-
drogen bond donor interactions. It is interesting to note that
many of the positive maps (yellow) are positioned in the same
portion of space as found for the C3 probe, indicating that the
major effect of the N1 probe in these regions could be consid-
ered to be of steric nature. Analysis of the N1 contour map cal-
culated for 7 showed a favorable region between C3 and C4,
corresponding to the hydroxy terminus of Thr315 (Figure 3 C).
Such an interaction, common to many of the pyrazolo-pyrimi-
dines, could account for the lower affinity showed by com-
pounds unable to make a hydrogen bond contact with Thr315
(that is, 57). On the other hand, the C4 amino group of 83, lo-
cated in the proximity of a profitable region where the carbon-
yl group of Met318 is embedded, is found to interact by hy-
drogen bonds with the ligands (Figure 3 D).


The contribution of the O probe to the PLS model repre-
sents both the ability to accept hydrogen bond contacts and
to make steric interactions. In fact, similar to that found for the
N1 probe, some portions of the O probe maps occupy regions
of space similar to those previously identified with the C3
probe, suggesting that the O probe is also involved in steric in-
teractions. This probe does not discriminate for activity, even if
a zone of favorable interaction is in front of the N2 of the pyra-
zole ring, as was found for 7 (Figure 3 E). The same favorable
interaction pattern was found for 83, although with a different
orientation of the pyrazolo-pyrimidine scaffold (Figure 3 F).


The new synthesized molecules were then tested to assess
their effects on the proliferation of two Bcr–Abl-positive leuke-


mia cell lines (namely, K-562 and KU-812), in comparison with
PP2, chosen as the reference compound. As several of the new
compounds showed an improved activity with respect to
parent compounds previously described[7b,c] (Table 1), they
were submitted to additional biological assays in the same cell
lines. In particular, phosphorylation of Bcr–Abl was studied to
check if the antiproliferative effect of the selected compounds
toward each cell line was dependent on the inhibition of Bcr–
Abl activity. Compounds significantly decreased Bcr–Abl phos-
phorylation in K-562 cells (Figure 4 A), whereas the effect on
Bcr–Abl phosphorylation was lower in KU-812 cells relative to
K-562 cells (Figure 4 B). These results suggested that the effects
mediated by selected compounds on the proliferation of leu-
kemia cells were a consequence of the decrease in Bcr–Abl
kinase activity.


Selected compounds were also evaluated for their pro-apop-
totic activity on both cell lines by means of a poly-ADP-ribose
polymerase (PARP) assay. Compounds 89, 90, and 93 potently
induced apoptosis in K-562 cells (Figure 4 C), whereas 95
showed lower pro-apoptotic activity, even if higher than that
found for the control (DMSO). Analysis of pro-apoptotic activity
in KU-812 cells showed that 93 was the best apoptotic inducer
(Figure 4 D). On the basis of the ability to induce apoptosis in
both cell lines, the ratio between Bax mRNA and Bcl-xL mRNA
expression after 72 h incubation was also investigated (the
pro-apoptotic action of Bax is antagonized by Bcl-xL and this
ratio could help explain the molecular mechanism of apoptosis
induction). The compounds were able to increase the Bax/Bcl-
xL ratio in K-562 cells, confirming their induction, and 90 was
the best inducer (Figure 5 A). Moreover, the compounds also
caused an increase in the Bax/Bcl-xL ratio in KU-812 cells, with
respect to control (Figure 5 B).


Finally, the expression of the cyclin-dependent kinase inhibi-
tor p21 was also investigated because p21 expression is associ-
ated with cell growth inhibition. Exposure of both K-562 and
KU-812 cells to compounds for 72 h affected p21 mRNA ex-
pression. However, although all the test compounds were
good inducers of p21 in K-562 cells (Figure 5 C), 89 and 90
were the most active compounds in KU-812 cells (Figure 5 D).


Figure 4. Inhibition of Bcr–Abl phosphorylation [panels A) and B)] and pro-apoptotic effect [panels C) and D)] of
selected compounds on K-562 and KU-812 cells, respectively, measured after 72 h incubation. Values shown in
panels A) and B) indicate the percentage of phospho-Bcr–Abl over GAPDH, whereas values shown in panels C)
and D) indicate the percentage of cleaved over uncleaved PARP.
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These results confirmed the important role of the selected
compounds as inhibitors of cell proliferation.


Conclusions


A set of pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidine derivatives, along with their
affinity values toward isolated Abl tyrosine kinase, were used
to build 3D QSAR models based on structure-based alignments
of compounds into the enzyme active site. Alternative binding
modes for C6-substituted and unsubstituted compounds were
confirmed, as well as the importance of hydrophobic interac-
tions with respect to hydrogen bond contacts, as hypothesized
in our previous calculations.[7a] The sole model constructed on
the active conformation of Abl gave significant results in terms
of both internal and external predictivity. In fact, it was able to
estimate/predict the affinity of a very large number of inhibi-
tors differently decorated at positions N1, C4, and C6 of the
central core. Suggestions derived from analysis of PLS pseudo-
coefficients led to the synthesis of new derivatives, which were
found to have good affinity values toward the enzyme and fur-
ther validated the model itself. Additional biological assays
confirmed the important role of the selected compounds as in-
hibitors of cell proliferation in leukemia cells.


Experimental Section


Chemistry


Starting materials were purchased from Aldrich-Italia (Milan, Italy).
Melting points were determined with a B�chi 530 apparatus and
are uncorrected. IR spectra were measured with a PerkinElmer 398
spectrophotometer. 1H NMR spectra were recorded on a Varian
Gemini 200 (200 MHz) instrument. Chemical shifts are reported as
d (ppm) relative to (CH3)4Si as internal standard; J values are given
in Hz. 1H patterns are described with the following abbreviations:
s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sx =
sextet, m = multiplet, br = broad. All compounds were tested for
purity by TLC (Merck, silica gel 60 F254, CHCl3 as the eluent). Analy-
ses for C, H, N, S were within �0.3 % of the theoretical value. Syn-
thesis and analytical data of compounds 84 and 85 have been al-
ready reported.[15]


General procedure for the synthesis of 6-(alkylthio)-1-(2-hy-
droxy-2-phenylethyl)-1,5-dihydro-4H-pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidin-4-
ones 98 a–c. A mixture of 1-(2-hydroxy-2-phenylethyl)-6-thioxo-
1,5,6,7-tetrahydro-4H-pyrazolo ACHTUNGTRENNUNG[3,4-d]pyrimidin-4-one 97 (2.88 g,
10 mmol), the appropriate alkyl bromide (10.14 mmol) and anhy-
drous K2CO3 (1.38 g, 10 mmol) in anhydrous DMF (10 mL) was
stirred at RT for 24 h for 98a, 8 h for 98b, or at 80 8C for 15 h for
98c. The mixture was poured into cold H2O, the white solid was fil-


Figure 5. The pro-apoptotic response of A) K-562 and B) KU-812 cells after 72 h incubation. The expression of p21 mRNA in C) K-562 and D) KU-812 cells after
72 h exposure to compounds. The expression of Bax, Bcl-xL, and p21 mRNA was determined by qRT-PCR. Results are expressed as the mean �SEM of three
independent experiments. All values are expressed as fold increase relative to the expression of b-actin.
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tered, washed with H2O, and recrystallized from absolute EtOH to
afford 98a–c as white solids.


98 a. White powder (1.89 g, 55 %); mp: 173–174 8C; 1H NMR
(200 MHz, (CD3)2SO): d= 12.08 (br s, 1 H, NH disappears with D2O),
7.87 (s, 1 H, H-3), 7.26–7.02 (m, 5 H, Ar), 5.55 (d, 1 H, OH, disappears
with D2O), 5.04–4.90 (m, 1 H, CHOH), 4.38–4.14 (m, 2 H, CH2N), 3.04
(t, J = 7.2 Hz, 2 H, CH2S), 1.58 (quint, J = 7.2 Hz, 2 H, CH2CH2CH3),
1.35 (sx, J = 7.2 Hz, 2 H, CH2CH3), 0.85 ppm (t, J = 7.2, 3 H, CH3); IR
(KBr): ñ= 3500–3310 (NH+OH), 1697 cm�1 (CO); Anal. calcd for
C17H20N4O2S: C 59.28, H 5.85, N 16.27, S 9.31, found: C 59.22, H
6.05, N 16.31, S 9.15.


98 b. White powder (1.96 g, 55 %); mp: 213–214 8C; 1H NMR
(200 MHz, (CD3)2SO): d= 12.19 (br s, 1 H, NH disappears with D2O),
7.87 (s, 1 H, H-3), 7.28–7.03 (m, 5 H, Ar), 5.57 (d, 1 H, OH disappears
with D2O), 5.12–4.92 (m, 1 H, CHOH), 4.42–4.17 (m, 2 H, CH2N), 3.97–
3.76 (m, 1 H, CHS), 2.27–1.94 and 1.74–1.42 ppm (2 � m, 8 H, 4CH2


cyclopentyl) ; IR (KBr): ñ= 3150–2850 (NH+OH), 1703 cm�1 (CO);
Anal. calcd for C18H20N4O2S: C 60.65, H 5.66, N 15.72, S 9.00, found:
C 60.31, H 5.82, N 15.70, S 8.90.


98 c. White powder (1.78 g, 48 %); mp: 226–227 8C; 1H NMR
(200 MHz, (CD3)2SO): d= 12.22 (br s, 1 H, NH disappears with D2O),
7.90 (s, 1 H, H-3), 7.40–7.10 (m, 5 H, Ar), 5.60 (d, 1 H, OH disappears
with D2O), 5.22–5.00 (m, 1 H, CHOH), 4.39–4.20 (m, 2 H, CH2N), 3.99–
3.89 (m, 1 H, CHS), 1.85–1.30 ppm (m, 10 H, 5CH2 cyclohexyl) ; IR
(KBr): ñ= 3315–2930 (NH+OH), 1704 cm�1 (CO); Anal. calcd for
C19H22N4O2S: C 61.60, H 5.99, N 15.12, S 8.66, found: C 61.56, H
6.05, N 15.11, S 8.36.


General procedure for the synthesis of 6-(alkylthio)-4-chloro-1-
(2-chloro-2-phenylethyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-d]pyrimidines 99 a–c.
The Vilsmeier complex, previously prepared from POCl3 (1.53 g,
10 mmol) and anhydrous DMF (0.73 g, 10 mmol), was added to a
suspension of the appropriate compound 98 a–c (1 mmol) in CHCl3


(50 mL). The mixture was held at reflux for 8 h. The solution was
washed with H2O (2 � 20 mL), dried (MgSO4), filtered, and concen-
trated under reduced pressure. The crude oil was purified by
column chromatography (Florisil, 100–200 mesh) using Et2O as the
eluent, to afford the pure products 99 a–c as white solids.


99 a. White powder (0.31 g, 80 %); mp: 81–82 8C; 1H NMR (200 MHz,
CDCl3): d= 8.00 (s, 1 H, H-3), 7.32–7.10 (m, 5 H, Ar), 5.19–5.05 (m,
1 H, CHCl), 4.95–4.80 and 4.72–4.47 (2 � m, 2 H, CH2N), 3.09 (t, J =
7.2 Hz, 2 H, CH2S), 1.61 (quint, J = 7.2 Hz, 2 H, CH2CH2CH3), 1.40 (sx,
J = 7.2 Hz, 2 H, CH2CH3), 0.87 ppm (t, J = 7.2 Hz, 3 H, CH3); Anal.
calcd for C17H18N4Cl2S: C 53.55, H 4.76, N 14.69, S 8.41, found: C
53.74, H 4.90, N 14.61, S 8.33.


99 b. White powder (0.25 g, 63 %); mp: 70–71 8C; 1H NMR
(200 MHz, CDCl3): d= 7.94 (s, 1 H, H-3), 7.42–7.19 (m, 5 H, Ar), 5.50–
5.38 (m, 1 H, CHCl), 4.97–4.82 and 4.80–4.67 (2 � m, 2 H, CH2N),
4.07–3.93 (m, 1 H, CHS), 2.32–2.10 and 1.85–1.54 ppm (2 � m, 8 H,
4 CH2 cyclopentyl) ; Anal. calcd for C18H18N4Cl2S: C 54.96, H 4.61, N
14.24, S 8.15, found: C 54.83, H 4.60, N 14.20, S 8.00.


99 c. White powder (0.35 g, 86 %); mp: 77–78 8C; 1H NMR (200 MHz,
CDCl3): d= 7.72 (s, 1 H, H-3); 7.38–7.21 (m, 5 H, Ar), 5.35–5.25 (m,
1 H, CHCl), 4.84–4.64 and 4.62–4.58 (2 � m, 2 H, CH2N), 3.95–3.87 (m,
1 H, CHS), 1.82–1.32 ppm (m, 10 H, 5CH2 cyclohexyl) ; Anal. calcd for
C19H20N4Cl2S: C 56.02, H 4.95, N 13.75, S 7.87, found: C 56.31, H
4.90, N 13.90, S 7.85.


Synthesis of 1-(2-hydroxy-2-phenylethyl)-6-methyl-1,5-dihydro-
4H-pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidin-4-one 101. A solution of NaOEt [pre-
pared from Na (1.84 g, 80 mmol) and absolute EtOH (30 mL)] and


EtOAc (7.93 g, 90 mmol) were added to a solution of 5-amino-1-(2-
hydroxy-2-phenylethyl)-1H-pyrazole-4-carboxamide 100 (2.46 g,
10 mmol) in absolute EtOH (90 mL). The mixture was held at reflux
for 6 h. After cooling, ice-water was added, and the solution was
acidified with 3 % acetic acid. A solid precipitated that was filtered,
washed with H2O, and recrystallized from absolute EtOH to afford
compound 101 as a white solid (1.62 g, 60 %); mp: 253–254 8C;
1H NMR (200 MHz, (CD3)2SO): d= 11.91 (br s, 1 H, NH disappears
with D2O), 7.90 (s, 1 H, H-3), 7.30–7.10 (m, 5 H, Ar), 5.52 (br s, 1 H,
OH disappears with D2O), 5.06–4.92 (m, 1 H, CHOH), 4.42–4.27 and
4.20–4.07 (2 � m, 2 H, CH2N), 2.25 ppm (s, 3 H, CH3); IR (KBr): ñ=
3400–3150 (NH+OH), 1660 cm�1 (CO); Anal. calcd for C14H14N4O2 : C
62.21, H 5.22, N 20.73, found: C 62.20, H 5.26, N 20.99.


Synthesis of 4-chloro-(2-chloro-2-phenylethyl)-6-methyl-1H-
pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidine 102. The Vilsmeier complex, previously
prepared from POCl3 (4.60 g, 30 mmol) and anhydrous DMF
(2.20 g, 30 mmol), was added to a suspension of 1-(2-hydroxy-2-
phenylethyl)-6-methyl-1,5-dihydro-4H-pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidin-4-
one 101 (0.27 g, 1 mmol) in CHCl3 (10 mL). The mixture was held
at reflux for 12 h. The solution was washed with H2O (2 � 20 mL),
dried (MgSO4), filtered, and concentrated under reduced pressure.
The crude oil was purified by column chromatography (Florisil,
100–200 mesh), using Et2O as the eluent, to afford the product as
a yellow oil, which crystallized, standing in a refrigerator upon
adding a 1:1 mixture of Et2O/petroleum ether (PE) (bp: 40–60 8C),
as a white solid (0.21 g, 67 %); mp: 96–97 8C; 1H NMR (200 MHz,
CDCl3): d= 8.01 (s, 1 H, H-3), 7.41–7.16 (m, 5 H, Ar), 5.51–5.39 (m,
1 H, CHCl), 5.04–4.90 and 4.81–4.68 (2 � m, 2 H, CH2N), 2.69 ppm (s,
3 H, CH3); Anal. calcd for C14H12N4Cl2 : C 54.74, H 3.94, N 18.24,
found: C 54.54, H 4.15, N 18.06.


Synthesis of 1-[2-(4-bromophenyl)-2-hydroxyethyl]-1,5-dihydro-
4H-pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidin-4-one 104. A suspension of ethyl-5-
amino-1-[2-(4-bromophenyl)-2-hydroxyethyl]-1H-pyrazole-4-carbox-
ylate 103 (3.54 g, 10 mmol) in formamide (10 g, 333 mmol) was
heated at 190 8C for 8 h and then poured into H2O (300 mL). The
crude product was filtered and purified by dissolving in 2 m NaOH
(100 mL) and boiling with charcoal, followed by precipitation with
glacial acetic acid. The solid was filtered and recrystallized from ab-
solute EtOH to give compound 104 as a white solid (2.35 g, 70 %);
mp: 269–270 8C; 1H NMR (200 MHz, (CD3)2SO): d= 12.04 (br s, 1 H,
NH, disappears with D2O), 7.98 (s, 1 H, H-6), 7.94 (s, 1 H, H-3), 7.44–
7.31 and 7.21–7.07 (2 � m, 4 H, Ar), 5.68 (d, 1 H, OH, disappears with
D2O), 5.07–4.90 (m, 1 H, CHOH), 4.43–4.14 ppm (m, 2 H, CH2N); IR
(KBr): ñ= 3274 (NH), 2900–3100 (OH), 1694 cm�1 (CO); Anal. calcd
for C13H11N4O2Br: C 46.59, H 3.31, N 16.72, found: C 46.71, H 3.13, N
16.85.


Synthesis of 4-chloro-1-[2-chloro-2-(4-bromophenyl)ethyl]-1H-
pyrazoloACHTUNGTRENNUNG[3,4-d]pyrimidine 105. The Vilsmeier complex, previously
prepared from POCl3 (1.53 g, 10 mmol) and anhydrous DMF
(0.73 g, 10 mmol), was added to a suspension of 1-[2-(4-bromo-
phenyl)-2-hydroxyethyl]-1,5-dihydro-4H-pyrazolo ACHTUNGTRENNUNG[3,4-d]pyrimidin-4-
one 104 (335 mg, 1 mmol) in CHCl3 (50 mL). The mixture was held
at reflux for 12 h. The solution was washed with H2O (2 � 20 mL),
dried (MgSO4), filtered, and concentrated under reduced pressure.
The crude oil was purified by column chromatography (Florisil,
100–200 mesh) using Et2O as the eluent, to afford the product as a
yellow oil, which crystallized, standing in a refrigerator upon
adding a 1:1 mixture of Et2O/PE (bp: 40–60 8C), as a white solid
(0.26 g, 70 %); mp: 108–109 8C; 1H NMR (200 MHz, CDCl3): d= 8.74
(s, 1 H, H-6), 8.15 (s, 1 H, H-3), 7.46–7.35 and 7.30–7.24 (2 � m, 4 H,
Ar), 5.50–5.46 (m, 1 H, CHCl), 5.05–4.90 and 4.87–4.82 ppm (2 � m,
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2 H, CH2N); Anal. calcd for C13H9N4Cl2Br: C 41.97, H 2.44, N 15.06,
found: C 41.78, H 2.32, N 15.02.


General procedure for the synthesis of final compounds 86–96.
Method A : (86, 87, 89, 90, 92, 95, 96). The appropriate amine
(40 mmol) was added to a solution of the appropriate 4-chloro de-
rivative 99 a, 99 b, and 105 (10 mmol) in anhydrous toluene
(10 mL), and the mixture was stirred at RT for 48 h. The organic
phase was washed with H2O (2 � 10 mL), dried (MgSO4), filtered,
and concentrated under reduced pressure. The crude oil was crys-
tallized by adding a 1:1 mixture of Et2O/PE (bp: 40–60 8C).


86. White powder (4.31 g, 93 %); mp: 159–160 8C; 1H NMR
(200 MHz, CDCl3): d= 7.65 (s, 1 H, H-3), 7.44–7.14 (m, 10 H, Ar),
5.52–5.41 (m, 1 H, CHCl), 4.88–4.58 (m, 4 H, CH2N+CH2Ar), 4.10–3.92
(m, 1 H, SCH), 2.26–2.05 and 1.82–1.51 ppm (2 � m, 8 H, 4CH2 cyclo-
pentyl) ; IR (KBr): ñ= 3240 cm�1 (NH); Anal. calcd for C25H26N5ClS: C
64.71, H 5.65, N 15.09, S 6.91, found: C 64.63, H 5.81, N 15.13, S
7.00.


Method B : (88, 91, 93, 94). The appropriate aniline (20 mmol) was
added to a solution of the appropriate 4-chloro derivative 99 a,
99 c, and 102 (10 mmol) in absolute EtOH (10 mL), and the mixture
was held at reflux for 4 h. After cooling, the white solid was fil-
tered, washed with H2O, and recrystallized from absolute EtOH.


91. White powder (1.96 g, 54 %); mp: 220–221 8C; 1H NMR
(200 MHz, CDCl3): d= 11.06 (br s, 1 H, NH disappears with D2O),
7.62–7.19 (m, 10 H, Ar), 6.98 (s, 1 H, H-3), 5.39–5.26 (m, 1 H, CHCl),
4.97–4.79 and 4.70–4.47 (2 � m, 2 H, CH2N), 2.71 ppm (s, 3 H, CH3);
IR (KBr): ñ= 3150 cm�1 (NH); Anal. calcd for C20H18N5Cl: C 66.01, H
4.99, N 19.25, found: C 65.92, H 5.24, N 18.98.


H1 NMR and IR spectral data and elemental analysis data of final
compounds (87–90 and 92–96) are reported in the Supporting In-
formation.


Computational protocol


The three-dimensional structures of protein and ligands were pre-
pared for computational studies according to procedures previous-
ly described.[7a,b]


Blind docking calculations. Blind docking simulations were per-
formed by means of AutoDock 3.0.5.[20] Mass-centered grid maps
were generated with 0.49 � spacing by the AutoGrid program cov-
ering the whole protein target. The genetic algorithm (GA) was ap-
plied using default parameters. The number of generations was set
to 1 � 106, and the stopping criterion was defined by the total
number of energy evaluations. Starting structures of the selected
compounds were randomly defined to obtain totally unbiased re-
sults. The population of the GA was set to 500, the number of
trials was 300, and the number of energy evaluations was 10 � 106.


Focused docking calculations. Docking simulations and alignment
were performed according to procedures previously described[7b]


using GOLD 3.2 with the ChemScore scoring function. CHO_TYPE
parameter was set to SPECIAL.


Computation of molecular descriptors. The interaction energies
(molecular interaction fields, MIFs) were calculated with the C3, O
and N1 probes for each molecule of the dataset, using a grid suffi-
ciently large to accommodate all the aligned ligands in all direc-
tions (along x, y, and z axes), and a grid spacing of 1 �. The C3
probe, corresponding to a methyl group, was used to account for
steric contacts. The O probe (a sp2 carbonyl oxygen) was used as a


hydrogen bond acceptor, and the N1 probe (neutral flat NH, that
is, amide) was used as a hydrogen bond donor.


Training set selection. The selection of training set compounds
was performed taking into account both the structural features
and activity profile of the entire data set.[21] In detail, to maximize
the structural diversity and to maintain the original distribution
profile of affinity data, the training set was selected on the basis of
the simultaneous optimization of multiple properties of a subset of
compounds, which is a common concept in the field of library
design.[21] Selection of the training set was carried out by means of
the C2.LibProfile and C2.Diversity modules, implemented in
Cerius2.


Variable selection, QSAR model generation, and validation. De-
tails on the various steps conducted with GOLPE for variable selec-
tion are reported in table S2 in the Supporting Information.
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3D QSAR Models Built on Structure-
Based Alignments of Abl Tyrosine
Kinase Inhibitors


Quality QSAR : A combination of dock-
ing calculations and a statistical ap-
proach toward Abl inhibitors resulted in
a 3D QSAR model, the analysis of which
led to the identification of ligand por-
tions important for affinity. New com-
pounds designed on the basis of the
model were found to have very good
affinity for the target, providing further
validation of the model itself.


ChemMedChem 0000, 00, 1 – 13 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &13&


These are not the final page numbers! ��



www.chemmedchem.org






DOI: 10.1002/cmdc.200900072


Asborin: The Carbaborane Analogue of Aspirin


Matthias Scholz,[a] Kerstin Bensdorf,[b] Ronald Gust,[b] and Evamarie Hey-Hawkins*[a]


Aspirin, the acetyl ester of salicylic acid, was first discovered in
the late 1800s and became one of the most world-renowned
drugs. Its fame is rooted in its ability to treat a wide range of
symptoms such as fever, inflammation, and pain. Aspirin repre-
sents an advancement of the previously applied salicylic acid,
which was obtained from myrtle leaf decoction or willow bark
extract, but was found to be less active and to cause serious
gastrointestinal irritation.[1] Later on, other chemical modifica-
tions of aspirin were investigated with the aim of improving its
pharmacological profile. The influence of additional substitu-
ents on the phenyl ring and modification of the acetoxy and
carboxy groups were studied,[2] and even the phenyl core of
aspirin was replaced by the organometallic ferrocene moiety.[3]


However, none of these derivatives could substitute for aspirin.
We have now modified aspirin by replacing the phenyl ring
with a three-dimensional and highly hydrophobic carbaborane
cluster.


Carbaboranes are already known in medicinal chemistry as
phenyl group mimetics, and analogues of tamoxifen,[4] trime-
thoprim,[5] and transthyretin amyloidosis inhibitors derived
from flufenamic acid and diflunisal,[6] two nonsteroidal anti-in-
flammatory drugs (NSAIDs), have been presented.


The focal point of our research was a high-yield synthesis of
asborin, the carbaborane analogue of aspirin, and the study of
its pharmacological behavior. Asborin is obtained in three
steps (Scheme 1) starting from ortho-dicarba-closo-dodecabor-
ane(12) (1). In the first step one of the carbaborane carbon
atoms is hydroxylated according to a protocol described by
Endo and co-workers.[7] The monolithiated carbaborane is
treated with trimethyl borate to give a carbaboranyl boronic
ester in situ. The ester is then oxidized with peracetic acid. The
second step is carboxylation of the second cluster carbon
atom. Both the OH proton and the remaining carbaborane CH
proton of 2 can be removed with n-butyllithium, and reaction
of the resulting dilithium salt with gaseous carbon dioxide
gives 1-hydroxy-1,2-dicarba-closo-dodecaborane(12)-2-carboxyl-
ic acid (3) in greater than 99 % yield after acidic workup. Com-
pound 3, with an ortho arrangement of hydroxy and carboxy
groups, is the carbaborane analogue of salicylic acid. Finally, 1-
acetoxy-1,2-dicarba-closo-dodecaborane(12)-2-carboxylic acid
(asborin, 4) is obtained quantitatively simply by stirring 3 in
acetyl chloride. The use of acetyl chloride rather than acetic an-
hydride is advantageous, as it can easily be removed under re-


duced pressure due to its lower boiling point of 52 8C. Crystals
of 4 suitable for X-ray crystallography (Figure 1) were obtained
from chloroform; hydrogen-bonded dimers are formed via the
carboxy groups.


Asborin, with its hydrophobic cluster framework and hydro-
philic carboxy group, is remarkably amphiphilic: It dissolves in
water and nonpolar organic solvents.


Aspirin is one of the smallest members of the NSAID family.
These compounds are structurally very diverse, but all of them
are capable of inhibiting cyclooxygenase (COX). These enzymes


Scheme 1. Synthesis of asborin (4): a) according to reference [7] ; b) nBuLi,
Et2O, 0 8C!RT; c) CO2, RT; d) HCl, RT, >99 %; e) CH3COCl, RT, >99 %.


Figure 1. ORTEP of asborin (4) with BH protons omitted for clarity ; thermal
ellipsoids are drawn at 50 % probability.
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catalyze the conversion of arachidonic acid to prostaglandin H2


(PGH2), the key compound in the prostanoid system. COX itself
is present in different isoforms, of which COX-1 and COX-2 are
the best scrutinized.[8] The pharmacological action of aspirin is
unique among the NSAIDs, as it modifies the enzymes cova-
lently by acetylating an active site serine residue.[1, 9] When the
serine residue is acetylated, PGH2 cannot be formed, and the
synthesis of all further prostaglandins, prostacyclins, and
thromboxanes is blocked.


COX inhibition can generally be studied by using different
assay systems. Free enzyme preparations are normally applied
first to identify the presence of any inhibition. Analyses using
cell systems or whole-blood samples are then used to test the
compounds in a more complex environment. Animal models in
vitro finalize the preclinical testing.


In our case, preliminary investigations at a high inhibitor
concentration were initially carried out. An enzyme-linked im-
munosorbent assay (ELISA)-based COX inhibitor screen with
the free enzymes of both COX-1 and COX-2 was used to deter-
mine whether asborin shows COX inhibition and isoform selec-
tivity. At an asborin concentration of 500 mm, COX-1 is about
50 % inhibited; COX-2 activity is also decreased by the lesser
extent of 28 %. Therefore, asborin is, like aspirin, capable of in-
hibiting COX enzymes. By showing higher inhibition potency
toward COX-1, asborin also reveals the same trend in isoform
selectivity as aspirin, which is, in both cases, not very pro-
nounced.[10] With respect to the free enzyme system, asborin is
slightly less active than aspirin, but the behavior in a whole-
blood or cell-based assay is expected to be different. Because
the enzyme entrance in living systems is buried in the mem-
brane interior,[11] the more hydrophobic cluster compound may
be advantageous. Complete IC50 determinations and studies
on the mechanism of COX inhibition as well as biodistribution
and biodegradation are underway.


Experimental Section


All reactions were carried out under N2 atmosphere by using stan-
dard Schlenk techniques. The solvents were purified by an SPS-800
Series solvent purification system. Compound 1 was donated by
INEOS (A. N. Nesmeyanov Institute of Organoelement Compounds,
Russian Academy of Science, Moscow, Russian Federation). Com-
pound 2 was synthesized according to reference [7]. Trimethylbo-
rate and acetyl chloride were distilled under N2 before use. All
other chemicals were used as purchased. IR spectra were recorded
on a PerkinElmer System 2000 FTIR spectrometer using a KBr disk.
1H, 13C, and 11B NMR spectra were recorded on an AVANCE DRX 400
spectrometer (Bruker). Chemical shifts for the 1H, 13C, and 11B NMR
spectra are reported in ppm at 400.13, 100.63, and 128.38 MHz, re-
spectively, with tetramethylsilane as standard for the first two and
BF3ACHTUNGTRENNUNG(OEt2) as external standard for the latter. MS data were recorded
on an FTICR MS Bruker-Daltonics ESI mass spectrometer (APEX II,
7 T). Elemental analyses were carried out on a Vario EL instrument
(Heraeus). Melting points were determined in capillaries (Gallen-
kamp). Crystals for molecular structure determination were grown
at room temperature. Crystallographic data for 4 were collected on
a CCD Oxford Xcalibur S diffractometer (l ACHTUNGTRENNUNG(MoKa) = 0.71073 �) in w


and f scan mode. Semi-empirical from equivalents absorption cor-
rections were carried out with SCALE3 ABSPACK and the structure


was solved with direct methods.[12, 13] Structure refinement was car-
ried out with SHELXL-97.[14] All non-hydrogen atoms were refined
anisotropically, all H atoms were located on difference Fourier
maps and refined freely. A commercially available COX inhibitor
screening assay from Cayman Chemical (Catalog No. 560131) was
applied for preliminary activity and selectivity investigations. The
absorption at 415 nm was measured using a Flashscan Analytik
S12 (Jena AG).


3 : 1-Hydroxy-1,2-dicarba-closo-dodecaborane(12) (0.73 g,
4.56 mmol) was dissolved in Et2O (50 mL) and treated with nBuLi in
n-hexane (3.6 mL, 2.7 m, 9.71 mmol, 2.13 equiv) at 0 8C. The mixture
was stirred for 1 h at 0 8C and an additional 30 min at room tem-
perature. Dry CO2 was then bubbled through the reaction mixture
for 1 h at room temperature. Evaporation of the solvent in vacuo
gave a white solid. Aqueous HCl (30 mL, 1 m) was added to the
solid. The suspension was then extracted with Et2O (4 � 30 mL). The
combined ethereal layers were dried over MgSO4 and concentrated
in vacuo to yield a white crystalline solid. Yield of 3 : 0.93 g (>
99 %); elemental analysis calcd (%) for C3B10H12O3: C 17.64, H 5.92;
found: C 17.36, H 5.77; mp: 205–208 8C; ESIMS(�) (CH3OH): m/z
(%): 202.9 (100) [M�H]� , 159.0 (31) [M�COOH]� ; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d= 3.14–1.20 ppm (vbr m, 10 H, C2B10H10) (the
value for the acidic protons is concentration dependent); 11B NMR
(128 MHz, CDCl3, 25 8C, TMS): d=�3.0 (d, 1J(B,H) = 141 Hz, 1 B,
C2B10H10), �9.8 (d, 1J(B,H) = 141 Hz, 2 B, C2B10H10), �11.3 (d, 1J(B,H) =
154 Hz, 3 B, C2B10H10), �12.4 ppm (d, 1J(B,H) = 141 Hz, 4 B, C2B10H10);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d= 165.8 (s, COOH), 101.2 (s,
CclusterO), 70.0 (s, Ccluster-COOH); IR (KBr): ñ= 3416 (m, nACHTUNGTRENNUNG(O�H)), 2964
(m), 2590 (s, nACHTUNGTRENNUNG(B�H)), 1724 (s, n ACHTUNGTRENNUNG(COO)), 1702 (s, nACHTUNGTRENNUNG(COO)), 1431 (m),
1416 (m), 1383 (m), 1268 (s, n(Ccluster�O)), 1136 (w), 1098 (w), 1018
(m), 948 (w), 861 (w), 815 (w), 737 (w), 721 (m), 662 (w), 611 (w),
583 (w) 522 (w) 462 cm�1 (w).


4 : 1-Hydroxy-1,2-dicarba-closo-dodecaborane(12)-2-carboxylic acid
(0.28 g, 1.37 mmol) was dissolved in acetyl chloride (10 mL) and
stirred for 3 h at room temperature. The conversion is quantitative.
4 is obtained as a white solid after removal of the solvent. Yield:
0.34 g (>99 %); elemental analysis calcd for C5B10H14O4: C 24.38, H
5.73; found: C 24.68, H 5.68 %; mp: 146 8C; ESIMS(�) (CH3OH/
CHCl3): m/z : 492.1 (54) [2 M�H]� , 245.0 (52) [M�H]� , 236.1 (25)
[2 M�B]� , 201.0 (42) [M�COOH]� , 159.0 (100) [M�COO�CH3CO]� ,
(different fragments are observed when using different solvents) ;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d= 3.68–1.48 (vbr m, 10 H,
C2B10H10), 2.11 (s, 3 H, CH3) (the value for the acidic proton is con-
centration dependent); 11B NMR (128 MHz, CDCl3, 25 8C, TMS): d=
�3.0 (d, 1J(B,H) = 154 Hz, 1 B, C2B10H10), �7.9 (d, 1J(B,H) = 154 Hz, 1 B,
C2B10H10), �11.4 (d, 4 B, C2B10H10), �12.0 ppm (d, 4 B, C2B10H10, 1J(B,H)


could not be resolved for the last signals, and due to the broad
signals the number of boron atoms could not be determined un-
ambiguously) ; 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d= 165.1 (s,
COOH), 161.5 (s, COOR), 95.1 (s, CclusterO), 73.3 (s, Ccluster-COOH),
21.0 ppm (t, 1J(C,H) = 131 Hz, CH3); IR (KBr): ñ= 3439 (w, nACHTUNGTRENNUNG(O�H)),
2987 (m), 2851 (m), 2638–2565 (s, n ACHTUNGTRENNUNG(B�H)), 1805 (s, nACHTUNGTRENNUNG(C=O)), 1736
(s, nACHTUNGTRENNUNG(COOH)), 1420 (s), 1368 (s), 1281 (s), 1212 (w), 1159 (s), 1032
(m), 1019 (s), 940 (w), 925 (w), 888 (w), 860 (m), 849 (w), 793 (w),
721 (w), 698 (w), 670 (w), 648 (w), 613 (w), 522 (w), 470 cm�1 (w).


Structural data for 4 obtained from CHCl3 : C5H14B10O4, Mr = 246.26,
triclinic, space group P1̄, a = 690.6(3), b = 968.1(4), c = 1029.4(4) pm,
a= 76.62(3), b= 74.94(4), g= 74.05(4)8, V = 0.6294(4) nm3, Z = 2,
1calcd = 1.299 Mg m�3, m= 0.083 mm�1, 2.77<q<30.508, R = 0.0574,
wR = 0.1593. The measured crystal revealed a minor twin compo-
nent of 18 %, which was, however, not included in the structure so-
lution and refinement.
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CCDC 08994 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


The COX inhibition of asborin was tested at a final concentration
of 500 mm twice and in duplicates according to the instruction
manual. COX-1 and COX-2 were inhibited by 49�5 % and 28�
11 %, respectively.


Acknowledgements


The authors thank Prof. Dr. A. G. Beck-Sickinger for helpful discus-
sions and Dr. P. Lçnnecke for advice concerning the crystallo-
graphic data. M.S. thanks the Studienstiftung des Deutschen
Volkes for a PhD grant. This work was supported by Deutsche
Forschungsgemeinschaft within the Graduate School BuildMoNa.
These results were presented at IMEBORON XIII in Girona, Spain
(September 2008).


Keywords: aspirin analogues · carbaboranes · cluster
compounds · drug design · inhibitors


[1] J. R. Vane, R. J. Flower, R. M. Botting, Stroke 1990, 21 (12 Suppl.), IV 12.
[2] a) J. J. Killackey, B. A. Killackey, I. Cerskus, R. B. Philp, Inflammation 1984,


8, 157; b) S. E. Massil, G. Y. Shi, I. M. Klotz, J. Pharm. Sci. 1984, 73, 1851;
c) P. J. Loll, C. T. Sharkey, S. J. O’Connor, C. M. Dooley, E. O’Brien, M. De-


vocelle, K. B. Nolan, B. S. Selinsky, D. J. Fitzgerald, Mol. Pharmacol. 2001,
60, 1407; d) H. S. Moon, S. I. Nam, S. D. Kim, D. Kim, B. J. Gwag, Y. A. Lee,
S. H. Yoon, J. Pharm. Pharmacol. 2002, 54, 935.


[3] R. Epton, G. Marr, G. K. Rogers, J. Organomet. Chem. 1976, 110, C42.
[4] J. F. Valliant, P. Schaffer, K. A. Stephenson, J. F. Britten, J. Org. Chem.


2002, 67, 383.
[5] R. C. Reynolds, S. R. Campbell, R. G. Fairchild, R. L. Kisliuk, P. L. Micca,


S. F. Queener, J. M. Riordan, W. D. Sedwick, W. R. Waud, A. K. Leung,
R. W. Dixon, W. J. Suling, D. W. Borhani, J. Med. Chem. 2007, 50, 3283.


[6] R. L. Julius, O. K. Farha, J. Chiang, L. J. Perry, M. F. Hawthorne, Proc. Natl.
Acad. Sci. USA 2007, 104, 4808.


[7] K. Ohta, T. Goto, H. Yamazaki, F. Pichierri, Y. Endo, Inorg. Chem. 2007, 46,
3966.


[8] a) R. J. Flower, Nat. Rev. Drug Discovery 2003, 2, 179; b) B. Hinz, K. Brune,
J. Pharmacol. Exp. Ther. 2002, 300, 367.


[9] a) G. P. Hochgesang, Jr. , S. W. Rowlinson, L. J. Marnett, J. Am. Chem. Soc.
2000, 122, 6514; b) M. Lecomte, O. Laneuville, C. Ji, D. L. DeWitt, W. L.
Smith, J. Biol. Chem. 1994, 269, 13 207.


[10] M. V. R. Reddy, M. R. Mallireddigari, V. R. Pallela, P. Venkatapuram, R. Boo-
minathan, S. C. Bell, E. P. Reddy, Bioorg. Med. Chem. 2005, 13, 1715.


[11] K. H. Ruan, Mini-Rev. Med. Chem. 2004, 4, 639.
[12] SCALE3 ABSPACK: Empirical absorption correction, CrysAlis Software


package, Oxford Diffraction Ltd. , Oxford (UK) 2006.
[13] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J. Appl. Crystal-


logr. 1993, 26, 343–350.
[14] G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal Struc-


tures, University of Gçttingen, Gçttingen (Germany) 1997.


Received: February 23, 2009


Published online on && &&, 2009


ChemMedChem 0000, 00, 1 – 3 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &3&


These are not the final page numbers! ��



http://dx.doi.org/10.1007/BF00916091

http://dx.doi.org/10.1007/BF00916091

http://dx.doi.org/10.1002/jps.2600731255

http://dx.doi.org/10.1211/002235702760089054

http://dx.doi.org/10.1016/S0022-328X(00)89702-8

http://dx.doi.org/10.1021/jo0158229

http://dx.doi.org/10.1021/jo0158229

http://dx.doi.org/10.1021/jm0701977

http://dx.doi.org/10.1073/pnas.0700316104

http://dx.doi.org/10.1073/pnas.0700316104

http://dx.doi.org/10.1021/ic062025q

http://dx.doi.org/10.1021/ic062025q

http://dx.doi.org/10.1124/jpet.300.2.367

http://dx.doi.org/10.1021/ja0003932

http://dx.doi.org/10.1021/ja0003932

http://dx.doi.org/10.1016/j.bmc.2004.12.005

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

www.chemmedchem.org





COMMUNICATIONS


M. Scholz, K. Bensdorf, R. Gust,
E. Hey-Hawkins*


&& –&&


Asborin: The Carbaborane Analogue
of Aspirin


Asborin, the carbaborane analogue of
aspirin, was obtained by a high-yield
synthetic procedure and proved to be
an active cyclooxygenase (COX) inhibi-
tor (H: white, B: beige, C: gray, O: blue).
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Combinatorial Library Synthesis and Biological Evaluation
Pyrazolo ACHTUNGTRENNUNG[4,3-e]ACHTUNGTRENNUNG[1,4]diazepine as a Potential Privileged Structure


Ju-Yeon Lee and Yong-Chul Kim*[a]


Combinatorial chemistry is increasingly used in the drug dis-
covery process to identify new lead structures. A crucial goal is
to find scaffolds that represent classes of molecules capable of
binding to multiple receptors with high affinity, termed “privi-
leged structures”. The first such structures were the 1,4-benzo-
diazepin-2-ones 1, which bind to a broad range of drug tar-
gets.[1] Since then, many other privileged structures have been
identified.[2–5] Analysis of a prototypical privileged structure,
the benzodiazepine scaffold, showed that the conformation ef-
fectively mimicked that of b-turns.[6]


Since the discovery of the benzodiazepines, many modified
derivatives, displaying a wide pharmacological spectrum, have
been developed. Much attention has been paid to the replace-
ment of the fused benzene ring by a heterocyclic ring
system.[7–9] Following the discovery of the pyrazolodiazepines
2, the anxiolytic and central nervous system (CNS) effects of
heterocyclodiazepines have been compared with those of ben-
zodiazepines.[9] Recently, Carpino and co-workers disclosed the
CB1 cannabinoid receptor antagonism by pyrazolodiazepine-8-
one.[10] When diazepines fused to thiophenes, imidazoles, pyra-
zines, pyrroles and isoxazoles were tested, the general struc-
ture–activity relationship (SAR) patterns of benzodiazepinones
were most similar to those of the pyrazolodiazepine series.[11]


Although some pyrazolodiazepine derivatives have been syn-
thesized,[12–15] the evaluation of diverse structural analogues
against different target proteins is lacking. Herein, we report
the combinatorial synthesis, biological evaluation and analysis
of the pyrazolodiazepine skeleton to determine whether this
core structure possesses the properties of a privileged struc-
ture,[16] applying the b-turn mimicking concept of tetrahydro-
1,4-pyrazolodiazepin-8-one (3)[17, 18] .


We designed an efficient solution phase synthetic route to
tetrahydro-1,4-pyrazolodiazepin-8-one (3) with three major
points of diversity, generating a library of 146 compounds. The
idea of positioning appropriate diversity points in the pyrazolo-
diazepine skeleton was obtained from a computational analysis
using a semiempirical calculation[19] for the low-energy con-
formers of several pyrazolodiazepine structures (Figure 1).


Computational analysis was performed using the CAChe pro-
gram (BioMedCAChe Version 5.0, CAChe Scientific, Inc.). The
low energy conformer of the pyrazolodiazepine skeleton was
obtained by optimizing the geometric calculation in MOPAC
using PM3 parameters. Based on an analysis of the ideal dis-
tance between Ca atoms of b-turn structures,[18, 20] we selected
the tetrahydro-1,4-pyrazolodiazepin-8-one (3) scaffold, which
allows the introduction of substituents at key positions while
maintaining the triangular geometries delineated by each pair
of Ca atoms among various b-turn types. As shown in
Figure 1, the distance between the positions to be substituted
can be matched by the ideal distance between Ca atoms of
each b-turn moiety.


The method we used to synthesize tetrahydro-1,4-pyrazolo-
diazepin-8-one (3) is depicted in Scheme 1. The carboxylic acid
group of commercially available 4-nitro-1H-pyrazole-3-carboxyl-
ic acid (4) was esterified under acid-catalyzed conditions to
enable subsequent alkylation reactions. The N-2 position (R1)
of the pyrazole ring was alkylated with three building blocks,
which can interact both hydrophobically and ionically. Al-
though two isomers (6 and 7) are commonly synthesized


Figure 1. Tetrahydropyrazolo ACHTUNGTRENNUNG[4,3-e] ACHTUNGTRENNUNG[1,4]diazepin-8-one scaffold and distance
analysis (in �).


[a] J.-Y. Lee, Prof. Dr. Y.-C. Kim
Research Center for Biomolecular Nanotechnology
Department of Life Science
Gwangju Institute of Science and Technology (GIST)
1 Oryong-dong, Buk-gu, Gwangju 500-712 (Republic of Korea)
Fax: (+ 82) 62-970-2484
E-mail : yongchul@gist.ac.kr


Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.200800453.
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under these conditions, the N-2 regioisomers 7 were predomi-
nantly produced in the presence of NaH.[21] The ester group
was cleaved using NaOH in MeOH (1 m) to give the free acid,
which was then coupled with l-Ser esters and d-Phe esters
(compound 8). The aryl nitro group was reduced by catalytic
hydrogenation to give compound 9. Conversion of the ester to
the aldehyde by DIBALH facilitated intramolecular cyclization
with the reversible formation of an imine 11, which was con-
verted to the tetrahydro-1,4-pyrazolodiazepin-8(2H)-one scaf-
fold 12 using a standard reducing agent.


The resulting six compounds (12) were derivatized at the
N-1 position (R3) of the diazepine ring with a variety of build-
ing blocks[22] by parallel solution-phase synthesis to generate a
diverse compound library, using an 8-channel parallel synthe-
sizer (Scheme 2). The building blocks were chosen for their hy-
drophobic, electron donating (alkyl), electron withdrawing
(acyl), H bond accepting (heterocycle), and electrophilic


(acryloyl) groups including struc-
tural motifs seen in MC4 ago-
nists (e.g. , phenethyl, piperidine,
naphthyl, and benzo[d]-ACHTUNGTRENNUNG[1,3]dioxole-5-carbonyl, etc).[23]


These groups were expected to
be diverse pharmacophores as
well as modifiers of the electron-
ic, steric and lipo/hydrophilic
features of the scaffold itself.
Generally, small acid chloride
building blocks reacted with
both the secondary amines and
amide NH groups, thus yielding
diacylated products.[24] The
building blocks with halide func-
tional groups were introduced
exclusively at the secondary
amines in high yields. A parallel
reductive alkylation with alde-
hyde functionality (group w) was


also investigated but the reactivity or susceptibility to library
synthesis could not surpass those of alkylation using halide
and acid chloride. Derivatives containing tert-butoxy and Boc
groups in the serine side chain (R2) and a piperidine group (R1)


were deprotected by TFA to
yield free OH and NH groups to
allow additional interactions
with biological targets. After the
parallel synthesis of compounds
13 from tetrahydro-1,4-pyrazolo-
diazepin-8(2H)-ones 12 with di-
versity at the N-1 position of the
diazepinone, including five dif-
ferent R1 and R2 combinations,
purification steps including par-
allel work up, parallel evapora-
tion by GenvacTM centrifugal
evaporator, and parallel chroma-
tography using a Quad3TM purifi-
cation system gave a library con-
taining 146 final compounds.
The purified library compounds


Scheme 1. General synthesis of 6,2-substituted tetrahydropyrazolo ACHTUNGTRENNUNG[4,3-e] ACHTUNGTRENNUNG[1,4]diazepin-8(2H)-ones. Reagents and
conditions : a) CH3OH, AcCl, 24 h, 95 %; b) A/B/C, NaH, DMF, 12 h, 65–84 %; c) NaOH in MeOH (1 m), 1 h, >98 %;
d) l-Ser ACHTUNGTRENNUNG(tBu)-methyl ester (a) or d-Phe-methyl ester (b), EDC, HOBt, TEA, CH2Cl2, 8 h, 78 %; e) Pd/C, H2, MeOH, 4 h,
98 %; f) DIBALH, toluene, 3 h, 60–70 %; g) NaBH ACHTUNGTRENNUNG(OAc)3, AcOH (1 %), CH2Cl2, 55–60 %.


Scheme 2. Solution phase parallel library synthesis. Reagents and conditions :
a) 1. R3Cl (c–o), TEA, CH2Cl2, 1 h, 85–90 %; 2. R3X (p–u), NaH, THF, 8 h, 75–
80 %; 3. Benzaldehyde (v), NaBHACHTUNGTRENNUNG(OAc)3, 1 % AcOH, CH2Cl2, 12 h, 55 %.
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were randomly characterized by 1H NMR and ESI and MALDI
Mass.


To evaluate the pyrazolodiazepine scaffold as a privileged
structure these compounds were evaluated against three dif-
ferent drug targets: P2X7 receptor (ion channel), b-secretase
(protease), and melanocortin 4 receptor (GPCR). These three
targets are representative proteins currently being targeted in
drug discovery and development.


The P2X7 receptors, a family of ligand-gated ion channels ac-
tivated by ATP,[25] are expressed in the periphery of cells of the
immune system, such as macrophages and epidermal Langer-
hans cells.[26] Activation of the ATP-sensitive P2X7 receptor stim-
ulates cation influx[27] and the release of inflammatory cyto-
kines such as interleukin 1b (IL-1b) by macrophages.[28] Thus,
this receptor is regarded as a regulator of inflammation, and
P2X7 receptor antagonists are actively being investigated as
new anti-inflammatory agents, especially for rheumatoid arthri-
tis,[29] inflammatory bowel disease,[30] and chronic obstructive
pulmonary disease.[31]


b-Secretase (BACE-1) is a key proteolytic enzyme involved in
the N-terminal processing of an integral membrane protein
known as amyloid precursor protein (APP) to form amyloid b


(Ab) peptide.[32] The Ab is aggregated into neuritic plaques,
which are found in the brains of patients with Alzheimer’s dis-
ease (AD).[33] Therefore, inhibitors of BACE-1-mediated APP pro-
teolysis are being developed for the treatment and prevention
of AD.


Melanocortin-4 receptor (MC4R), a G-protein-coupled recep-
tor (GPCR) activated by peptide agonists, is a therapeutic
target for obesity ; targeted disruption of MC4R in mice was
found to result in severely obese and hyperphagic animals.[34]


Since the determination of the
minimal active sequence of the
endogenous agonist, melano-
cyte stimulating hormone
(MSH),[35] many SAR and confor-
mational studies have explored
the b-turn structural feature of
MSH.[36]


Using a cell-based screening
system, all library compounds
were tested against the three
target proteins and the results
of the positive compounds are
summarized in Table 1. The full
results of screening of all com-
pounds are described in the
Supporting Information.


Antagonistic activity against
human (h) P2X7 receptor was as-
sessed by an ethidium+ accumu-
lation assay[37] using HEK293
cells stably transfected with
cDNA encoding the hP2X7 re-
ceptor. KN-62 (1-(N,O-bis(1,5-iso-
quinolinesulfonyl)-N-methyl-l-ty-
rosyl)-4-phenylpiperazine),[38] a


potent and specific noncompetitive antagonist of the hP2X7 re-
ceptor, was used as a positive control. Among the 146 tested
derivatives, six compounds had a greater than 50 % inhibitory
effect at 10 mm against the cytolytic pore formation of hP2X7


receptors induced by 2’,3’-(4-benzoyl-benzoyl)-ATP (BzATP)
(Table 1). The antagonistic properties of these six hit com-
pounds enabled an initial analysis of the SAR of a novel series
of tetrahydro-1,4-pyrazolodiazepin-8(2H)-one compounds
against the hP2X7 receptor. Bulky or hydrophobic groups at
the R2 position enhanced antagonistic potency, as exemplified
by compounds 13 Aa’u, 13 Aau and 13 Cbe (CH2OH<
CH2tOBu<CH2Ph). Relatively small groups are better tolerated
at the R3 position, as seen when compounds 13Aau and
13Aac (thiophene carbonyl vs 4-phenyl benzyl) and 13 Cbe
and 13 Cbl (cyclopropane carbonyl and benzo[d] ACHTUNGTRENNUNG[1,3]dioxole-5-
carbonyl) are compared. A Boc-piperidine ethyl group at R1


gave a better IC50 value than the phenethyl group (see 13 Cbl
and 13 Cbe vs 13 Aac, 13 Aao, 13 Aa’u, and 13 Aau). Further-
more, an energy-minimized conformer of the pyrazolodiaze-
pine skeleton was able to append an appropriate substituent,
in a similar fashion to that of KN62, as shown by the superim-
position of the two structures (Figure 2).


The pyrazolodiazepine derivatives were also tested for their
ability to inhibit BACE-1 as determined by a secreted alkaline
phosphatase (SEAP) activity assay using HEK293 cells stably
transfected with a mutant form of APP containing alkaline
phosphatase and a BACE-1 cleavage site. Compounds 13 Bbs,
13 Aau and 13 Ban displayed >50 % inhibitory effect at 10 mm.
Interestingly, 13 Aau showed a dual effect on both BACE-1 and
P2X7R, which could indicate problematic promiscuity. By em-
ploying cell-based assay systems, target protein aggregation


Table 1. Biological evaluation of the pyrazolodiazepine derivatives.


Compound R1[a] R2[a] R3[a] IC50
[b] [mm] MC4R[c]


P2X7R BACE-1


Positive control (KN62) 0.181�0.074
13 Aac PE CH


2
OtBu T-2-C 18.6�2.3


13 Cbl 4-BPE Bn BD-5-C 15.7�2.8
13 Cbe 4-BPE Bn CPC 4.31�0.5
13 Aao PE CH


2
OtBu POAc 18.6�2.6


13 Aa’u PE CH
2
OH 4-PB 37.9�3.0


13 Aau PE CH
2
OtBu 4-PB 27.0�5.6 21.5�1.9


13 Bbs 2-MN Bn nBu 8.42�0.84
Positive control (Merck 565788) 0.118�0.001
13 Ban 2-MN CH


2
OtBu CH-C 52 %[d] 2.1


13 Bar 2-MN CH
2
OtBu nPr 1.8


Positive control (NDP-MSH) 10.8


[a] Abbreviations: PE, phenethyl ; 4BPE, 4-Boc-piperidine ethyl ; 4-PB, 4-phenyl benzyl ; T-2-C, thiophene-2-car-
bonyl ; BD-5-C, benzo[d] ACHTUNGTRENNUNG[1,3]dioxole-5-carbonyl; CPC, cyclopropane carbonyl ; POAc, (S)-2-(2-oxo-4-phenyloxazo-
lidin-3-yl)acetyl ; CH-C, cyclohexane carbonyl; 2-MN, 2-methyl naphthalene; 2-Mel, 2-methoxy ethyl. [b] IC50 =


50 % inhibitory concentrations were obtained from concentration-response curves. Data values are expressed
as means �SD. All experiments were repeated at least 2–3 times. [c] Fold increase at 10 mm. [d] % Inhibition at
10 mm.
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caused by compound promiscuity was avoided. Small changes
to the core scaffold of privileged structures can lead to signifi-
cant activity differences;[39] compound 13 Aa’u, which has a bi-
phenyl moiety in the same position (R3) as compound 13 Aau,
displayed 52 % inhibition for P2X7R but only 13 % inhibition for
BACE-1 (Supporting Information) lending further support to
the idea that pyrazolodiazepine is a privileged structure.
Among the screened compounds, 13 Bbs displayed the most
potent inhibitory activity (69 % at 10 mm) with an IC50 value of
8.42 mm upon dose-dependent evaluation (n = 3). To under-
stand the inhibitory activity of compound 13 Bbs, a tentative in
silico docking study was undertaken. The overlay of the dock-
ing structure of compound 13 Bbs in the complex with inhibi-
tor OM00-3[40] revealed that compound 13 Bbs can inhibit this
enzyme by interacting with each substituent at various sub-
sites (Figure 3). The methyl naphthalene group at R1 docked
into the S1’ and S2’ subsites, whereas the third set of hydro-
phobic interactions was affected by interaction of the benzyl
at R2 with Leu 30 and Ile 110 in the S3 subsite. The butyl group
at R3 can enhance the inhibitory activity of compound 13 Bbs
by a fourth interaction with the S2 subsite. Furthermore, the


activity can be elucidated by binding energy (OM00-3, 0.3 nm,
53.31 kcal mol�1; Merck 565788, 11 nm, 77.27 kcal mol�1; 13 Bbs,
8 mm, 101.68 kcal mol�1). Over the past decade, most BACE-1
inhibitors have been peptidomimetic and pseudopeptidic
compounds, which possess transition state isosteres that inter-
act with two catalytic aspartic acids of the enzyme.[41] However,
these inhibitors have limitations, including high molecular
weights and multiple H bond donors, limiting their ability to
cross the blood–brain barrier and their oral bioavailability.
Thus, further optimization of the nonpeptidic pyrazolodiaze-
pines with minimal H bond donor atoms, which interact with
the catalytic dyad of the aspartyl protease, would offer a new
strategy for the development of BACE-1 inhibitors.


Lastly, the library compounds were examined in a GPCR
(MC4R) assay, performed using HEK293T cells transfected with
cDNA encoding human MC4R and pCRE-luciferase as previous-
ly described.[42] Compounds 13 Bar and 13 Ban stimulated
MC4R 1.8- and 2.1-fold, respectively, at 10 mm concentration. To
understand these results, pyrazolodiazepin-8-one was superim-
posed onto MT-II,[43] a superpotent cyclic melanotropic peptide
(Figure 4). The most important secondary structure of MT-II re-
quired for biological activity is the b-turn conformation,[44]


which consists of the sequence d-Phe 7–Arg 8–Trp 9. In
Figure 4, the Ca positions of the b-turn structure of MT-II were
compared with the designed positions of the pyrazolodiaze-
pin-8-one skeleton, as described in Figure 1. We found that the
three-point triangular distance of pyrazolodiazepin-8-one (3)
was well matched with each Ca position. Thus, the results of
screening and conformational analysis suggested that the
design rationale of tetrahydropyrazoloACHTUNGTRENNUNG[4,3-e] ACHTUNGTRENNUNG[1,4]diazepin-
8(2H)-one as a b-turn mimic scaffold is valid. The development
of additional small nonpeptidic compounds from the b-turn
mimic pyrazolodiazepine, with aryl, basic and hydrophobic
groups that mimic the critical sequence Phe–Arg–Trp may
yield more potent MC4R agonists.


In conclusion, we have shown here the possibility of pyrazo-
lodiazepine skeleton as a privileged structure. A library of 146


Figure 2. Superimposed structure of the pyrazolodiazepin-8-one skeleton
and KN-62


Figure 3. The overlay structure of compound 13 Bbs (red) with the BACE-1
co-crystal structure with OM00-3 (green). The molecular surface shown rep-
resents 10 � amino acids from compound 13 Bbs and is colored by electro-
static potential (red, negatively charged; blue, positively charged).


Figure 4. Superimposed structure of the pyrazolodiazepine-8-one skeleton
and cyclic Ac-Nle 4–Asp 5–His 6–d-Phe 7–Arg 8–Trp 9–Lys 10-NH2, MT-II. Only
the MT-II sequence d-Phe 7–Arg 8–Trp 9 is shown.
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compounds was synthesized from tetrahydro-1,4-pyrazolodia-
zepin-8(2H)-one (3) by an efficient solution-phase synthetic
route with three major points of diversity. All compounds in
the library were assessed for their activity against P2X7R, BACE-
1 and MC4R. The privileged nature of the pyrazolodiazepine
structure was probed by identifying different hit compounds
in screens conducted against each target. The results suggest
that the pyrazolodiazepin-8-one skeleton may present append-
ed functionality in biologically relevant topographical shapes
and therefore represents a potential privileged scaffold. Com-
pounds based on the scaffold may be used to generate new
chemical entities. Further syntheses and optimization of a
series of analogues based on the scaffold are presently under-
way through introduction of crucial pharmacophore moieties.
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Combinatorial Library Synthesis and
Biological Evaluation
Pyrazolo ACHTUNGTRENNUNG[4,3-e] ACHTUNGTRENNUNG[1,4]diazepine as a
Potential Privileged Structure A privileged structure : A library of tet-


rahydro-1,4-pyrazolo-diazepin-8(2H)-
ones was designed and synthesized to
probe the privileged nature of the scaf-
fold. The design strategy included mim-
icking the three-dimensional conforma-


tions of b-turn peptides. Screening
against P2X7R, BACE-1, and MC4R gave
several hit compounds for each target.
The results suggest that pyrazolodiaze-
pin-8-one may represent a potential
privileged scaffold.


&6& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 5


�� These are not the final page numbers!



www.chemmedchem.org






DOI: 10.1002/cmdc.200800425


Design and Biological Evaluation of Novel, Balanced Dual PPARa/g Agonists


Uwe Grether,*[a] Agnes B�nardeau,[a] Jçrg Benz,[a] Alfred Binggeli,[a] Denise Blum,[a] Hans Hilpert,[a] Bernd Kuhn,[a]


Hans Peter M�rki,[a] Markus Meyer,[b] Peter Mohr,[a] Kurt P�ntener,[a] Susanne Raab,[a] Armin Ruf,[a] and
Daniel Schlatter[a]


Metabolic syndrome is diagnosed based on a cluster of clinical
parameters including hyperglycemia, atherogenic dyslipidemia,
central obesity and raised blood pressure. Visceral obesity, hep-
atic steatosis and insulin resistance have been proposed as
unifying mechanisms, resulting in a prothrombotic and proin-
flammatory state.[1] Consequently, patients suffering from met-
abolic syndrome are at increased risk of progression to type 2
diabetes (T2D) and the associated micro- and macrovascular
complications (e.g. , coronary artery disease (CAD), stroke, renal
failure, blindness and lower extremity amputation). Although
improved glycemic control delays the onset of microvascular
complications,[2] control of all metabolic parameters is necessa-
ry to decrease the risk of CAD.[3] Because CAD is the primary
cause of mortality among patients with T2D and metabolic
syndrome,[4] treatments normalizing both lipid and glucose
levels have become increasingly important.


Two classes of compounds were empirically discovered de-
cades ago, known as thiazolidinediones (TZDs) and fibrates.
While the TZDs lower blood glucose as well as insulin levels
and improve insulin sensitivity,[5] the fibrates are effective at
lowering serum triglycerides and raising HDL cholesterol (HDL-
c) levels.[6] In the past decade, the ligand-dependent transcrip-
tion factors peroxisome proliferator activated receptor-g
(PPARg) and -a (PPARa) have been identified as being the pri-
mary molecular targets for the antidiabetic TZDs and the lipid
lowering fibrates, respectively.[7, 8] This has provided new op-
portunities for the treatment of T2D, since the profile of a dual
PPARa/g agonist appears well suited for addressing both hy-
perglycemia and dyslipidemia, as well as the enhanced cardio-
vascular risk of diabetic patients, thereby offering a tailored
therapy for T2D and its associated co-morbidities.[9, 10] The phar-
macological effect of agonists of the third PPAR isoform PPARd


is less well understood but might be directed towards dyslipi-
demia, energy expenditure and potentially obesity[11] as well as
wound healing.[12] Full PPARg single agonists are linked to side
effects such as edema and hemodilution.[13] Selective PPARg


modulators (SPPARgMs) might have the potential to overcome
such problems.[14] Alternatively, PPARg related side effects can
be minimized by the combination of PPARg potency with
equal or increased potency towards PPARa. In addition, such a
strategy bears the potential for a combined therapy for T2D as


well as dyslipidemia and atherosclerotic progression. We there-
fore started a research program to identify dual PPARa/g ago-
nists with a PPARa to g affinity and potency ratio equal to or
greater than one. More precisely, PPARg IC50 and EC50 values
between 0.1 and 1 mm were envisaged to allow for sufficient
potency on PPARg and sufficient room to modulate PPARa po-
tency. Due to the previously described uncertainties about
PPARd we wanted to avoid full agonism on this receptor sub-
type.


Information gained from studying protein–ligand X-ray co-
crystal structures with PPAR ligand binding domains of all
three isoforms (PPARa, PPARg and PPARd), both from in house
and from public data,[15] has provided growing insight into the
factors controlling receptor binding and functional activation
as well as isoform selectivity.[16–19] In all three isoforms, the li-
gands occupy a large, curved binding pocket adopting a
common binding mode for PPAR agonists. One can schemati-
cally analyze the protein–ligand interactions of typical PPAR
agonists using a simplified topological representation compris-
ing an acidic head group, an aromatic center and a cyclic tail
(Figure 1). The bifunctional acidic head group, represented so
far by carboxylic acids and 2,4-thiazolidinediones, is involved in


up to four hydrogen bonds with the receptor. This head group
is crucial for PPAR activation by anchoring the flexible C-termi-
nal transactivation helix (AF2 helix) close to the protein, there-
by providing an interface together with other parts of the re-
ceptor for successful coactivator binding. The central aromatic
moiety is located in a hydrophobic protein environment, while
the cyclic tail region is partly solvent exposed and tolerates
more polar and diverse substituents. To adapt to the curved
binding site, a plethora of flexible linkers connecting the three
pharmacophore features, sometimes branched to access addi-
tional subpockets, are found in known PPAR agonists. The
ligand binding pockets of the three PPAR isoforms differ by
several amino acids, which allow molecules to be designed
that are selective for individual receptor subtypes. Capitalizing
on this knowledge and guided by modeling, a set of tool com-
pounds was synthesized from which highly promising lead
compounds emerged: 1) the previously described indolyl-


Figure 1. Simplified topological representation of typical PPAR agonists.
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alkoxy-propionic acids,[20] and 2) simple a-ethoxy-phenylpro-
pionic acids; the latter are the subject of this communication.


Table 1 summarizes the binding affinities and functional
transactivation data of compounds investigated in this study.
As indicated by the binding and functional values for com-
pound 1, 2 and 3, the first derivatives synthesized, a-ethoxy-
phenylpropionic acids exhibit good intrinsic selectivity over
PPARd. The phenyloxazole or phenylthiazole side chain, respec-
tively, provides the desired potency towards PPARa and -g.
With respect to the alkoxy substituent in a position, ethoxy is
most favorable for potent dual a and g agonism. To assess
which is the more active enantiomer both antipodes of com-
pound 1 were synthesized (compounds 4 and 5). As described
for other PPAR agonists,[20] essentially all PPAR activity can be
attributed to the (S) enantiomer (4 vs 5). Due to multiple resi-
due differences in the linker and tail region, the chain length
has a significant influence on the subtype selectivity. With a


methylene linker (n = 1) a higher affinity to the a receptor was
observed whereas a propyl linker (n = 3) led to increased affini-
ty towards PPARg and a less pronounced increase in PPARa ac-
tivity (2 vs 6). Compound 1, with an ethylene linker (n = 2),
shows only weak activity towards PPARa. Since the methylene
linker provides the desired g/a ratio of approximately one or
higher (i.e. , 3, g/a IC50 ratio = 4.2), we focused on methylene
bridged compounds and introduced substituents on the termi-
nal phenyl ring. Substitution at the 2 position leads to a de-
crease in g affinity (2 vs 7–9). The bigger the size of the sub-
stituent the greater the loss in binding affinity; the 2-isopro-
poxy substituted analogue (R4 = 2-OiPr) of compound 2 shows
a PPARg IC50 value >10 mm (data not shown). In contrast, affini-
ty and functional activity on the a-receptor subtype is influ-
enced to a much smaller extent. Substitution at the 3 position
leads to potent dual PPARa/g agonists with a higher affinity
for the a receptor, for example, in the case of 3-trifluoromethyl


Table 1. Binding affinities and functional transactivation data of a-ethoxy-phenylpropionic acids on human PPAR.[a]


Compd[c] C-2 R1 R2 R3 R4 X Y n IC50 [mm] Ratio EC50 [mm] (% Effect)[b]


a g d g/a a g d


1 rac Me H Me H N O 2 3.2 0.004 – 0.001 0.55 (98) 0.03 (57) 2.54 (27)
2 rac Me H Me H N O 1 0.23 0.46 5.89 2.0 0.07 (123) 0.06 (71) 2.22 (20)
3 rac Me H H 4-Cl N S 1 0.11 0.46 3.57 4.2 0.08 (97) 0.61 (100) 2.61 (22)
4 (S) Me H Me H N O 2 0.03 0.002 – 0.06 0.04 (125) 0.01 (61) 1.80 (35)
5 (R) Me H Me H N O 2 >10 0.52 – <0.05 2.60 (27) 1.40 (43) >10
6 rac Me H Me H N O 3 0.13 0.03 – 0.3 0.15 (94) 0.06 (104) 2.66 (16)
7 rac Me H Me 2-F N O 1 0.12 0.65 – 5.2 0.14 (92) 0.20 (125) 2.54 (28)
8 rac Me H Me 2-Me N O 1 0.31 0.89 – 2.9 0.18 (103) 0.95 (81) 2.51 (18)
9 rac Me H Me 2-Cl N O 1 0.51 1.09 – 2.1 0.12 (118) 0.37 (120) 2.77 (18)


10 rac Me H Me 3-Cl N O 1 0.24 0.07 – 0.3 0.05 (126) 0.031 (82) 2.34 (42)
11 rac Me H Me 3-CF3 N O 1 0.07 0.32 3.84 4.3 0.01 (90) 0.01 (53) 1.03 (34)
12 rac Me H Me 4-OiPr N O 1 0.18 0.11 – 0.6 0.60 (132) 0.37 (143) 2.65 (7)
13 rac Me H Me 4-iPr N O 1 0.07 0.07 1.10 1.0 0.02 (95) 0.03 (110) 1.7 (93)
14 rac Me H Me 4-Cl N O 1 0.16 0.72 1.65 4.4 0.12 (109) 0.18 (64) 1.62 (174)
15 rac Me H Me 3-Me, 4-F N O 1 0.17 0.32 – 1.9 0.02 (105) 0.15 (92) 2.43 (33)
16 rac Me H Me 4-Cl N S 1 – 2.30 – – 0.04 (210) 0.81 (58) 2.30 (20)
17 rac Me H Me 4-Cl S N 1 0.30 1.17 0.17 3.9 0.47 (144) 0.63 (59) 3.31 (85)
18 (S) Me H Me H N O 1 0.08 0.31 3.78 3.8 0.11 (169) 0.08 (87) 1.45 (45)
19 (S) F H Me H N O 1 0.14 0.20 3.50 1.4 0.13 (104) 0.20 (87) 2.40 (15)
20 (S) Cl H Me H N O 1 0.05 0.18 2.70 3.5 0.15 (159) 0.24 (62) 2.8 (19)
21 (S) Me Me Me H N O 1 1.32 1.73 >10 1.3 0.21 (121) 0.67 (81) 2.20 (29)
22 (S) CF3 H Me H N O 1 0.340 0.28 0.41 0.8 0.21 (189) 0.25 (104) 0.49 (163)
23 (S) Et H Me H N O 1 0.31 0.12 0.50 0.4 0.04 (70) 0.02 (54) 0.62 (69)
24 (S) Me H H 4-Cl N S 1 0.02 0.74 1.31 37.0 0.03 (108) 0.21 (114) 2.46 (46)
25 (S) Me H Me 2-F N O 1 0.190 0.38 6.98 2.0 0.06 (123) 0.12 (66) 1.23 (39)
26 (S) Me H Me 2-Me N O 1 0.14 1.08 5.96 7.6 0.28 (101) 0.16 (79) 2.54 (20)
27 (S) Me H Me 4-OiPr N O 1 0.03 0.06 – 1.9 0.16 (97) 0.12 (107) 2.63 (18)
Rosiglitazone[d] >10 0.45 >10 <0.05 >10 0.45 (85) >10
Tesaglitazar[e] 0.48 0.35 >10 0.8 2.95 (25) 2.67 (45) >10
Fenofibric acid[f] 62.8 >100 >100 >1.6 69.3 (11) >100 >100


[a] PPARa, g, and d radioligand binding and functional transactivation (luciferase transcriptional reporter gene) assays were performed as described in Bing-
geli et al. ;[21] the variability of the IC50 determinations was on average �10 %. [b] Effects are reported in relation to reference compounds whose activity
was set to 100 %: farglitazar[22] (GW 262570) for PPARa ; edaglitazone[23] for PPARg ; GW 501516[24] for PPARd. [c] Molecules 1, 2, 4–6, 9, 10, 12, 14 and 15
were prepared according to Binggeli et al. ,[21] molecules 7, 8, 11, 13, 18–23 and 25–27 were prepared according to Binggeli et al. ,[25] and molecules 3, 16,
17 and 24 were prepared according to Binggeli et al. .[26] [d] CAS 122320-73-4. [e] CAS 251565-85-2. [f] CAS 42017-89-0.
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substitution (compound 11). Substitution at the 4 position re-
sults in equipotent dual a and g agonism (compounds 12 and
13), or in the case of the 4-chloro substituted phenyloxazole
14 to a compound with a higher affinity for the a over the g


receptor. Comparable a selectivity was also found for the 4-
fluoro-3-methyl-substituted derivative 15 and 4-chloro-substi-
tuted phenylthiazole 3. Overall, a similar structure–activity rela-
tionship with respect to the phenyl substitution pattern was
found for phenylthiazoles (data not shown). Introducing a
methyl substituent at position 5 of the thiazole leads to a re-
duction in g affinity (3 vs 16). The same observation was made
when the positions of the nitrogen and sulfur atoms were ex-
changed (3 vs 17). Methyl substitution on the methylene
bridge, or replacement of the methyl substituent by an ex-
tended alkyl chain such as ethyl in position 5 of the oxazole
gives triple PPARa/g/d agonists (data not shown). In order to
investigate the influence of residues R1 and R2 on the PPAR re-
ceptor subtype activities, enantiopure phenyloxazoles 19–23
were synthesized and compared with the (S) enantiomer of
compound 2 (compound 18). While fluoro and chloro atoms
are good replacements for a methyl group (19 and 20 vs 18),
a second methyl substituent leads to a significant reduction in
a and g affinity (cf. 21). Trifluoromethyl and ethyl substitution
decreases selectivity against PPARd (22 and 23 vs 18). With
alkoxy substituents such as methoxy or ethoxy, affinity for the
g receptor was lost (data not shown). For further profiling, the
(S) enantiomers of compounds 3, 7, 8 and 12, which possess
the desired PPARa/g potency ratio equal or greater to one,
were synthesized as well. Their functional activity on the a and
g receptor subtype is higher, while the d values were only
slightly affected (3 vs 24, 7 vs 25, 8 vs 26 and 12 vs 27). Per-
centage activation data in Table 1 reveal that the majority of
the investigated a-ethoxy phenyl propionic acids behave as
full agonists for both the PPARa and g receptors. They are up
to two orders of magnitude less potent towards the PPARd re-
ceptor, with EC50 values generally >1 mm. Even at micromolar


concentrations, the majority of compounds activate this recep-
tor only weakly or not at all. 4-Chloro substituted thiazole 24 is
most selective for the PPARa receptor (g/a IC50 ratio = 37). This
effect can be attributed in part to the 4-chloro substituent
since a similar result was also observed in the phenyloxazole
series where the 4-chloro substituted compound 14 exhibits a
higher affinity for the a- than for the g-receptor subtype com-
pared to the unsubstituted phenyloxazole 2 (g/a IC50 ratio =


4.4, 14 ; vs 2, 2). The main driver for this effect, however, is the
replacement of the oxazole by the thiazole. This is reflected in
the functional values in particular, as can be seen from the g/a
EC50 ratios for compounds 3 (7.6), 16 (20.3) and 24 (7.0).


The enantiomerically pure compounds described in Table 1
were synthesized analogously to compound 25 depicted in
Scheme 1. Benzyl protected benzaldehyde 28 was subjected to
an aldol reaction with ethyl ethoxyacetate 29 providing a mix-
ture of all four stereoisomers of propionic acid ester 30. Z-se-
lective acid catalyzed water elimination and subsequent depro-
tection yielded phenol 32 in an overall yield of 72 %. Following
the method of Goto et al. ,[27] butane-2,3-dione mono-oxime 34
was reacted with 2-fluorobenzaldehyde 33 furnishing oxazole
N-oxide 35 that was subsequently treated with POCl3 to give
chloromethyl oxazole 36. Coupling of phenol 32 and oxazole
36 was most conveniently accomplished with Cs2CO3 and KI.
Hydrolysis under basic conditions provided the a,b-unsaturat-
ed acid 37. Asymmetric hydrogenation using the chiral ruthe-
nium catalyst [Ru ACHTUNGTRENNUNG(OAc)2((S)-TMBTP)][28] delivered the final com-
pound 25 with an enantiomeric excess of 95.2 % in quantita-
tive yield. Recrystallization gave enantiopure material in 80 %
yield.


To further understand the SAR of the aryl propionic acids
and especially the remarkably high a selectivity of thiazole 24
(g/a IC50 ratio = 37), we co-crystallized the ternary complex of
the human PPARa receptor ligand binding domain with com-
pound 24 and a receptor coactivator SRC-1 fragment.[29] The
structure was solved to a resolution of 2.4 � and showed a


Scheme 1. Enantioselective synthesis of dual PPARa/g agonist 25. Reagents and conditions : a) LDA, THF, �78 8C, 45 min, then 29, CH2Cl2, �78 8C, 2 h; b) H2SO4,
DMF, 100 8C, 1 h; c) BF3·Et2O, Me2S, CH2Cl2, RT, 14 h, 72 % (3 steps) ; d) AcOH, HCl (g), 0 8C, 2 h to 22 8C, 2 h; e) POCl3, CHCl3, reflux, 14 h, 50 % (2 steps) ; f) Cs2CO3,
KI, acetone, reflux, 14 h; g) NaOH, H2O/THF/MeOH (1:2:1), 22 8C, 3 h, 93 % (2 steps) ; h) [Ru ACHTUNGTRENNUNG(OAc)2((S)-TMBTP)] , H2 (60 bar), 60 8C, 16 h, 80 %, 95.2 % ee, (99.9 % ee
after recrystallization).
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clear electron density for the bound ligand in the form of its
(S) enantiomer.[30] In addition, dual agonist 24 was also co-crys-
tallized with the ternary complex of the human PPARg receptor
ligand binding domain and a receptor coactivator SRC-1 frag-
ment.[31] This structure was solved to a resolution of 2.0 �.[32]


Some residues, 259–265 for PPARa and 262–274 for PPARg,
which are part of a flexible loop at the entrance of the binding
site, showed no electron density and were not included in fur-
ther considerations. The overall structure of this complex is
very similar to previously published PPARa and g complex
structures with the AF2 helix in the agonist-type conformation.
Within the ligand binding sites shown in Figure 2, the typical
four strong hydrogen bonds between the ligand carboxylate
and the Ser, His and Tyr residues of PPARa and g, respectively,
can be identified (all H bond distances �3.0 �). Apart from the
polar head group recognition, both binding sites are com-
posed of predominantly hydrophobic side chains with limited
solvent access in the central and tail region. As shown in
Figure 2, a considerable number of differences in residues exist
between PPARa and g (10 differences within 4.5 � around the
ligand 24). While the numerous differences in residues make it
challenging to associate the large a selectivity of 24 with
single side chain mutations, some hypotheses can be drawn
from a comparison of the interactions in both isoforms. First,
the overall number of interac-
tions (d�sum vdW radii+0.5 �)
of the terminal phenylthiazole
moiety is significantly larger in
PPARa (15) compared to g (11).
One particular difference in resi-
dues that contributes to this is
Cys 275 (a) vs Gly 284 (g) yielding
three additional interactions
with the terminal phenyl group.
Changing an oxazole into a thia-
zole fragment leads to a shift in
the bond between the two aryl


rings and should bring the phenyl ring closer to Cys 275 in
PPARa resulting in an increase in potency (functional activity
of 14 cf. 16). In contrast, PPARg has a Gly at this position and
can not profit from additional side chain–ligand interactions.
Apart from the higher number of contacts, PPARa also shows
some interaction motifs that are particularly strong. Hydropho-
bic sulfur and in particular sulfur–arene interactions are known
to be strongly attractive.[33] Figure 2 shows that the environ-
ment of the phenylthiazole tail is very rich in S-containing pro-
tein side chains (PPARa : Cys 275, Cys 276, Met 330, Met 355;
PPARg : Cys 285, Met 348, Met 364). In PPARa, more hydropho-
bic intermolecular contacts with sulfur atoms are formed than
in PPARg (7 vs 6), which could further contribute to the ob-
served isoform selectivity.


Given the desired IC50 g/a ratios greater than one and abso-
lute potencies ranging from PPARg IC50 values of 0.3–1.1 mm,
dual PPARa/g agonists 18, 24, 25 and 26 were further evaluat-
ed in more detail with respect to their physicochemical and
pharmacokinetic properties (Table 2). All four compounds have
a low lipophilicity with thiazole 24 possessing the highest
log D value. This is also reflected by the somewhat lower but
still reasonable thermodynamic solubility of 90 mg mL�1 for this
compound. Unsubstituted phenyloxazole 18 has an extremely
high solubility of 2700 mg mL�1. All compounds permeate well


Figure 2. X-ray complex structures of compound 24 with a) PPARa (PDB code 3FEI) and b) PPARg (PDB code 3FEJ). Displayed are all protein residues with a
ligand contact distance �4.5 �. The four hydrogen bonds of the carboxylate head group with PPARa/g are shown in red. All protein contacts of the phenyl-
thiazole tail with distances � sum vdW radii + 0.5 � are displayed in blue. Selected residues discussed in the text are labeled.


Table 2. Physicochemical and pharmacokinetic properties of compounds 18, 24, 25, 26 and tesaglitazar.


Compd Log DACHTUNGTRENNUNG(pH 7.4)[a]


SolubilityACHTUNGTRENNUNG[mg mL�1] (pH)
PAMPA Peff


[10�6 cm s�1]
F (rat)[b]


[%]
Cl (rat)[c]


[mL min�1 kg�1]
Vss (rat)[d]ACHTUNGTRENNUNG[L kg�1]


t1/2 (rat)
[h]


18 0.66 2700 (7.1) 5.5 53 1.86 0.6 5.6
24 1.57 90 (7.4) 6.5 77 0.83 0.39 6.3
25 0.50 434 (6.4) 3.6 95 2.25 0.68 4.3
26 0.89 330 (6.5) 4.3 78 2.05 1.0 7.7
Tesaglitazar �0.05 4200 (6.0) nd[e] 55 0.9 0.3 6.3


[a] The distribution coefficient log D was determined as described in reference [36] . [b] Oral bioavailability.
[c] Clearance. [d] Volume of distribution. [e] Not determined.
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in the parallel artificial membrane permeation assay
(PAMPA).[34] Overall, all four compounds have favorable physi-
cochemical properties, which is a prerequisite for good oral
bioavailability. And indeed, these promising in vitro values
translate into high oral bioavailability values (F) in rat single
dose pharmacokinetic studies ranging from 53 % for com-
pound 18 up to 95 % for fluoro derivative 25. Low clearance
values (Cl) and low to intermediate volumes of distribution
(Vss) translate into half-life values (t1/2) ranging from 4.3 h for
compound 25 up to 7.7 h for 2-methyl substituted phenyloxa-
zole 26, which should allow for a once daily p.o. dosing in
humans. In addition to the very good physical and pharmaco-
kinetic properties, these four compounds neither inhibit the
three most important cytochrome P450 isoenzymes (3A4, 2D6
and 2C9), nor do they interact with the hERG channel, an im-
portant ion channel in the heart.[35] Finally, they did not show
activity in the in vitro Ames and micronucleus test (MNT) geno-
toxicity assays and therefore qualified for further in vivo profil-
ing.


Since we are aiming for a tailored therapy of T2D and associ-
ated co-morbidities like dyslipidemia, the a-selective dual
PPARa/g agonists 18, 24, 25 and 26 were investigated in
rodent models of T2D and dyslipidemia. Initial screening for
T2D was performed in db/db mice, genetically modified obese
mice with a mutation in the gene coding for the leptin recep-
tor.[37] In this model all compounds were more efficacious than
the marketed pure PPARg agonist rosiglitazone (data not
shown).[38] In a more sophisticated euglycemic hyperinsuline-
mic clamp experiment, the amel-
ioration of the insulin resistance
in severely insulin-resistant
Zucker fa/fa rats[39] was com-
pared after 8 days of treatment
to a fixed dose of rosiglitazone.
The glucose infusion rate at
steady state is a marker for insu-
lin resistance; the higher the
rate, the lower the insulin resist-
ance. All four compounds were
found to be significantly more
efficacious than rosiglitazone
(Table 3). Even thiazole 24, which
is the weakest with respect to af-
finity and functional activity on the PPARg receptor—the key
driver for antidiabetic efficacy—allowed for a 100-fold lower
dose compared to rosiglitazone to achieve the same beneficial
effects of improved insulin sensitivity. Furthermore, com-
pounds 18, 24 and 25 were found to be at least threefold
more efficacious than the dual PPARa/g agonist tesaglitazar.


To assess the potential of dual PPARa/g agonists 18, 24, 25
and 26 with respect to their potential for improving the blood
lipid profile, initial tests in human ApoAI mice, a transgenic
animal model of dyslipidemia, have been performed.[40] After
12 days p.o. treatment at a dose of only 3 mg kg�1 d�1, all four
compounds showed a statistically significant improvement of
blood lipid parameters, for example, they lowered blood trigly-
ceride (TG) levels and increased HDL-c as well as apolipopro-


tein AI (apoAI) levels (data not shown). All compounds were
significantly more efficacious than fenofibric acid, the active
component of the clinically used PPARa agonist fenofi-
brate;[41, 42] despite the fact that the latter was administered at
a much higher dose of 150 mg kg�1 d�1. These lipid modulating
effects were further investigated in a more elaborate dyslipide-
mia animal model, the high fat rat.[43] Since the majority of the
lipid modulating effects are PPARa driven, it is noteworthy to
mention that compounds 18, 24, 25 and 26 dispose of similar
functional activity and efficacy on human and rodent receptors
(see Table 4). The same holds true for the dual PPARa/g agonist
tesaglitazar. After 12 days p.o. treatment with phenyloxazoles
18, 25 and 26 and phenylthiazole 24 at a dose of only
1 mg kg�1 d�1, blood lipid parameters were impressively modu-


lated in a statistically significant manner. Most intriguing was
the dramatic HDL-c increase, HDL-c being the most important
blood lipid parameter in this experimental setting, with phe-
nyloxazole 18 increasing HDL-c by 297 % and phenylthiazole
24 by 242 %, thereby reflecting the high PPARa potency of the
two compounds. Both compounds were found to be signifi-
cantly more efficacious than tesaglitazar.


In summary, an X-ray-guided design approach has led to a
novel series of a-ethoxy-phenylpropionic acids being highly
potent towards the PPARa and g receptors and showing a
good selectivity against the PPARd receptor subtype. Side-
chain variations within this series allowed the adjustment of
the PPARa/g potency ratio ranging from equally balanced to
a-selective compounds. Molecules within this series possess fa-


Table 3. Equi-effective doses compared to 3.0 mg kg�1 d�1 p.o. of the
marketed pure PPARg agonist rosiglitazone.[a]


Compd Equi-effective dose [mg kg�1 d�1][a]


18 0.005
24 0.03
25 0.02
26 0.1


Tesaglitazar 0.1


[a] Comparison based on fa/fa rat euglycemic hyperinsulinemic clamp
studies after 8 days p.o. compound treatment. [b] Comparison of glucose
infusion rates at steady state and concomitant infusion of 10 mU of insu-
lin kg�1 min�1 (performed in fasting state at the end of the experiment).


Table 4. Efficacy of compounds 18, 24, 25, 26 and tesaglitazar on blood lipid parameters in high fat rats after
12 days p.o. treatment.[a]


Compd EC50 [mm] TG[b] VLDL-c[b,c] LDL-c[b] HDL-c[b]


human PPARa mouse PPARa rat PPARa


18 0.11 0.17 0.07 �11 �31 �50 +297
24 0.03 0.11 0.09 �15 +11 �27 +242
25 0.06 0.09 0.29 �78 �47 �68 +75
26 0.28 0.05 0.19 �53 �18 �63 +120


Tesaglitazar 2.95 5.39 5.41 �39 �34 �50 +99


[a] 1 mg kg�1 d�1 dose. [b] % Change versus control. [c] Very low density lipoprotein cholesterol.
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vorable physicochemical and pharmacokinetic profiles. Phenyl-
oxazoles 18, 25, 26 and phenylthiazole 24 show a high efficacy
in animal models of T2D and dyslipidemia superior to rosiglita-
zone, fenofibrate and tesaglitazar. Due to their excellent overall
properties including efficacy, physicochemical, pharmacokinetic
and in vitro toxicological profile, these novel a-ethoxy-phenyl-
propionic acids qualify for further development and have a
high potential for improving both glucose control (through
PPARg activation) and related atherogenic dyslipidemia
(through PPARa activation) in humans.
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An X-ray-guided design approach led
to the identification of a novel, bal-
anced class of a-ethoxy-phenylpropion-
ic acid-derived dual PPARa/g agonists.
The series shows a wide range of
PPARa/g ratios within a rather narrow
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possess favorable physicochemical and
pharmacokinetic profiles and show a
high efficacy in T2D and dyslipidemia
animal models.


ChemMedChem 0000, 00, 1 – 6 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &7&


These are not the final page numbers! ��



www.chemmedchem.org






DOI: 10.1002/cmdc.200800430


Effects of Thymoquinone–Fatty Acid Conjugates on Cancer
Cells
Sandra Breyer, Katharina Effenberger, and Rainer Schobert*[a]


Introduction


The para-benzoquinone motif in natural products is frequently
associated with a high degree of bioactivity.[1] Even the simple
thymoquinone (TQ; 1) displays a variety of pharmacological ef-
fects. TQ is a constituent of thyme essential oils and the main
bioactive component of the volatile oil of black seed (Nigella
sativa), responsible for many of its antioxidant, anti-inflamma-
tory,[2] and antineoplastic effects.[3] Although the molecular
pathways of TQ action are not fully understood, some details
have emerged from studies with xenograft animal models and
in vitro tests with tumor cell lines. In animal models TQ exhibit-
ed very low toxicity but promising antitumor effects.[4–6] In a
xenograft model of HCT-116 colon cancer, TQ significantly de-
layed tumor growth by induction of cell-cycle arrest.[7] In HCT-
116 cells it induced apoptosis, which was associated with a
marked increase in p53 and p21WAF1 protein levels and a sig-
nificant inhibition of the anti-apoptotic Bcl-2 protein. p53-null
HCT-116 cells were less sensitive to TQ-induced growth arrest
and apoptosis.[8] Alternatively, in cells of myeloblastic leukemia
HL-60, TQ can induce apoptosis by p53-independent pathways
relying on caspases-8, -9, and -3.[9] In contrast, normal cells and
primary mouse keratinocytes were found to be resistant to the
apoptotic effects of TQ.[10, 11] Very recently, the serine/threonine
Polo-like kinases (Plk), which are overexpressed in many types
of human cancers, have been identified as targets for TQ and
the simple derivative poloxin. TQ can inhibit the kinases Plk1–3
by interfering with the function of their polo-box domains
(PBD) and thus with their intracellular localization. In vitro ap-
plication of TQ and poloxin to HeLa cells led to Plk1 mislocali-
zation, chromosome congression defects, mitotic arrest, and
apoptosis.[12] Another major component of black seed oil are
unsaturated fatty acids such as linoleic acid (w-6), a-linolenic
acid (w-3) and docosahexaenoic acid (DHA; w-3).[13] They are
also known to exhibit weak antitumor activity by binding to
cognate tumor receptors.[14] Covalent conjugates of DHA with
clinically established anticancer drugs such as paclitaxel or
doxorubicin were shown to have improved therapeutic indices


due in part to a selective accumulation in the tumor
tissue.[15, 16] Considering the occurrence of antitumor fatty acids
in N. sativa seed oil, we have investigated covalent conjugates
of TQ with a homologous series of fatty acids of varying chain
length, branching, and degree of unsaturation. This study is
part of a project aimed at improving the efficacy of anticancer
drugs in resistant tumor cells by attaching them to acetoge-
nins with beneficial effects on the uptake or on the generation
of reactive oxygen species (ROS).[17, 18] The acids were attached
to C4 of compound 1 by a hydrazide group to give conjugates
2, or to C6 of 1 as an alkyl residue to give derivatives 3. Com-
pounds 2 and 3 were tested for antiproliferative activity
against the human cancer cell lines HL-60 leukemia, 518A2
melanoma, KB-V1/Vbl cervix carcinoma, and MCF-7/Topo
breast adenocarcinoma. Their ability to induce apoptosis in
cancer cells was also scrutinized, as was their effect on the per-
tinent caspases, the mitochondrial membrane potential, and
the cellular levels of ROS.


Results and Discussion


Chemistry


The hydrazone conjugates 2 were prepared by a known proce-
dure from TQ and the respective fatty acids 4 (Scheme 1).[16, 19–


23] The latter were first coupled with mono-Boc-protected hy-
drazine in the presence of 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDCI) in DMF to give the corre-
sponding hydrazides RCONHNHBoc. These were deprotected
with trifluoroacetic acid (TFA), and the resulting hydrazides 5
were condensed with TQ in the presence of TFA. The 6-alkylthy-


4-Acylhydrazones and 6-alkyl derivatives of thymoquinone (TQ)
were tested for growth inhibition of human HL-60 leukemia,
518A2 melanoma, KB-V1/Vbl cervix, and MCF-7/Topo breast
carcinoma cells. Unsaturated side chains conferred greater ac-
tivities than equally long saturated chains. The number of C=C
bonds was less decisive than chain length. The 6-hencosahex-
aenyl conjugate 3 e was most active in all resistant tumor cells,


with IC50 (72 h) values as low as 30 nm in MCF-7/Topo cells.
The conjugates are likely to operate by mechanisms different
from that of TQ. For instance, 3 e induced distinct caspase-in-
dependent apoptosis in HL-60 and 518A2 cells concomitant
with a loss of mitochondrial membrane potential and a subse-
quent rise in the levels of reactive oxygen species.


[a] S. Breyer, K. Effenberger, Prof. Dr. R. Schobert
Organic Chemistry Laboratory, University of Bayreuth
Universit�tsstr. 30, 95440 Bayreuth (Germany)
Fax: (+ 49) 921 552671
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ACHTUNGTRENNUNGmoquinones 3 were obtained by treatment of the respective
carboxylic acids 4 and TQ with a solution of Ag2S2O8 in water/
acetonitrile.[24, 25] In the case of homogeranoic acid,[26] this
method failed due to an inexorable E/Z isomerization. Thus de-
rivative 3 g was synthesized by a Barbier-type cross-coupling
reaction (Figure 1).[27]


Inhibition of tumor cell growth


The conjugates 2 and 3 (Figure 1) were tested for antiprolifera-
tive activity in the human cancer cell lines 518A2 melanoma,
HL-60 leukemia, P-gp-rich KB-V1/Vbl cervix carcinoma, and
breast cancer resistance protein (BCRP)-rich MCF-7/Topo breast
adenocarcinoma using the MTT assay. The results were com-
pared with those of the parent compound TQ (1). The IC50


values after 24, 48, and 72 h exposure to the test compounds
are listed in Table 1.


The series of conjugates 2 and 3 a–d feature side chains of
similar or identical length, differing only in the number of C=C
bonds. In all tested cell lines, the derivatives with saturated ap-
pendages (2 a and 3 a) were less active than all analogues with
alkene groups. 6-Heptadecylthymoquinone 3 a was even dis-
tinctly less active than the parent TQ in all four cell lines. How-
ever, increasing the number of skipped C=C bonds in a residue
of constant length such as in the series 3 a–d had little influ-
ence on the antiproliferative effect. A dramatic increase in ac-
tivity resulted only from attaching a longer hendoca-
3,6,9,12,15,18-hexaenyl side chain as in 3 e. This conjugate
showed IC50 (72 h) values below 500 nm for the three tumor
cell lines 518A2, KB-V1/Vbl, and MCF-7/Topo. This means a re-
markable boost in activity over that of TQ, especially in the
MCF-7/Topo breast cancer cells in which 3 e was active at IC50


(72 h) = 30 nm. Notably, DHA, the precursor of the C21 residue
of 3 e, is itself merely weakly antiproliferative in the tested
cancer cell lines, with IC50 (72 h) >70 mm. As to cell line specif-
icity, the Bcl-2-overexpressing 518A2 melanoma cells respond-
ed well to the unsaturated hydrazide 2 d and also to the
“DHA” derivative 3 e. The p53-null HL-60 leukemia cells re-
sponded well to the hydrazides 2 but only moderately to the
6-alkyl conjugates 3, except 3 e. The ABC-transporter-rich KB-
V1/Vbl cervix carcinoma and MCF-7/Topo breast adenocarcino-
ma cells were insensitive to the hydrazones but were effective-
ly inhibited by the 6-alkyl derivatives, especially by conjugate
3 e. This pattern suggests that the fatty acid residues act on
specific targets rather than by just enhancing uptake.


Induction of apoptosis


Next, we investigated the ability of compounds 1, 2 a, 2 d, 3 d,
3 e, and 3 g to induce apoptosis in HL-60 leukemia and 518A2
melanoma cells by means of the TUNEL assay. This allows the
detection of late stages of apoptosis by labeling the 3’-OH
ends of typical DNA fragments with fluorescein-tagged nucleo-
tides.[28] The assays were conducted with cells that had been
exposed to the respective compounds at 5 mm for 24 h and
then tested with the in situ Cell Death Detection Kit (Roche).
Fluorescence microscopy revealed distinct induction of apop-
tosis in both cell lines by the conjugates 3 d and 3 e (Table 2).


Induction of caspases


To check the involvement of caspases-3, -8, and -9 in the
mechanism of action, we treated cells of HL-60 leukemia and
518A2 melanoma with compounds 1, 2 a, 2 d, 3 d, 3 e, or 3 g at


Scheme 1. Reagents and conditions: a) 1. BocNHNH2, EDCI, DMF, RT, 16 h,
2. TFA, CH2Cl2, RT, 1 h; b) TFA, MeOH, RT, 16 h; c) AgNO3, (NH4)2S2O8, CH3CN/
H2O, reflux, 2–12 h.


Figure 1. Thymoquinone-4-acylhydrazones 2 and 6-alkylthymoquinones 3.
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5 mm. The resulting changes in caspase levels were ascertained
at regular intervals between 1 and 72 h by a substrate-cleaving
fluorescence assay that employs specific dye-tagged oligopep-
tides (Caspase-Glo Assay, Promega).[29] Generally, in both cell
lines, all tested derivatives caused caspase kinetics significantly
different from those initiated by TQ (Figure 2). In support of
published results,[9] compound 1 initiated an early sharp rise in


Table 1. Inhibition of 518A2, HL-60, KB-V1/Vbl, and MCF-7/Topo cell
growth by compounds 1–3.


Compd IC50 [mm][a]


24 h 48 h 72 h


518A2 cells :
1 29.47�6.34 28.53�8.80 28.33�9.17


2 a >100 >100 22.16�8.00
2 d 94.54�5.46 18.88�2.98 8.36�2.93
3 a >100 >100 52.03�6.61
3 b 76.31�5.36 46.48�9.12 24.29�7.40
3 c 82.92�13.67 23.66�5.42 13.51�3.35
3 d 31.39�8.33 14.68�3.70 11.18�4.01
3 e 2.69�0.86 1.66�0.56 0.33�0.10
3 f 71.24�5.78 52.07�4.83 36.09�4.77
3 g 40.35�2.77 31.04�1.27 23.03�7.07


HL-60 cells :
1 32.18�6.45 30.80�8.77 27.81�5.95


2 a >100 9.99�0.77 5.77�1.43
2 d 18.68�5.92 2.81�1.32 2.75�1.30
3 a >100 >100 >100
3 b 24.44�4.20 15.53�2.73 13.54�5.01
3 c 44.15�6.88 14.24�2.72 16.77�3.93
3 d 29.08�6.90 16.26�3.53 20.78�5.24
3 e 6.81�0.56 2.45�0.31 2.12�0.75
3 f 56.47�6.98 54.43�3.51 53.97�5.25
3 g >100 >100 29.32�11.97


KB-V1/Vbl cells :
1 46.19�4.79 34.43�9.86 32.31�6.01


2 a >100 >100 38.81�12.72
2 d 50.85�5.71 15.81�6.63 13.63�1.90
3 a >100 >100 61.72�4.05
3 b 91.13�8.87 30.77�4.89 16.39�5.58
3 c 67.27�3.02 18.59�1.98 13.74�2.90
3 d 40.69�11.59 18.83�4.20 10.82�4.12
3 e 3.24�0.68 2.48�0.87 0.55�0.12
3 f 75.89�6.42 47.46�7.20 39.98�5.63
3 g 77.13�8.13 36.81�8.22 16.04�1.47


MCF-7/Topo cells :
1 34.23�4.25 27.95�7.67 26.68�5.64


2 a >100 >100 >100
2 d >100 >100 11.11�1.86
3 a >100 >100 >100
3 b 85.12�14.59 21.84�0.79 11.29�5.73
3 c 56.46�10.18 9.75�2.14 6.77�3.24
3 d 48.03�10.74 8.77�1.90 7.74�2.46
3 e 1.08�0.15 1.09�0.19 0.03�0.01
3 f 64.80�10.07 41.45�8.63 22.42�7.28
3 g 44.66�0.95 34.00�19.93 26.72�2.22


[a] Values are derived from concentration–response curves obtained by
measuring the percent absorbance of viable cells relative to untreated
controls (100 %) after 24, 48, and 72 h exposure of 518A2 melanoma, HL-
60 leukemia, KB-V1/Vbl cervix carcinoma, and MCF-7/Topo adenocarcino-
ma cells to the test compounds in the MTT assay; values represent the
mean �SD of four independent experiments.


Table 2. Percentage of apoptotic 518A2 and HL-60 cells after exposure
to selected compounds 1–3 for 24 h.


Compd Apoptotic Cells [%][a]


518A2 HL-60


1 3.2�2.1 2.1�1.3
2 a 0.0�0.1 2.0�0.9
2 d 5.6�3.9 4.7�0.7
3 d 9.6�6.3 11.4�6.9
3 e 14.2�1.8 8.9�1.1
3 g 1.3�1.8 3.8�3.2


[a] Values are derived from the numbers of apoptotic cells as determined
by the TUNEL assay using fluorescence microscopy after 24 h exposure of
518A2 melanoma and HL-60 leukemia cells to 5 mm of the test com-
pounds relative to untreated control (0 %); values represent the mean �
SD of three independent experiments.


Figure 2. Caspase activation in HL-60 cells (left y-axis, continuous lines, full
symbols) and 518A2 cells (right y-axis, dashed lines, void symbols) treated
with 5 mm TQ (1) or selected derivatives 2 or 3 for up to 72 h. The activities
of caspases-3 (&, &), -8 (^, ^), and -9 (~, ~) were quantified by a luminomet-
ric assay and are reported as relative luminescence intensities (Irel).
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the concentration of effector
caspase-3 in HL-60 cells. A series
of small maxima for caspases-3,
-8, and -9 appeared after 12 h.
In contrast, derivatives 2 a, 2 d,
and 3 d all gave a simultaneous
increase in all three monitored
caspases with strong maxima
after 12–18 h. Compound 3 d
was less active in the MTT test,
but more active in the TUNEL
assay, than 2 a and 2 d. Conju-
gate 3 e, while being strongly
antiproliferative and pro-apop-
totic in HL-60 cells upon 24 h
exposure, caused just a small
maximum for all caspases after 4–6 h. In the case of geranyl
derivative 3 g, which is not more active than TQ in HL-60 cells,
there was a delay between the strong maximum of caspase-9
(after 12 h) and the smaller maximum of caspase-3 (after 18 h).


In 518A2 cells, TQ treatment led to a small maximum of cas-
pase-9 concentration after 6 h and to an even smaller plateau
of caspase-3 between 12 and 24 h. This can be explained with
the known Bcl-2-related blockade in the mitochondrial path-
way of apoptosis of 518A2 cells.[30, 31] Compounds 2 d, 3 d, and
3 g, which performed quite differently in the MTT and TUNEL
assays with 518A2 cells, all caused great caspase-9 maxima
after 12–18 h. The corresponding caspase-3 maxima were not
observed within the 72 h period. The saturated hydrazone 2 a
caused only a marginal increase in caspase levels. Conjugate
3 e, the strongest growth inhibitor and apoptosis inducer in
518A2 cells, gave rise to only small maxima of the three cas-
pases after 48 h incubation.


Mitochondrial membrane potential and generation of ROS


Bhalla and colleagues showed that drug-induced apoptosis in
HL-60 cells may occur, without the activation of executioner
caspases, by an immediate loss of the mitochondrial mem-
brane potential DYm, an increase in ROS, and a release of
apoptosis-inducing factor (AIF).[32] Hence, we analyzed the
changes in DYm of 518A2 and HL-60 cells upon treatment
with compounds 1, 2 a, 2 d, 3 d, 3 e, or 3 g at 5 mm for 24 and
72 h using a kit from Stratagene, which is based on the fluores-
cent cationic dye JC-1.[33] The ratio of red (JC-1 aggregates in
intact mitochondria) to green fluorescence (JC-1 monomers in
the cytosol) is decreased in apoptotic cells. We found that the
decrease in intact mitochondria was small in HL-60 cells, with
TQ (24 h: 83 %; 72 h: 83 %) and 3 e (24 h: 95 %; 72 h: 85 %) per-
forming best. However, in 518A2 cells, derivative 3 e led to a
significant decrease (24 h: 80 %; 72 h: 76 %), whereas all other
compounds left �90 % of the mitochondria intact.


The ability of compounds 1–3 to initiate the generation of
ROS in HL-60 and 518A2 cells was finally assessed by the col-
orimetric nitroblue–tetrazolium (NBT) assay,[34, 35] which is based
on the selective reduction of a yellow, water-soluble tetrazoli-


um chloride to an insoluble violet diformazan by superoxide
(O2C


�).
Notable are two conspicuous results listed in Table 3. The a-


linolenoyl hydrazone 2 d, which, on par with the 6-hencosahex-
aenyl conjugate 3 e, exhibited the greatest antiproliferative
effect in HL-60 cells upon exposure for 72 h, also caused the
most distinct increase in ROS levels in these cells : 26-fold that
of the parent TQ. Compound 3 e was the second best inducer
of ROS in HL-60 cells and by far the best in 518A2 cells, where
it was 22-fold more effective than TQ. Therefore, at least for
derivative 3 e, there is reasonable coherence between its anti-
proliferative activity, apoptosis induction, ROS initiation, and its
ability to reduce the mitochondrial membrane potential.


Conclusions


We found that the antiproliferative activity of TQ against resist-
ant cancer cell lines can be significantly improved by attaching
fatty acid derived alkenyl groups at position C4 through an
acylhydrazone group or directly at C6 by a C�C bond. Al-
though unsaturated residues yield apparently more active con-
jugates than saturated analogues of equal length, the number
of C=C bonds in the side chain is less decisive for the activity
than its overall length. This was demonstrated by a compari-
son of the mono-, bis-, and tris-unsaturated C17-substituted de-
rivatives 3 b–d with the hencosahexaenyl analogue 3 e. While
the former differed little in their antiproliferative activities, the
latter was dramatically more active, especially in the resistant
cell lines. The most active derivatives also seem to operate by
mechanisms different from that of TQ. For instance, 3 e is a
strong inducer of apoptosis in the tested cell lines HL-60 and
518A2. The temporal progress and the magnitude of growth
inhibition and apoptosis were largely independent of caspase
concentrations but corresponded to changes in the mitochon-
drial membrane potential and the levels of ROS. These mecha-
nistic peculiarities, together with differences in the rates of cell
growth inhibition between hydrazone and alkenyl derivatives
with identical residues such as 2 d/3 d, confute the mere shut-
tle function of the fatty acid moieties. Further tests are current-
ly underway in order to pinpoint other cancer-relevant targets
for TQ–acetogenin conjugates. Preliminary tests for interfer-


Table 3. ROS generation: percent NBT reduction in 518A2 and HL-60 cells upon exposure to selected com-
pounds for 24 or 72 h.


Compd NBT Reduction [%][a]


518A2, 24 h 518A2, 72 h HL-60, 24 h HL-60, 72 h


1 0.82�0.17 1.23�0.12 1.01�0.04 1.04�0.03
2 a 1.16�0.03 1.33�0.04 0.98�0.03 2.15�0.02
2 d 1.03�0.09 1.70�0.03 1.01�0.02 26.41�1.09
3 d 1.00�0.16 1.45�0.03 1.04�0.03 1.07�0.02
3 e 4.53�0.50 22.01�0.43 3.63�0.33 4.41�0.26
3 g 0.91�0.02 1.38�0.06 1.05�0.06 0.82�0.07


[a] Relative ROS generation (NBT reduction) as determined from percent absorbance of formazan relative to un-
treated controls (1 %) after 24 and 72 h exposure of 518A2 melanoma and HL-60 leukemia cells to test com-
pounds; values represent the mean �SD of four independent experiments.
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ence with the Polo-box domain of Plk by a fluorescence polari-
zation assay based on its binding to a fluorophore-labeled
peptide comprising its optimal recognition motif have already
been carried out.[12, 36] These tests revealed that conjugate 3 e
distinctly inhibits the function of the PDB of Plk1, Plk2, and
Plk3 (apparent IC50�10 mm), whereas compounds 2 d and 3 d
were more selective and inhibited only the PDB of Plk2 (appar-
ent IC50�14 mm).


Experimental Section


Instrumentation and chemicals


Melting points were recorded on an Electrothermal 9100 apparatus
and are uncorrected. IR spectra were measured on a PerkinElmer
Spectrum One FTIR spectrophotometer equipped with an ATR sam-
pling unit. NMR spectra were obtained under conditions as indicat-
ed on a Bruker Avance 300 spectrometer with tetramethylsilane as
an internal standard. MS data were collected with a Varian
MAT 311A (EI, 70 eV). HRMS were obtained by peak matching
against two bracketing reference mass peaks of perfluorokerosene
and iterative scanning/algorithmic averaging. Thymoquinone and
its conjugates were kept at 4 8C as 10 mm stock solutions in DMSO.
Appropriate test concentrations were obtained by dilution with
cell culture medium immediately before use. MTT [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was purchased
from ABCR (Karlsruhe, Germany). DHA was a gift from K.D.-Pharma,
Bexbach, Germany.


Methods


1. Cell lines and culture conditions : Human leukemia cells HL-60
were obtained from the German Center of Biological Material
(DSMZ), Braunschweig; human melanoma cells 518A2 from the De-
partment of Oncology and Hematology at Martin Luther University,
Halle; and the KB-V1/Vbl and MCF-7/Topo cells from the Institute
of Pharmacy at the University of Regensburg (Germany). HL-60
cells were grown in RPMI-1640 medium (Gibco) supplemented
with 10 % fetal calf serum (FCS, Gibco) 100 IU mL�1 penicillin G,
100 mg mL�1 streptomycin sulfate, 0.25 mg mL�1 amphotericin B,
and 250 mg mL�1 gentamycin. 518A2 and the KB-V1/Vbl cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
containing 10 % FCS, 100 IU mL�1 penicillin G, 100 mg mL�1 strepto-
mycin sulfate, 0.25 mg mL�1 amphtericin B, and 250 mg mL�1 genta-
mycin. MCF-7/Topo cells were grown in Eagle’s minimum essential
medium (EMEM, Sigma–Aldrich) supplemented with 5 % FCS,
2.2 mg mL�1 NaHCO3, and 110 mg mL�1 sodium pyruvate. Cells were
maintained under a moisture-saturated atmosphere (5 % CO2) at
37 8C in 75-mL culture flasks (Nunc, Wiesbaden, Germany). They
were serially passaged following trypsinization by using 0.05 %
trypsin/0.02 % EDTA (PAA Laboratories, Cçlbe, Germany). Mycoplas-
ma contamination was routinely monitored, and only mycoplasma-
free cultures were used.


2. Determination of tumor cell growth (MTT assay): HL-60 cells
(0.5 � 106 cells mL�1) were seeded out and cultured for 24 h on 96-
well microplates; 518A2, MCF-7/Topo, and KB-V1/Vbl cells (1.7 �
105 cells mL�1) were cultured for 24 h. Incubation (5 % CO2, 95 %
humidity, 37 8C) of cells following treatment with the test com-
pounds was continued for 24, 48, and 72 h. Blank and solvent con-
trols were incubated under identical conditions. A 5 mg mL�1 stock
solution of MTT in phosphate-buffered saline (PBS) was then
added at a final concentration of 0.05 % (HL-60, 518A2) or 0.1 %


(MCF-7/Topo, KB-V1/Vbl). After 2 h the precipitate of formazan crys-
tals was re-dissolved in a 10 % solution of sodium dodecylsulfate
(SDS) in DMSO containing 0.6 % acetic acid in the case of HL-60
cells. For the adherent 518A2, MCF-7/Topo, and KB-V1/Vbl cells, mi-
croplates were swiftly turned to discard the medium prior to
adding the solvent mixture. The microplates were gently shaken in
the dark for 30 min and left in the incubator overnight to ensure
complete dissolution of the formazan. Finally the absorbance at
l= 570 and 630 nm (background) was measured using an ELISA
plate reader. All experiments were carried out in quadruplicate,
and the percentage of viable cells quoted was calculated as the
mean �SD with respect to the controls set to 100 %.


3. Apoptosis TUNEL assay : Apoptosis was scored by measuring
the extent of DNA fragmentation by the terminal deoxytransferase
(TdT)-mediated dUTP nick-end labeling (TUNEL) assay. Following
treatment, cells were centrifuged at 400 g for 10 min, washed, and
fixed with 2 % formalin for 7 min, then washed and centrifuged
again. Cells were plated on glass slides and permeabilized with a
mixture of 0.1 % sodium citrate and 0.1 % Triton X-100 for 2 min at
4 8C. The cellular DNA was stained with the in situ Cell Death De-
tection Kit (Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s protocol. The percentage of apoptotic, green-
stained cells was counted on a fluorescence microscope (Axiovert
135, Zeiss, Gçttingen, Germany), calculated for 300 cells, and ex-
pressed as the mean �SD of four independent experiments.


4. Caspase activity assay : The activity of caspases was determined
by a luminometric caspase assay (Promega), according to the man-
ufacturer’s protocol. Cellular proteins were extracted from cells fol-
lowing treatment in a lysis buffer containing 50 mm Tris-HCl,
pH 7.4, 150 mm NaCl, 1 % Triton X-100, and 1 � EDTA-free protease
inhibitor mix (Calbiochem). Cell lysates were incubated at 4 8C for
15 min, centrifuged at 800 g for 10 min, and the precipitates were
discarded. Protein concentrations were measured using the Brad-
ford reagent (Sigma) and bovine serum albumin as a standard. Fi-
nally, cell lysates (15 mg cellular protein) were analyzed for caspase
activities using the homogeneous luminescent assay. Following the
cleavage of the luminogenic substrate containing a caspase-specif-
ic peptide sequence, the luminescence was quantified with a
Tecan Genios Plus plate reader and assumed to be proportional to
the caspase activities in the cell lysates.[29]


5. Mitochondrial membrane potential : Changes in mitochondrial
membrane potential were determined by the Mitochondrial Mem-
brane Detection Kit (Stratagene, La Jolla, CA, USA) according to the
manufacturer’s procedure. Following treatment, cell samples were
centrifuged at 400 g for 5 min. The pellets were resuspended in
500 mL diluted JC-1 solution (0.2 � ), incubated at 37 8C for 15 min
(HL-60) or 35 min (518A2) and then centrifuged again for 5 min at
400 g. After washing, the pellets were resuspended in 100 mL PBS
and transferred into a well of a black 96-well plate. The red (lex =
550 nm, lem = 600 nm) and green (lex = 485 nm, lem = 535 nm) fluo-
rescence intensities were measured and their ratio was calculat-
ed.[33]


6. Generation of ROS (NBT assay): HL-60 cells (0.5 � 106 cells mL�1)
were plated in 96-well tissue culture plates, and test compounds
were added after 24 h incubation at 37 8C to achieve a final con-
centration of 5 mm. Incubation (5 % CO2, 95 % humidity, 37 8C) of
cells following treatment with the test compounds was continued
for 24 and 72 h. After removal of the cell medium by centrifuga-
tion, the cells in each well were resuspended in 100 mL 0.1 % NBT,
and the plates were placed in the incubator for 1 h. The reduced
NBT was solubilized with 100 mL 2 m KOH and 130 mL DMSO for
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30 min. The absorbance was measured for each well at 630 and
405 nm (background) using an ELISA plate reader. The adherent
518A2 cells (1.7 � 105 cells mL�1) were seeded out in 96-well tissue
culture plates after trypsinization and incubation for 24 h at 37 8C
to allow attachment, then treated similarly, only that the medium
was removed prior to incubation with NBT for 4 h. All experiments
were carried out in double quadruplicate.[34, 35]


Syntheses


1. N-Boc-protected hydrazides


N-Hexadecanoyl-N’-tert-butoxycarbonylhydrazine : A mixture of
palmitic acid 4 a (1.0 g, 3.9 mmol), dry DMF (20 mL), H2NNHBoc
(0.62 g, 4.7 mmol) and EDCl (2.24 g, 11.7 mmol) was stirred at room
temperature overnight. After addition of H2O the reaction mixture
was extracted with EtOAc. The combined organic layers were
washed with brine, dried with Na2SO4, and concentrated under
vacuum. The product was purified by column chromatography
(silica gel 60; EtOAc/cyclohexane 4:1). Yield: 1.42 g (98 %); colorless
solid; mp: 47 8C; Rf = 0.51 (EtOAc/cyclohexane, 1:1) ; 1H NMR
(300 MHz, CDCl3): d= 0.76 (t, J = 6.9 Hz, 3 H), 1.0–1.2 (br m, 24 H),
1.34 (s, 9 H), 1.52 (t, J = 6.9 Hz, 2 H), 2.12 (t, J = 7.5 Hz, 2 H), 7.32 (br,
1 H), 8.9 ppm (br, 1 H); 13C NMR (75 MHz, CDCl3): d= 13.9, 22.6, 25.3,
26.8 28.0, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.8, 33.6, 81.1, 156.1,
173.2 ppm; IR (ATR): nmax = 3218, 2923, 2853, 1724, 1670, 1466,
1393, 1368, 1245, 1159, 1057, 1016, 907, 729 cm�1; MS (EI, 70 eV):
m/z (%): 297 (18) [C17H33N2O2]+ , 270 (11), 239 (63), 112 (16), 100
(33), 83 (14), 69 (24), 57 (100).


N-(a-Linolenoyl)-N’-tert-butoxycarbonylhydrazine: Analogously,
N-(a-linolenoyl)-N’-tert-butoxycarbonylhydrazine (1.88 g, 89 %) was
obtained from a-linolenic acid (1.5 g, 5.4 mmol), H2NNHBoc (0.59 g,
4.5 mmol), EDCl (2.16 g, 11.3 mmol), and dry DMF (20 mL); colorless
oil ; Rf = 0.55 (EtOAc/cyclohexane 1:1); 1H NMR (300 MHz, CDCl3):
d= 0.81 (t, J = 7.6 Hz, 3 H), 1.16 (br m, 8 H), 1.32 (s, 9 H), 1.49 (m,
2 H), 1.8–2.0 (m, 4 H), 2.09 (t, J = 7.4 Hz, 2 H), 2.64 (t, J = 5.8 Hz, 4 H),
5.1–5.3 (m, 6 H), 7.32 (br, 1 H), 8.85 ppm (br, 1 H); 13C NMR (75 MHz,
CDCl3): d= 13.9, 20.3, 25.0, 25.1, 25.2, 26.8, 27.7, 28.7, 28.8, 28.9,
29.2, 33.6, 80.7, 126.8, 127.6, 127.9, 129.7, 129.8, 131.6, 155.9,
172.9 ppm; IR (ATR): nmax = 3266, 3010, 2927, 2855, 1725, 1671,
1456, 1392, 1367, 1246, 1161, 1046, 1016, 872, 720 cm�1; MS (EI,
70 eV): m/z (%): 393 (3) [M+1]+ , 337 (10), 293 (80), 263 (32), 221
(7), 163 (24), 113 (100).


2. Hydrazides (5)


Hexadecanoylhydrazine (5 a): N-Hexadecanoyl-N’-tert-butoxycar-
bonylhydrazine (1.42 g, 3.83 mmol) was dissolved in CH2Cl2 (10 mL)
and treated with TFA (6 mL). The resulting mixture was stirred at
room temperature for 1 h. The volatiles were evaporated, and the
product was purified by column chromatography. Yield: 1.03 g
(99 %); Rf = 0.14 (EtOAc/cyclohexane, 1:1) ; colorless solid, mp:
112 8C; 1H NMR (300 MHz, CDCl3): d= 0.86 (t, J = 6.9 Hz, 3 H), 1.23
(br, 24 H), 1.61 (m, 2 H), 2.13 ppm (t, J = 7.9 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): d= 14.1, 22.7, 25.5, 29.3, 29.4, 29.6, 29.7, 31.9,
34.6, 174.1 ppm; IR (ATR): nmax = 3320, 2921, 2849, 1630, 1537,
1462 cm�1; MS (EI, 70 eV): m/z (%): 239 (90) [M�N2H3]+ , 213 (13),
171 (15), 129 (14), 97 (28), 74 (72), 57 (100).


a-Linolenic acid hydrazide (5 d): Analogously to the synthesis of
5 a, compound 5 d (812 mg, 58 %) was prepared from N-(a-linol-
enoyl)-N’-tert-butoxycarbonylhydrazine (1.88 g, 4.79 mmol) in CH2Cl2
(20 mL) and TFA (5 mL); colorless oil ; Rf = 0.23 (EtOAc/cyclohexane,
1:1) ; 1H NMR (300 MHz, CDCl3): d= 0.90 (t, J = 7.5 Hz, 3 H), 1.24


(br m, 8 H), 1.56 (br m, 2 H), 1.9–2.1 (m, 4 H), 2.20 (t, J = 7.5 Hz, 2 H),
2.74 (m, 4 H), 4.6–5.2 (br, 2 H), 5.29 (m, 6 H), 9.07 ppm (br, 1 H);
13C NMR (75 MHz, CDCl3): d= 13.9, 20.4, 24.6, 25.4, 25.5, 27.2, 29.0,
29.1, 29.2, 29.5, 31.4, 126.9, 127.6, 128.1, 130.1, 131.8, 174.2 ppm;
IR (ATR): nmax = 3250, 2931, 2858, 1781, 1733, 1664, 1542, 1466,
1374, 1245, 1209, 1164, 1045, 907 cm�1; MS (EI, 70 eV): m/z (%): 261
(3) [M�N2H3]+ , 149 (7), 135 (12), 121 (14), 107 (16), 95 (47), 79 (83),
67 (90), 55 (88), 41 (100).


3. Thymoquinone 4-acylhydrazones (2)


Thymoquinone-4-hexadecanoylhydrazone (2 a): Thymoquinone 1
(100 mg, 0.61 mmol) and hydrazide 5 a (165 mg, 0.61 mmol) were
dissolved in anhydrous MeOH (20 mL) and treated with TFA
(35.3 mL). The mixture was stirred at room temperature overnight
and then evaporated. The oily residue was purified by column
chromatography. Yield: 71 mg (28 %); yellow oil ; Rf = 0.55 (toluene);
1H NMR (300 MHz, CDCl3): d= 0.85 (t, J = 6.9 Hz, 3 H), 1.16 (d, J =
6.9 Hz, 6 H), 1.23 (m br, 24 H), 1.71 (m, 2 H), 2.19 (d, J = 1.2 Hz, 3 H),
2.77 (t, J = 7.7 Hz, 2 H), 3.14 (sept, J = 6.9 Hz, 1 H), 6.37 (q, J = 1.2 Hz,
1 H), 7.37 (br, 1 H), 10.86 ppm (br s, 1 H); 13C NMR (75 MHz, CDCl3):
d= 14.1, 17.5, 21.9, 22.6, 24.8, 26.9, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9,
32.9, 117.1, 129.4, 139.7, 142.1, 152.5, 181.5, 189.7 ppm; IR (ATR):
nmax = 3169, 3107, 2914, 2850, 1676, 1644, 1618, 1590, 1539, 1470,
1393, 1314, 1268, 1225, 1205, 1154, 1026, 907, 860 cm�1; MS (EI,
70 eV): m/z (%): 416 (32) [M]+ , 239 (13), 178 (100); HRMS-EI : m/z
calcd for C26H44N2O: 416.3403; found: 416.3411.


Thymoquinone-4-a-linolenoylhydrazone (2 d): Analogously to 2 a,
hydrazone 2 d (163 mg, 47 %) was prepared from 1 (130 mg,
0.79 mmol), 5 d (298 mg, 1.02 mmol), TFA (46.2 mL), and anhydrous
MeOH (20 mL); yellow oil ; Rf = 0.76 (EtOAc/cyclohexane, 1:1) ;
1H NMR (300 MHz, CDCl3): d= 0.94 (t, J = 7.5 Hz, 3 H), 1.15 (d, J =
6.9 Hz, 6 H), 1.24 (m br, 8 H), 1.71 (m br, 2 H), 1.9–2.1 (m, 4 H), 2.05 (t,
J = 7.7 Hz, 2 H), 2.19 (d, J = 1.1 Hz, 3 H), 2.77 (m, 4 H), 3.14 (sept, J =


6.9 Hz, 1 H), 5.33 (m, 6 H), 6.37 (q, J = 1.1 Hz, 1 H), 7.36 (s, 1 H),
10.85 ppm (br s, 1 H); 13C NMR (75 MHz, CDCl3): d= 14.3, 17.5, 20.5,
21.9, 24.8, 25.5, 25.6, 26.9, 27.2, 29.1, 29.3, 29.4, 29.6, 34.1, 117.2,
127.1, 127.8, 128.3, 129.4, 130.2, 131.9, 141.2, 147.6, 150.2, 178.2,
186.4 ppm; IR (ATR): nmax = 3169, 3108, 3011, 2926, 2855, 1741,
1673, 1639, 1623, 1532, 1464, 1397, 1264, 1156, 1024, 908 cm�1; MS
(EI, 70 eV): m/z (%): 438 (41) [M]+ , 274 (38), 257 (11), 164 (93), 149
(51), 121 (24), 81 (62), 67 (100); HRMS-EI : m/z calcd for C28H42N2O:
438.32463; found: 438.3353.


4. 6-Alkyl-thymoquinones (3)


6-Heptadecylthymoquinone (3 a): A mixture of 1 (100 mg,
0.61 mmol), stearic acid (139 mg, 038 mmol), AgNO3 (13 mg,
0.08 mmol) and CH3CN/H2O 1:1 (15 mL) was stirred and heated at
reflux while a solution of (NH4)2S2O8 (139 mg, 0.61 mmol) in H2O
(0.61 mL) was slowly added. The resulting mixture was held at
reflux for 4 h, then cooled, diluted with H2O, and extracted with
Et2O. The organic phases were washed with brine and dried over
Na2SO4. The volatiles were removed under vacuum, and the resi-
due was purified by column chromatography (silica gel 60; EtOAc/
cyclohexane, 1:4). Yield: 106 mg (51 %); yellow oil ; Rf = 0.79 (EtOAc/
cyclohexane, 1:1) ; 1H NMR (300 MHz, CDCl3): d= 0.89 (t, J = 6.9 Hz,
3 H), 1.13 (d, J = 6.9 Hz, 6 H), 1.27 (m, 30 H), 2.03 (s, 3 H), 2.49 (t, J =
7.9 Hz, 2 H), 3.07 (dsept, J = 6.9, 1.2 Hz, 1 H), 6.48 ppm (d, J = 1.2 Hz,
1 H); 13C NMR (75 MHz, CDCl3): d= 14.1, 21.1, 21.4, 22.7, 26.1, 26.7,
26.8, 28.7, 29.3, 29.4, 29.5, 29.6, 29.7, 29.8, 29.9, 31.9, 129.9, 139.8,
145.4, 154.6, 187.0, 188.5 ppm; IR (ATR): nmax = 2912, 1849, 1647,
1612, 1470, 1379, 1308, 1257, 1078, 1012, 793 cm�1; MS (EI, 70 eV):
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m/z (%): 402 (100) [M]+ , 360 (12), 177 (27), 137 (9), 43 (6); HRMS-EI :
m/z calcd for C27H46O2 : 402.3498, found: 402.3502.ACHTUNGTRENNUNG(8’Z)-6-Hepatadeca-8’-enyl)thymoquinone (3 b): Analogously to
3 a, compound 3 b (57 mg, 29 %) was prepared from 1 (100 mg,
0.61 mmol), oleic acid (138 mg, 0.49 mmol), AgNO3 (13 mg,
0.08 mmol), and (NH4)2S2O8 (139 mg, 0.61 mmol) in CH3CN/H2O, 1:1
(15 mL); yellow oil ; Rf = 0.82 (EtOAc/cyclohexane, 1:1) ; 1H NMR
(300 MHz, CDCl3): d= 0.85 (t, J 6.9 Hz, 3 H), 1.08 (d, J = 6.9 Hz, 6 H),
1.2–1.4 (m, 22 H), 1.96 (m, 4 H), 1.98 (s, 3 H), 2.45 (t, J = 7.8 Hz, 2 H),
3.02 (dsept, J = 6.9, 1.2 Hz, 1 H), 5.31 (t, J = 5.6 Hz, 2 H), 6.44 ppm (d,
4J = 1.2 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d= 14.1, 21.1, 21.4, 22.7,
24.0, 26.1, 26.6, 26.7, 27.2, 28.7, 29.2, 29.3, 29.5, 29.6, 29.7, 29.9,
31.9, 129.7, 129.9, 130.0, 139.8, 145.4, 154.6, 186.9, 188.5 ppm; IR
(ATR): nmax = 2924, 2853, 1647, 1613, 1463, 1306, 1247, 893,
708 cm�1; MS (EI, 70 eV): m/z (%): 401 (100) [M+1]+ , 277 (8), 227
(25), 191 (5), 179 (57), 137 (27), 81 (23), 41 (37); HRMS-EI : m/z calcd
for C27H44O2 : 400.3341; found: 400.3341.ACHTUNGTRENNUNG(8’Z,11’Z)-6-(Heptadeca-8’,11’-dienyl)thymoquinone (3 c): Analo-
gously to 3 a, compound 3 c (80 mg, 40 %) was prepared from 1
(100 mg, 0.61 mmol), linoleic acid (137 mg, 0.49 mmol, 0.15 mL),
AgNO3 (13 mg, 0.08 mmol), and (NH4)2S2O8 (139 mg, 0.61 mmol) in
CH3CN/H2O, 1:1 (15 mL); yellow oil ; Rf’= 0.74 (EtOAc/cyclohexane,
1:1) ; 1H NMR (300 MHz, CDCl3): d= 0.86 (t, J = 6.9 Hz, 3 H), 1.09 (d,
J = 6.9 Hz, 6 H), 1.2–1.4 (m, 1 H), 1.9–2.1 (m, 4 H), 1.99 (s, 3 H), 2.45
(t, J = 7.9 Hz, 2 H), 2.75 (t, J = 5.9 Hz, 2 H), 3.02 (dsept, J = 6.9, 1.2 Hz,
1 H), 5.33 (m, 4 H), 6.45 ppm (d, J = 1.2 Hz, 1 H); 13C NMR (75 MHz,
CDCl3): d= 14.0, 21.1, 21.5, 22.6, 25.6, 26.1, 26.7, 27.2, 28.7, 29.2,
29.3, 29.6, 29.8, 29.9, 31.5, 127.9, 128.0, 129.9, 130.0, 130.2, 139.5,
145.4, 154.6, 187.0, 188.5 ppm; IR (ATR): nmax = 3010, 2952, 2925,
2855, 1738, 1649, 1613, 1463, 1378, 1305, 1247, 893, 708 cm�1; MS
(EI, 70 eV): m/z (%): 398 (100) [M]+ , 355 (7), 262 (10), 203 (17), 179
(100), 137 (69), 81 (50), 67 (60); HRMS-EI : m/z calcd for C27H42O2 :
398.3185; found: 398.3206.


(8’Z,11’Z,14’Z)-6-(Heptadeca-8’,11’,14’-trienyl)thymoquinone
(3 d): Analogously to 3 a, compound 3 d (57 mg, 30 %) was pre-
pared from 1 (100 mg, 0.61 mmol), a-linoleic acid (136 mg,
0.49 mmol, 0.15 mL), AgNO3 (13 mg, 0.08 mmol), and (NH4)2S2O8


(139 mg, 0.61 mmol) in CH3CN/H2O, 1:1 (15 mL); yellow oil ; Rf =


0.67 (EtOAc/cyclohexane 1:1); 1H NMR (300 MHz, CDCl3): d= 0.95 (t,
J = 7.7 Hz, 3 H), 1.09 (d, J = 6.9 Hz, 6 H), 1.2–1.4 (m, 10 H), 1.98 (s,
3 H), 2.27 (m, 4 H), 2.45 (t, J = 6.8 Hz, 2 H), 2.78 (m, 4 H), 3.02 (dsept,
J = 6.9, 1.2 Hz, 1 H), 5.2–5.4 (m, 6 H), 6.45 ppm (d, J = 1.2 Hz, 1 H);
13C NMR (75 MHz, CDCl3): d= 11.7, 15.6, 20.5, 21.4, 22.6, 25.5, 25.6,
26.7, 26.7, 27.2, 28.7, 29.2, 29.6, 29.9, 127.1, 127.7, 128.3, 129.9,
130.3, 131.9, 134.2, 139.9, 145.4, 154.6, 187.0, 188.5 ppm; IR (ATR):
nmax = 3010, 2961, 2926, 2854, 1741, 1647, 1613, 1463, 1378, 1306,
1247, 1190, 1146, 1106, 894, 707 cm�1; MS (EI, 70 eV): m/z (%): 397
(13) [M+1]+ , 294 (10), 264 (14), 179 (16), 135 (19), 79 (79), 43 (100);
HRMS-EI : m/z calcd for C27H40O2 : 396.3028; found: 396.3032.ACHTUNGTRENNUNG(All-Z)-6-(hencosa-3’,6’,9’,12’,15’,18’-hexaenyl)thymoquinone
(3 e): Analogously to 3 a, compound 3 e (80 mg, 36 %) was pre-
pared from 1 (100 mg, 0.61 mmol), docosahexaenoic acid (160 mg,
0.49 mmol, 0.18 mL), AgNO3 (13 mg, 0.08 mmol), and (NH4)2S2O8


(139 mg, 0.61 mmol) in CH3CN/H2O, 1:1 (15 mL); yellow oil ; Rf =
0.82 (EtOAc/cyclohexane, 1:1) ; 1H NMR (300 MHz, CDCl3): d= 0.91
(t, J = 7.3 Hz, 3 H), 1.09 (d, J = 6.9 Hz, 6 H), 2.01 (s, 3 H), 2.06 (t, J =
7.3 Hz, 2 H), 2.46 (m, 2 H), 2.56 (t, J = 7.5 Hz, 2 H), 2.7–2.9 (m, 10 H),
3.04 (dsept, J = 6.9, 1.3 Hz, 1 H), 5.2–5.5 (m, 12 H), 6.46 ppm (d, J =
1.3 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d= 13.6, 14.3, 17.6, 21.5,
25.5, 25.6, 26.7, 26.8, 27.8, 127.0, 127.9, 128.1, 128.3, 129.1, 129.9,
132.1, 139.5, 144.4, 154.6, 187.3, 188.5 ppm; IR (ATR): nmax = 3012,


2961, 2928, 2871, 1647, 1613, 1462, 1377, 1305, 1249, 1188, 1147,
1075, 894, 708 cm�1; MS (EI, 70 eV): m/z (%): 448 (3) [M+2]+ , 400
(9), 346 (33), 312 (22), 298 (15), 231 (31), 203 (46), 179 (85), 119
(47), 79 (100); HRMS-EI : m/z calcd for C31H42O2 : 446.3185; found:
446.3191.


6-(3’-Methylbut-2’-enyl)thymoquinone (3 f): Analogously to 3 a,
compound 3 f (54 mg, 47 %) was prepared from 1 (100 mg,
0.61 mmol), homoprenoic acid (104 mg, 0.91 mmol), AgNO3


(13 mg, 0.08 mmol), and (NH4)2S2O8 (208 mg, 0.91 mmol) in CH3CN/
H2O, 1:1 (15 mL); yellow oil ; Rf = 0.74 (EtOAc/cyclohexane, 1:1) ;
1H NMR (300 MHz, CDCl3): d= 1.08 (d, J = 6.9 Hz, 6 H), 1.65 (d, J =
1.4 Hz, 3 H), 1.72 (d, J = 1.4 Hz, 3 H), 1.99 (s, 3 H), 3.02 (dsept, J = 6.9,
1.2 Hz, 1 H), 3.19 (d, J = 7.1 Hz, 2 H), 4.92 (tsept, J = 7.1, 1.4 Hz, 1 H),
6.45 ppm (d, J = 1.2 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d= 11.7,
17.9, 21.5, 25.7, 25.8, 26.7, 119.3, 129.9, 134.2, 140.1, 143.9, 154.5,
186.8, 188.6 ppm; IR (ATR): nmax = 2964, 2928, 2874, 1648, 1612,
1449, 1376, 1304, 1253, 1146, 1044, 945, 912, 893 cm�1; MS (EI,
70 eV): m/z (%): 232 (100) [M]+ , 189 (100), 175 (46), 147 (22), 105
(35), 91 (38); HRMS-EI : m/z calcd for C15H20O2 : 232.1463; found:
232.1470.


(E)-6-(3’,7’-Dimethylocta-2,6-dienyl)thymoquinone (3 g): BF3·OEt2


(262 mg, 1.85 mmol, 0.23 mL) was added at �78 8C to a stirred so-
lution of 1 (100 mg, 0.61 mmol) in CH2Cl2 (20 mL). After 10 min, a
solution of tri-n-butyl ACHTUNGTRENNUNG(geranyl)tin (291 mg, 0.68 mmol) in CH2Cl2


(5 mL) was added. The cooling bath was removed, and the mixture
was allowed to warm to room temperature. After 2.5 h a solution
of 10 % HCl (6.5 mL) was added, and stirring was continued for
10 min. The mixture was extracted with CH2Cl2, the combined ex-
tracts were washed with brine, dried with Na2SO4, and the volatiles
were removed under vacuum. The residue was taken up in CH3CN/
H2O (1:1, 20 mL) and the resulting solution was treated with ceric
ammonium nitrate (835 mg, 1.52 mmol). After stirring at room tem-
perature for 15 min the reaction was quenched with H2O (50 mL).
The mixture thus obtained was extracted with CH2Cl2, and the
combined extracts were washed with brine, dried over Na2SO4, and
evaporated. The oily residue was purified by column chromatogra-
phy (silica gel 60; EtOAc/cyclohexane, 1:4). Yield: 46 mg (25 %);
yellow oil ; Rf = 0.73 (EtOAc/cyclohexane, 1:1) ; 1H NMR (300 MHz,
CDCl3): d= 1.08 (d, J = 6.9 Hz, 6 H), 1.61 (br m, 6 H), 1.66 (br m, 3 H),
1.9–2.1 (m, 4 H), 2.00 (s, 3 H), 2.54 (m, 2 H), 3.02 (dsept, J = 6.9,
1.1 Hz, 1 H), 4.67 (m, 1 H), 5.12 (tsept, J = 7.1, 1.3 Hz, 1 H), 6.45 ppm
(d, J = 1.1 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d= 11.6, 20.9, 21.4,
25.8, 26.5, 26.8, 35.9, 40.2, 41.5, 124.3, 129.7, 130.1, 132.0, 138.0,
140.1, 145.3, 154.6, 187.2, 188.4 ppm; IR (ATR): nmax = 2962, 2930,
2872, 1762, 1643, 1460, 1377, 1308, 1249, 1148, 1101, 1030, 924,
892 cm�1; MS (EI, 70 eV): m/z (%): 300 (31) [M]+ , 236 (54), 219
(100), 179 (92), 109 (19), 107 (14); HRMS-EI : m/z calcd for C20H28O2:
300.2089; found: 300.2094.
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Effects of Thymoquinone–Fatty Acid
Conjugates on Cancer Cells


More than the sum of its parts : The
seeds of Nigella sativa have been a tra-
ditional herbal remedy for ailments such
as asthma, diarrhea, and cancer. Their
essential oil is rich in polyunsaturated
fatty acids and thymoquinone. By link-
ing them covalently, a tremendous
boost in anticancer activity can be ach-
ieved in resistant tumor cells.
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Discovery of Iminosugar Derivatives with Strong IFN-g
Inducing Activity
Lei Zhang,[a] Fang Sun,[a] Qilong Wang,[b] Jing Zhou,[b] Li-He Zhang,[a] Xiao-Lian Zhang,*[b]


and Xin-Shan Ye*[a]


Introduction


Interferon-g (IFN-g) is a cytokine secreted by lym-
phocytes that promote innate immunity, i.e. natural
killer (NK) cells, and cells that are components of the
adaptive immune system (specific subsets of
T cells).[1, 2] IFN-g plays an important role in promot-
ing innate and adaptive immune responses. For ex-
ample, IFN-g plays a critical and physiologically rele-
vant role in promoting host resistance to microbial
infection. The absence of IFN-g production[3] or cellu-
lar responsiveness[4–8] in humans and experimental
animals significantly predisposes the host to micro-
bial infection. Furthermore, a role for IFN-g in pro-
tecting against tumor development has recently
been identified. Results have shown that endoge-
nously produced IFN-g is critical not only for rejection of trans-
plantable tumors[9] but also preventing primary tumor devel-
opment.[10–12]


Iminosugars, known as inhibitors of many carbohydrate
processing enzymes,[13, 14] are carbohydrate analogues in which
the ring oxygen atom has been replaced by nitrogen. Iminosu-
gars are found to be widespread in plants and microorgan-
isms.[15] Iminosugars exhibit various biological activities ;[16]


however, so far their immunomodulating activities have been
less explored and little is known about their effects on
immune system responses.[17] Recently, some synthetic imino-
sugar derivatives that show potential immunosuppressive ac-
tivity have been discovered by us[18, 19] and others.[20] We found
that iminosugars 1 and 2 (Scheme 1) remarkably decreased
IFN-g secretion in mice, whereas they were less toxic than cy-
closporin A (CyA), a well–known immunosuppressive drug.


In our previous study, an iminosugar library based on the
coupling of compounds A and B with various carboxylic acids
by a parallel synthesis approach was effectively constructed on
a micro–scale without any purification.[21] Herein we screened
this library with a cytokine secretion assay. We were surprised
to find that, in contrast to compounds 1 and 2, the majority of
these iminosugar derivatives show remarkable immunostimu-
lating activities. Furthermore, some compounds with such ex-


cellent activities were evaluated by a mouse infection model
to determine their potential as antibacterial therapeutics.


Results and Discussion


As shown in Scheme 1, iminosugars 1 and 2 were synthesized
from galactose according to our published procedure.[18]


Simple transformations of 3 and 4 led to compounds A and B,
respectively.


With compounds A and B in hand, a diversity-oriented li-
brary containing 100 members was assembled.[21] Compounds
A and B reacted with 50 carboxylic acids. The reactions were
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Through effective construction of a compound library and
in situ cell-based screening, several iminosugar derivatives
were discovered that show a strong ability to enhance IFN-g
secretion. In particular, compounds A45 and B8, which exhibit


remarkable activity in stimulating IFN-g secretion, show good
antibacterial activity in vivo and have the potential to be lead
compounds for further studies in the search for drugs for the
treatment of cancer and microbial infections.


Scheme 1. Preparation of compounds 1, 2, A, and B.
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performed in DMF on a microgram scale in the presence of
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU, 1 equiv) and diisopropylethylamine (DIEA,
2 equiv), followed by medium dilution and screening without
any purification. Each reaction was carried out in a 1.5-mL Ep-
pendorf tube. Mass spectra and TLC analyses were employed
to identify the products. The reactions proceeded at a concen-
tration of 36 mm, and upon completion the reaction mixture
was diluted 1000-fold with phosphate-buffered saline (PBS,
final concentration: 36 mm) for screening.


To assay their effects on the secretion of cytokines (IFN-g
and IL-4), the diluted samples mentioned above were tested
against splenocytes from BALB/c mice. The spleen cells were
induced by concanavalin A with each sample at 37 8C, 5 % CO2


for 72 h. The secretion of IFN-g was detected from the super-
natant of spleen cells by the use of a mouse ELISA kit. Relative
to the control, the levels of IFN-g secretion were all increased
remarkably. The assay of secretion of IL-4 from splenocytes
was similar to the assay of IFN-g. The supernatant of spleen
cells were detected by a mouse IL-4 ELISA kit. Some samples
showed inhibitory effects, whereas others showed enhancing
effects on the secretion of IL-4. The effects on IL-4 are not very
significant no matter whether they display inhibitory or en-
hancing effects (data not shown).


Based on the primary screening results described above, we
selected several compounds which show good IFN-g inducing
activity and synthesized pure products for the second-round
screening using splenocytes from BALB/c mice and C57B1/6
mice to confirm the activity. The compounds we selected were


A5, A6, A16, A17, A45, A47, B3, B5, B8, B21, B30, B31, and
B33 (structures shown in Figure 1).


The effects of the 13 pure compounds on the secretion of
cytokines from the splenocytes in mice were identified, and
the results are shown in Figure 2. It is apparent that in all cases
the level of IFN-g secretion was enhanced by each compound
at a concentration of 60 mm. Compounds A45 and B8 show
the strongest IFN-g inducing activity: IFN-g secretion levels
were enhanced 3.20- and 2.85-fold, respectively, in BALB/c
mice, and 3.00- and 2.53-fold, respectively, in C57B1/6 mice. It
was also found that all 13 compounds do not show a strong
ability to change the IL-4 secretion level.


It was surprising to find that while compounds 1 and 2
show remarkable inhibitory effects, their derivatives show the
complete opposite effects on IFN-g secretion. It seems that
IFN-g secretion can be greatly enhanced by the introduction of
an appropriate aromatic moiety (for example, compounds A45
and B8). This discovery deserves further exploration. More
compounds need to be synthesized to enable a better under-
standing of structure–activity relationships (SAR).


To further investigate the activities of compounds A45 and
B8, in vivo antibacterial effect tests were performed. Com-
pounds A45 (5 mg per mouse), B8 (5 mg per mouse), and PBS
were respectively injected to each group of mice two days
before infection with virulent Salmonella typhimurium C5.[22]


After infection, the survival rate of mice was observed daily.
The results are shown in Figure 3; compound B8 clearly in-
creased the survival rate by nearly 50 %. Compound A45 also
showed a strong ability to counteract the lethal effect of S. ty-


Figure 1. Structures of compounds A5–B33
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phimurium C5, although the effect was not maintained after 20
days. This experiment demonstrated that A45 and B8, especial-
ly iminosugar B8, show clear antibacterial effects in vivo, due
to their strong IFN-g inducing activity.


In fact, because intracellular bacteria, such as Salmonel-
la spp., are quite demanding and variable targets of anti-infec-
tive chemotherapies, only a limited number of iminosugar de-
rivatives aimed at inhibiting bacterial carbohydrate processing
enzymes were found to be effective.[23, 24] However, the com-
pounds we discovered, such as compounds A45 and B8, act in
a totally different manner. Instead of killing the bacteria, our
compounds promote the self-protection ability of the biologi-
cal systems. Our strategy may become an efficient way to dis-
cover new chemical entities such as iminosugar derivatives
with antibacterial activity. But the exquisite mechanism needs
further exploration.


From our present and previous work, we disclosed that imi-
nosugars have great potential as immunomodulating agents.
Compounds 1 and 2 hold potential as immunosuppressive
agents, whereas compounds A45 and B8 could be good drug
lead compounds in treating cancer and microbial infection,
due to their strong activities to induce the secretion of IFN-g.


Conclusions


In the present study, by using a cell-based in situ screening
strategy, we have detailed the discovery of several iminosugar
derivatives which show excellent IFN-g inducing activity in vi-
tro and good antibacterial effect in vivo. The results demon-
strate the effectiveness of our strategy to rapidly identify bio-
logically active compounds. The SAR of these compounds de-
serves further exploration. In mice, IFN-g has been shown to
be an important mediator of natural resistance to Salmonel-
la spp., and to inhibit intracellular bacterial growth.[25] Due to
the important roles that IFN-g plays in biological processes,
these compounds which we have discovered might hold the
potential for treating cancer and microbial infection.


Figure 2. The effects on the secretion of IFN-g and IL-4 in mice (indicated)
by the 13 compounds A5–B33 at 60 mm. Data represent the mean �SEM of
at least three independent experiments; p<0.05.


Figure 3. Survival rates of three groups of mice after Salmonella infection: ~


PBS, * A45, ~ B8.
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Experimental Section


Chemistry


General : All reactions were monitored by analytical thin-layer chro-
matography (TLC) on silica gel 60 F254 pre-coated on aluminum
plates (E. Merck). Column chromatography was performed on silica
gel (200–300 mesh, Qingdao Chemicals). Reagents were of the
highest commercial quality and were used without further purifica-
tion, unless otherwise noted.


General procedures to prepare the compounds A5-B33 : DIEA
(30.0 mL, 0.171 mmol) was added to a solution of A/B (10.0 mg,
0.0518 mmol), HBTU (21.6 mg, 0.0570 mmol), and an acid
(0.0570 mmol) in dry DMF (2 mL) at room temperature under N2.
The reaction mixture was stirred for 30 min and then evaporated in
vacuo. The residue was purified by column chromatography with
CH2Cl2/MeOH (10:1 v/v) to provide the product.


Compound A5 : white solids; 1H NMR (500 MHz, CD3OD): d= 7.53
(d, J = 3.5 Hz, 1 H), 7.30 (d, J = 3.5 Hz, 1 H), 3.91 (t, J = 3.5 Hz, 1 H),
3.78–3.71 (m, 4 H), 3.57 (dd, J = 13.5, 6.5 Hz, 1 H), 3.41 (dd, J = 13.5,
7.5 Hz, 1 H), 3.25 (td, J = 7.0, 1.5 Hz, 1 H), 2.86 ppm (ddd, J = 10.5,
5.0, 3.5 Hz, 1 H); 13C NMR (125 MHz, CD3OD): d= 159.3, 153.3, 149.3,
117.0, 113.3, 72.7, 71.4, 67.3, 62.7, 57.6, 54.1, 41.9 ppm; HRMS (m/z):
calcd for [C12H17N3O8+Na]+ 354.0908, found 354.0908.


Compound A16 : white solids; 1H NMR (300 MHz, CD3OD): d= 7.59
(d, J = 1.8 Hz, 1 H), 7.40 (d, J = 8.7 Hz, 1 H), 7.17 (dd, J = 8.7, 2.1 Hz,
1 H), 7.02 (d, J = 0.9 Hz, 1 H), 3.93 (t, J = 3.6 Hz, 1 H), 3.82–3.60 (m,
5 H), 3.39 (t, J = 6.9 Hz, 1 H), 3.26 (t, J = 6.9 Hz, 1 H), 2.93–2.87 ppm
(m, 1 H); 13C NMR (125 MHz, CD3OD): d= 164.4, 136.6, 133.5, 129.9,
126.8, 125.4, 121.8, 114.4, 103.9, 72.6, 71.2, 67.3, 62.7, 57.6, 54.5,
41.6 ppm; HRMS (m/z): calcd for [C16H20ClN3O5+Na]+ 392.0984,
found 392.0980.


Compound A17: yellow solids; 1H NMR (300 MHz, CD3OD): d=
8.08–8.06 (m, 2 H), 7.77–7.72 (m, 2 H), 7.65–7.63 (m, 1 H), 7.59 (td,
J = 7.5, 1.2 Hz, 1 H), 7.40 (td, J = 7.5, 0.9 Hz, 1 H), 3.94 (t, J = 3.6 Hz,
1 H), 3.85–3.72 (m, 4 H), 3.65 (dd, J = 13.8, 6.9 Hz, 1 H), 3.49 (dd, J =
13.8, 6.9 Hz, 1 H), 3.37 (td, J = 6.6, 1.5 Hz, 1 H), 3.04–2.97 ppm (m,
1 H); 13C NMR (125 MHz, CD3OD): d= 194.2, 169.5, 148.7, 144.8,
136.5, 136.1, 135.7, 135.6, 135.3, 131.2, 125.2, 123.7, 122.6, 121.8,
72.2, 70.9, 66.8, 62.1, 57.8, 54.6, 41.7 ppm; HRMS (m/z): calcd for
[C21H22N2O6+H]+ 399.1551, found 399.1553.


Compound A45 : white solids; 1H NMR (300 MHz, CD3OD): d= 7.87
(d, J = 7.2 Hz, 2 H), 7.56–7.45 (m, 3 H), 3.95–3.91 (m, 4 H), 3.79 (dd,
J = 11.7, 6.3 Hz, 1 H), 3.68–3.66 (m, 2 H), 3.56 (t, J = 7.2 Hz, 1 H),
3.25–3.18 ppm (m, 1 H); 13C NMR (125 MHz, CD3OD): d= 171.3,
134.8, 133.1, 129.6, 128.5, 71.3, 69.8, 65.6, 60.7, 58.1, 55.3,
40.5 ppm; HRMS (m/z): calcd for [C12H17N3O8+Na]+ 354.0908, found
354.0906.


Compound A47: white solids; 1H NMR (500 MHz, CD3OD): d= 8.02
(dd, J = 8.5, 0.5 Hz, 1 H), 7.87 (dt, J = 8.0, 0.5 Hz, 1 H), 7.80 (t, J =
5.0 Hz, 1 H), 7.53 (ddd, J = 8.5, 6.0, 1.5 Hz, 1 H), 7.48 (ddd, J = 8.5,
6.0, 1.5 Hz, 1 H), 7.44–7.43 (m, 2 H), 4.02 (s, 2 H), 3.84 (t, J = 3.5 Hz,
1 H), 3.70 (dd, J = 11.0, 3.5 Hz, 1 H), 3.68–3.63 (m, 2 H), 3.60 (dd, J =
4.0, 1.5 Hz, 1 H), 3.39 (dd, J = 13.5, 7.0 Hz, 1 H), 3.13 (dd, J = 14.0,
7.0 Hz, 1 H), 3.05 (td, J = 7.0, 1.5 Hz, 1 H), 2.77 ppm (ddd, J = 10.5,
5.0, 3.5 Hz, 1 H); 13C NMR (125 MHz, CD3OD): d= 174.7, 135.4, 133.6,
132.7, 129.7, 129.2, 129.0, 127.4, 126.8, 126.6, 124.8, 72.7, 71.4, 67.6,
63.0, 57.5, 54.0, 41.9, 41.4 ppm; HRMS (m/z): calcd for
[C19H24N2O5+H]+ 383.1577, found 383.1574.


Compound B3 : white solids; 1H NMR (500 MHz, CD3OD): d= 8.19–
8.17 (m, 2 H), 7.54 (dd, J = 8.5, 0.5 Hz, 2 H), 3.90–3.87 (m, 2 H), 3.68–


3.65 (m, 4 H), 3.58 (dd, J = 8.5, 3.0 Hz, 1 H), 3.49 (dd, J = 14.0, 4.5 Hz,
1 H), 3.38 (dd, J = 13.5, 10.0 Hz, 1 H), 3.23–3.19 (m, 1 H), 2.98 ppm
(td, J = 5.5, 2.5 Hz, 1 H); 13C NMR (125 MHz, CD3OD): d= 173.0,
148.4, 144.8, 131.4, 124.5, 72.8, 70.7, 70.3, 62.7, 55.8, 43.4,
37.6 ppm; HRMS (m/z): calcd for [C15H21N3O7+Na]+ 378.1272, found
378.1275.


Compound B5 : white solids; 1H NMR (500 MHz, CD3OD): d= 7.52
(d, J = 4.0 Hz, 1 H), 7.29 (d, J = 4.0 Hz, 1 H), 3.97–3.92 (m, 2 H), 3.72–
3.66 (m, 3 H), 3.64–3.58 (m, 2 H), 3.37 (dd, J = 10.0, 5.0 Hz, 1 H),
3.09–3.06 ppm (m, 1 H); 13C NMR (125 MHz, CD3OD): d= 159.2,
149.4, 118.7, 116.8, 113.3, 72.7, 70.6, 70.2, 62.6, 55.8, 37.5 ppm;
HRMS (m/z): calcd for [C12H17N3O8+Na]+ 354.0908, found 354.0906.


Compound B8 : white solids; 1H NMR (500 MHz, CD3OD): d= 7.46–
7.44 (m, 2 H), 7.34–7.31 (m, 2 H), 7.29–7.26 (m, 1 H), 5.01 (s, 1 H),
3.91–3.88 (m, 2 H), 3.65 (d, J = 6.5 Hz, 2 H), 3.58 (dd, J = 9.0, 3.0 Hz,
1 H), 3.49 (dd, J = 14.0, 5.5 Hz, 1 H), 3.42 (dd, J = 13.5, 9.5 Hz, 1 H),
3.23–3.19 (m, 1 H), 2.96 ppm (td, J = 6.5, 2.5 Hz, 1 H); 13C NMR
(125 MHz, CD3OD): d= 176.0, 141.7, 129.4, 129.1, 128.0, 75.6, 72.8,
70.8, 70.4, 62.9, 55.6, 37.1 ppm; HRMS (m/z): calcd for
[C15H22N2O6+Na]+ 349.1370, found 349.1369.


Compound B21: white solids; 1H NMR (500 MHz, CD3OD): d= 7.89–
7.86 (m, 4 H), 4.01 (t, J = 2.5 Hz, 1 H), 3.99 (dd, J = 8.0, 4.5 Hz, 1 H),
3.84–3.69 (m, 4 H), 3.63 (dd, J = 14.0, 9.0 Hz, 1 H), 3.50–3.46 (m, 1 H),
3.34 (s, 2 H), 3.29–3.24 (m, 1 H), 2.17 ppm (s, 3 H); 13C NMR
(125 MHz, CD3OD): d= 170.4, 163.2, 152.3, 142.9, 131.0, 129.2,
121.0, 120.5, 118.9, 72.3, 70.1, 69.1, 61.4, 56.8, 55.4, 49.8, 38.1,
13.7 ppm; HRMS (m/z): calcd for [C18H24N4O6+Na]+ 415.1588, found
415.1582.


Compound B30 : white solids; 1H NMR (500 MHz, CD3OD): d= 7.47
(dd, J = 6.0, 3.5 Hz, 2 H), 7.20–7.16 (m, 2 H), 3.95 (d, J = 2.5 Hz, 2 H),
3.92–3.87 (m, 2 H), 3.62–3.54 (m, 3 H), 3.48 (dd, J = 14.0, 5.0 Hz, 1 H),
3.42 (dd, J = 13.5, 10.0 Hz, 1 H), 3.20–3.16 (m, 1 H), 2.96–2.93 ppm
(m, 1 H); 13C NMR (125 MHz, CD3OD): d= 173.0, 171.2, 150.8, 123.5,
115.0, 72.8, 70.7, 70.4, 62.8, 55.6, 37.6, 36.5 ppm; HRMS (m/z): calcd
for [C16H22N4O5+Na]+ 405.1203, found 405.1199.


Compound B31: white solids; 1H NMR (500 MHz, CD3OD): d= 5.68
(d, J = 2.0 Hz, 2 H), 3.90–3.87 (m, 2 H), 3.68–3.65 (m, 2 H), 3.60 (dd,
J = 8.5, 3.5 Hz, 1 H), 3.47 (ddd, J = 13.5, 5.0, 3.5 Hz, 1 H), 3.37–3.32
(m, 1 H), 3.21–3.17 (m, 1 H), 2.97 (br s, 1 H), 2.47–2.41 (m, 1 H), 2.24–
2.18 (m, 1 H), 2.15–2.09 (m, 3 H), 1.89–1.86 (m, 1 H), 1.70–1.62 ppm
(m, 1 H); 13C NMR (125 MHz, CD3OD): d= 179.5, 127.5, 126.5, 72.8,
70.8, 70.3, 62.8, 55.9, 42.4, 37.3, 29.2, 27.0, 25.8 ppm; HRMS (m/z):
calcd for [C14H24N2O5+Na]+ 323.1577, found 323.1580.


Compound B33 : white solids; 1H NMR (500 MHz, CD3OD): d= 8.23
(dd, J = 8.5, 1.5 Hz, 1 H), 7.82 (d, J = 8.0 Hz, 1 H), 7.74 (ddd, J = 8.5,
7.0, 1.5 Hz, 1 H), 7.44 (ddd, J = 8.0, 7.0, 1.0 Hz, 1 H), 6.84 (s, 1 H),
3.98–3.94 (m, 2 H), 3.75–3.61 (m, 5 H), 3.40–3.36 (m, 1 H), 3.09–
3.06 ppm (m, 1 H); 13C NMR (75 MHz, CD3OD): d= 182.3, 165.5,
144.5, 141.8, 136.1, 128.0, 126.9, 126.5, 121.9, 108.9, 73.0, 71.5, 71.3,
64.0, 57.4, 55.8, 51.4, 38.5 ppm; HRMS (m/z): calcd for
[C17H21N3O6+H]+ 386.1323, found 386.1339.


Biology


Preparation and cultivation of splenocytes : The spleens from
BALB/c mice and C57B1/6 mice were taken out in sterile conditions
and soaked in non-serum-containing RPMI-1640 cell culture
medium. The spleens were ground with a wire mesh. The cell sus-
pension was filtered through a 200-mesh nylon net. The filtrate of
the splenocytes was centrifuged at 2000 g for 10 min, and then
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the supernatant was removed. The precipitate was dissolved in
5 mL Tris-NH4Cl solution (pH 7.2) and incubated at 37 8C for 6–
10 min in order to lyse the red cells. Then the cells were centri-
fuged at 2000 g for 7 min, and the cell pellets were dissolved in
RPMI-1640 culture medium with 10 % newborn bovine serum
(NBS) and 10 g mL�1 concanavalin A. The cells were counted, and
the concentration of cells was adjusted to 5 � 106 per mL; ~5 � 105


cells were added to each well of 96-well plates. Subsequently, vari-
ous concentrations of each compound was added to the wells,
and plates were incubated at 37 8C for 72 h under an atmosphere
of 5 % CO2. The supernatant was collected and centrifuged at
2000 g for 5 min. The supernatant was collected and stored at
�20 8C until assay.


Measurement of the secretion of IL-4 and IFN-g from spleno-
cytes : Mouse splenocytes were pretreated with concanavalin A
(type IV) (Promega) at a final concentration of 10 mg mL�1 at 37 8C
for 72 h in a medium containing 10 % NBS and 5 % CO2. 96-well
plates were coated with anti-mouse IFN-g and IL-4 MAb in advance
(commercial products). Various concentrations of compounds and
IL-4 or IFN-g standards (500, 250, 125, 62.5, 31.25, and
15.63 pg mL�1) were added into each well. The wells were incubat-
ed at 20–25 8C for 120 min. The levels of IFN-g and IL-4 secreted
from immunized mice splenocytes were detected using the cyto-
kine-specific ELISA kits. Standard curves were determined using
known concentration of the IL-4 or IFN-g. Using the standard
curve, the concentration in the samples was then determined.


In vivo antibacterial effects of A45 and B8 : The in vivo antibacte-
rial activities of compounds A45 and B8 were determined in mice
infected with S. typhimurium C5. Seven- to eight-week-old BALB/c
male mice were obtained from the Animal Biosafety Level 3 Labo-
ratory (ABSL-III) of Wuhan University School of Medicine. These
mice were randomly divided into three groups (6 mice per group).
Two days before infection, mice in each group were respectively
inoculated intravenously in the tail vein with A45 (5 mg per
mouse), B8 (5 mg per mouse) and PBS. Two days later, each mouse
was infected with a lethal dose (i.e. 1 � 105 cfu) of virulent S. typhi-
murium C5. The survival rate was observed daily. The experimental
protocols were performed in compliance with all guidelines and
were approved by the Institutional Animal Care and Use Commit-
tee of Wuhan University.
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Discovery of Iminosugar Derivatives
with Strong IFN-g Inducing Activity


Through construction of an iminosugar
library and in situ cell-based screening,
several iminosugar compounds with the
ability to stimulate IFN-g secretion in
vitro were discovered. Among these
compounds, one was able to strongly
induce IFN-g secretion and showed re-
markable antibacterial effects in vivo.
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Molecular Modeling and Molecular Dynamics Studies of
Hydralazine with Human DNA Methyltransferase 1
Narender Singh,[a] Alfonso DueÇas-Gonz�lez,[b] Frank Lyko,[c] and Jose L. Medina-Franco*[a, d]


1. Introduction


DNA methylation is an epigenetic change that results in the
addition of a methyl group at the C5 position of cytosine resi-
dues. The process is mediated by DNA methyltransferases
(DNMTs). To date, three DNMTs have been identified, including
de novo DNMT3a and DNMT3b, and the maintenance DNMT1,
which is the most abundant among the three.[1] DNMT1 is re-
sponsible for duplicating the pattern of DNA methylation
during replication and is essential for mammalian develop-
ment. These enzymes are key regulators of gene transcription,
and their roles in carcinogenesis have been a topic of consider-
able interest in the last few years.[2] Diverse classes of com-
pounds including nucleoside analogues, adenosine analogues,
aminobenzoic derivatives, polyphenols, hydrazines, phthalides,
disulfides, and antisense oligonucleotides are being discovered
and evaluated as DNMT inhibitors. Currently, 5-azacytidine and
5-aza-2’-deoxycytidine (decitabine) are the only two that are
approved by the US Food and Drug Administration (FDA) for
the treatment of myelodysplastic syndrome.[3] However, wheth-
er their clinical efficacy in this condition results from their de-
methylating activities or by their intrinsic cytotoxicity remains
to be fully elucidated.[4–7] Thus, specific inhibition of DNMT1 is
an attractive and novel approach for cancer therapy.[8–12]


The various steps involved in the catalytic process of DNA
cytosine C5 methylation are presented in Figure 1. DNA meth-
ylation is initiated by nucleophilic attack from a thiol group of
a catalytic cysteine residue (Cys88) on the C6 position of the
target cytosine, producing a covalent intermediate between
the enzyme and the base (Figure 1). (Residue numbers used
throughout this study are based on the sequence alignment
shown in figure S1 of the Supporting Information.) Following
this, the C5 position of cytosine is activated and performs a nu-
cleophilic attack on the methyl group of the methyl-donating


cofactor S-adenosyl-l-methionine (AdoMet). The attack on the
C6 atom is facilitated by transient protonation of the cytosine
ring at the endocyclic nitrogen atom N3, stabilized by a gluta-
mate residue (Glu128). The high-energy carbanion may also be
stabilized by resonance,[13] in which an arginine residue
(Arg174) plays an important role in the catalytic mechanism.[14]


The covalent complex between the methylated base and the
DNA is resolved by deprotonation at the C5 position, which
leads to re-establishment of aromaticity. The methylated base
is then released along with S-adenosyl-l-homocysteine
(AdoHyc).


The inhibitors 5-azacytidine and decitabine (Figure 2) cause
substantial cytotoxicity. The former becomes incorporated into
RNA, whereas decitabine incorporates into DNA.[16] These com-
pounds cause significant myelotoxicity and also have low sta-
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DNA methyltransferases (DNMTs) are a family of enzymes that
methylate DNA at the C5 position of cytosine residues, and
their inhibition is a promising strategy for the treatment of var-
ious developmental and proliferative diseases, particularly can-
cers. In the present study, a binding model for hydralazine,
with a validated homology model of human DNMT, was devel-
oped by the use of automated molecular docking and molecu-
lar dynamics simulations. The docking protocol was validated
by predicting the binding mode of 2’-deoxycytidine, 5-azacyti-
dine, and 5-aza-2’-deoxycytidine. The inhibitory activity of hy-
dralazine toward DNMT may be rationalized at the molecular


level by similar interactions within the binding pocket (e.g. , by
a similar pharmacophore) as established by substrate-like de-
oxycytidine analogues. These interactions involve a complex
network of hydrogen bonds with arginine and glutamic acid
residues that also play a major role in the mechanism of DNA
methylation. Despite the different scaffolds of other non-nu-
cleoside DNMT inhibitors such as procaine and procainamide,
the current modeling work reveals that these drugs exhibit
similar interactions within the DNMT1 binding site. These find-
ings are valuable in guiding the rational design and virtual
screening of novel DNMT inhibitors.
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bility.[17] Because nucleoside inhibitors are cytotoxic on their
own,[18] much emphasis has been put on the development of
compounds that target DNA methyltransferases without being
incorporated into RNA or DNA. Alternative DNMT inhibitors in-
clude the known drugs procainamide, procaine, and hydrala-
zine, which are commonly used as antiarrhythmic, local anes-
thetic, and antihypertensive drugs, respectively (Figure 2).[19]


Additional DNMT inhibitors are the polyphenol compound
from green tea extract, (�)-epigallocatechin-3-gallate (EGCG)[20]


and RG108, which was discovered by a docking-based virtual
screening methodology based on a homology model of
human DNMT1.[21] A binding model of EGCG within the catalyt-
ic domain of DNMT1 has also been proposed.[20]


The cardiovascular drugs hydralazine and procainamide
have shown demethylation and tumor suppression-reactivation
activity.[22–24] Furthermore, it has been suggested that procaine
and procainamide are DNMT1 inhibitors that bind to the DNA
and hence cause demethylation and growth-inhibitory effects
in cancer cells.[25, 26] Hydralazine is currently under evaluation in
clinical trials for cancer, mainly in combination with a histone


deacetylase inhibitor.[27] To gain insight into the binding mode
and interactions of hydralazine and other inhibitors described
above with DNMT1, and to consequently improve the develop-
ment of novel inhibitors, we describe herein a study of the
docking and molecular dynamics (MD) simulations of hydrala-
zine with DNMT1. Although a binding model of hydralazine
with DNMT1 was proposed in a previous study,[28] it was nei-
ther compared with the binding mode of 5-azacytidine and its
analogues and other non-nucleoside inhibitors, nor did it pro-
vide a mechanistic interpretation of the inhibitory activity of
hydralazine. In this work, we extend our previous docking
studies by modeling the two possible tautomeric forms of hy-
dralazine with a previously validated homology model of
DNMT1.[29] The docking models developed in this work were
further studied and refined with 3 ns MD simulations. The
models thus generated suggest putative pharmacophoric
groups of hydralazine and modifications that may optimize its
activity. Comparison of the binding model of hydralazine with
those of 5-azacytidine and its analogues, as well as procaina-
mide and procaine, reveal common interactions within the
DNMT1 binding site. These findings will be valuable for the fur-
ther optimization, design, and virtual screening of novel
DNMT1 inhibitors.


2. Methods


2.1. Docking


Molecular Operating Environment (MOE) 2007[30] was used for
ligand and protein preparation and molecular structure view-
ing. All the docking calculations were conducted with Auto-
Dock 3.0.[31] In short, AutoDock performs an automated dock-
ing of the ligand with user-specified dihedral flexibility within a
rigid binding site of the receptor. The program performs sever-
al runs in each docking experiment. Each run provides one
predicted binding mode.


A previously established homology model of human DNMT1
was used. Briefly, this model was built through sequence align-
ment of human DNMT1 based on multiple structures of
aligned M.HhaI (6MHT), M.HaeIII (1DCT), and DNMT2 (1G55)
protein sequences.[29] Polar hydrogen atoms were added, and


Figure 1. Reaction mechanism of DNA cytosine C5 methylation: adapted from Kumar et al.[13] and Hermann et al.[15] Amino acid residue numbers are based
on the homology model. Equivalent residue numbers in the M.HaI crystal structure of residues shown here are Cys81, Glu119, and Arg165.


Figure 2. Structures of DNA methyltransferase inhibitors studied in this
work. Two tautomeric forms of hydralazine are depicted.
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Kollman charges,[32] atomic salvation parameters, and fragmen-
tal volumes were assigned to the protein using AutoDockTools.
Notably, after assigning protonation states with AutoDock-
Tools, the side chains of basic residues were protonated, and
the side chains of acidic residues were not protonated. For hy-
dralazine, procainamide, and procaine, Gasteiger charges[33]


were assigned, and nonpolar hydrogen atoms were merged.
All torsions were allowed to rotate during docking.


The auxiliary program AutoGrid generated the grid maps.
First, to dock 2’-deoxycytidine, each grid was centered at Ca of
the catalytic cysteine (Cys88). Then, each grid was centered at
the center of coordinates of docked 2’-deoxycytidine. The grid
dimensions were 60 � 40 � 40 points separated by a grid spac-
ing of 0.375 �. Lennard–Jones parameters 12-10 and 12-6, sup-
plied with the program, were used for modeling hydrogen
bonds and van der Waals (vdW) interactions, respectively. The
distance-dependent dielectric permittivity of Mehler and Sol-
majer[34] was used for calculation of the electrostatic grid
maps. For hydralazine, procainamide, and procaine, random
starting positions, random orientations, and torsions were
used. The translation, quaternion, and torsions steps were
taken from default values in AutoDock. The Lamarckian genetic
algorithm and the pseudo-Solis and Wets methods were ap-
plied for minimization using default parameters. The number
of docking runs was 100. The population in the genetic algo-
rithm was 150, the energy evaluations were 250 000, and the
maximum number of iterations was 27 000. After docking, the
100 solutions were clustered into groups with RMSDs <1.5 �.


To describe the ligand binding pocket interactions, the top-
ranked binding mode found by AutoDock in complex with the
binding pocket of DNMT was subject to full energy minimiza-
tion using the MMFF94x force field implemented in MOE until
a gradient of 0.05 was reached. The default parameters imple-
mented into the LigX application of MOE were used.[30]


2.2. Molecular dynamics


MD simulations were performed for the binding models of the
two tautomeric forms of hydralazine and 2’-deoxycytidine
using the NAMD2 program[35] with the CHARMM 29b2 force
field.[36] The initial docked and refined structures from previous
steps were taken as starting points for MD simulation. The
system setup procedure was initiated by adding hydrogen
atoms and a box of TIP3 water molecules (solvation), such that
there was at least 13.0 � of water between the surface of the
protein and the edge of the simulation box, using the Solvate
plug-in of the Visual Molecular Dynamics (VMD) program.[37]


Any added bulk water molecules within 2.5 � of the protein
were excluded. To maintain charge neutrality of the system,
appropriate numbers of ions were added using the Autoionize
plug-in in VMD; these were initially at least 7.0 � away from
the surface of the protein. The final resulting systems con-
tained 58 284, 58 239, and 58 507 atoms for hydrazine-, hydra-
zone-, and 2’-deoxycytidine-bound systems, respectively.


3. Results and Discussion


The three-dimensional (3D) structures of DNA methyltransfer-
ase are currently available only for the bacterial methylases
and the putative human DNA methyltransferase, DNMT2. In
this work, we used a homology model for human DNMT1
based on the template structures of the available M.HhaI
(6MHT),[13] M.HaeIII (1DCT),[38] and DNMT2 (1G55)[39] protein
crystal structures.[29] This model was recently used in the suc-
cessful discovery of a novel DNMT inhibitor (RG108) through
docking-based virtual screening.[21]


3.1. Validation of the docking protocol


The docking protocol was validated by predicting and compar-
ing the binding mode of substrate 2’-deoxycytidine and its an-
alogues 5-azacytidine and 5-aza-2’-deoxycytidine. The calculat-
ed binding energies with AutoDock are summarized in Table 1.


Figures 3 A and 3 B respectively show 2D optimized docked
models of 2’-deoxycytidine and 5-aza-2’-deoxycytidine with
DNMT1. Residues that are common to the binding pockets of
the deoxycytidine analogues are Pro86, Cys88, Glu128, Arg172,
Arg174, Thr320, His321, Gly440, and Asn441. In all cases, sever-
al hydrogen bonds are predicted between the side chain of
Arg174 and a number of oxygen atoms, including those at the
cytosine and pentose rings and the phosphate group. Notably,
the interaction with the carbonyl oxygen of the cytosine ring
seems to play a key role in the mechanism of methylation
through stabilization of the intermediate formed after the nu-
cleophilic attack of AdoMet (Figure 1). Similar interactions are
observed in the crystal structure of bacterial M.HhaI between
the corresponding arginine (Arg165 in the M.HaI crystal struc-
ture 6MHT) and the co-crystallized 4’-thio-2’-deoxycydidine.[13]


A second hydrogen bond is predicted between the side chain
of Glu128 and the amino group of the cytosine ring. Notably,
Glu128 is close to N3 of cytosine and also seems to participate
in the methylation mechanism by stabilization of the inter-
mediate. Similar interactions are observed in the crystal struc-
ture of the bacterial M.HhaI (Glu119 in the M.HaI crystal struc-
ture 6MHT). A third hydrogen bond is also predicted between
the backbone nitrogen atom of His321 with the 3’-hydroxy
group of cytidine. His321 in DNMT1 is substituted with alanine
at the corresponding position in M.HhaI and M.HaeIII (Ala253
in M.HaI crystal structure 6MHT). Similar interactions were ob-


Table 1. Docking results of DNMT1 inhibitors.


Compound Edocked [kcal mol�1] DG [kcal mol�1]


2’-deoxycytidine �15.8 �14.4
5-azacytidine �16.2 �14.7
5-aza-2’-deoxycytidine �15.7 �14.3
hydralazine (hydrazone tautomer) �7.4 �7.4
hydralazine (hydrazine tautomer) �7.7 �7.3
procainamide �10.5 �8.1
procaine �10.3 �8.0
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served in the optimized docking model of 5-azacytidine (fig-
ure S2, Supporting Information). These observations suggest
that AutoDock successfully predicted the binding modes of
the deoxycytidine analogues.


The 3 ns MD simulations of the optimized docking model of
2’-deoxycytidine also revealed the stability of the model, as
evident in the RMSD plot of the (backbone atoms of the sec-
ondary structures) obtained trajectory (Figure 4). The simula-
tions of 2’-deoxycytidine further revealed the importance (sta-
bility) and complexity of the hydrogen bonds between Glu128
and the amino group of cytosine, and the Arg174 side chain


with the carbonyl oxygen of the cytosine ring. MD simulations
also point to a partially stable hydrogen bond with Ser92 and
Gly93.


3.2. Docking of hydralazine, procainamide, and procaine


Hydralazine may be present in two tautomeric forms, the
imino form (hydrazone tautomer) and the amino form (hydra-
zine tautomer) (Figure 2). A key structural difference between
the two tautomers is the position of the hydrogen atom at the
N2 nitrogen of the phthalazine ring. In a previous docking
study of hydralazine with DNMT1, only the hydrazine form was
considered.[28] In the present work, we docked both tautomeric
forms within the catalytic site of DNMT1 in order to define a
more precise role for the four nitrogen atoms in binding, and
to identify potential sites of substitution to enhance the activi-
ty of hydralazine. The details of the docking results are sum-
marized in Table 1. Both tautomers showed a very similar dock-
ing and interaction energy with DNMT1. Thus, based on the
energies calculated with docking, both tautomers may have
the same probability of binding with the enzyme. The calculat-
ed interaction energy with AutoDock is higher than the dock-
ing energy calculated for 5-azacytidine and its analogues.


Figures 5 A and 5 B depict the 2D interaction maps of the
optimized binding modes of hydrazone and hydrazine with
DNMT1, respectively. Both binding models are similar in the
general orientation of the hydralazine core in the binding
pocket. In their similarity, both tautomers form hydrogen
bonds with the side chains of Glu128 and Arg174. In both tau-
tomeric forms, three or four nitrogen atoms of hydralazine
appear to play an important role in the interaction with
DNMT1. According to the docking models, a notable difference
between the binding modes of the two tautomeric forms is
that the hydrazone tautomer makes a bidentate hydrogen
bond with Glu128. This interaction cannot happen for the
amino tautomer. However, the amino tautomer is capable of
forming a more extensive network of hydrogen bonds with
Arg172 and Ala442 as well, as determined by MD simulation
studies (see below).


Figure 3. Optimized docking models of a) 2’-deoxycytidine and b) 5-aza-2’-
deoxycytidine with the homology model of human DNMT1. Arrows indicate
hydrogen bonding. “Clouds” on ligand atoms indicate the solvent-exposed
surface area of ligand atoms (darker and larger clouds mean more solvent
exposure). “Halos” around residues indicate the degree of interaction with
ligand atoms (larger, darker halos mean greater interaction). The dotted con-
tour reflects steric room for methyl substitution. The contour line is broken
if it is closest to an atom which is fully exposed.


Figure 4. RMSD plot of the backbone atoms of the secondary structures
during MD simulation of hydrazone, hydrazine, and 2’-deoxycytidine within
the DNMT1 binding site. The plot reflects the stability of the systems during
the simulations.
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Docking models for the two tautomeric forms of hydralazine
were also compared with the docking of the deoxycytidine an-
alogues procaine and procainamide. For both compounds,
there is experimental evidence of their interaction with
DNMT1,[26] but no docking models have been reported. The
docking results for these compounds are also summarized in
Table 1. The calculated free energy of binding (DG) calculated
with AutoDock for hydralazine is higher than the interaction
energy calculated for any of the other DNMT1 inhibitors
(Table 1). This may be expected, at least in part, from the small-
er size of the hydralazine molecule (the calculated solvent-ac-
cessible surface area of procaine and procainamide is ~490 �2,
whereas for hydrazine and hydrazone, it is ~310 and 346 �2,
respectively).


Figures 6 A and 6 B show a comparison of the binding
modes of the tautomeric forms of hydralazine with 2’-deoxycy-
tidine. Notably, three nitrogen atoms of hydralazine in the hy-


drazone tautomer roughly overlap with three heteroatoms of
2’-deoxycytidine (Figure 6 A). The amino group of the hydra-
zone tautomer occupies the same binding position as the
amino group of cytosine and is capable of forming a hydrogen
bond with Glu128. The protonated nitrogen of the phthalazine
ring also roughly occupies the same binding position as that
of N3 and resembles the transient protonation state of the cy-
tosine ring at the nitrogen atom N3 that is stabilized by the
glutamate residue during the methylation of cytosine. Finally,
the unprotonated nitrogen atom of the phthalazine ring in the
hydrazone form also roughly overlaps with the binding posi-
tion of the carbonyl oxygen of cytosine. Either nitrogen atom
in hydralazine and oxygen in cytosine are acceptors in the hy-
drogen bond with Arg174.


Figure 5. Optimized binding models for hydralazine in a) the hydrazone tau-
tomer (imino form) and b) the hydrazine tautomer (amino form). The image
features are the same as those described for Figure 3.


Figure 6. Comparison of the optimized binding models of hydralazine with
the binding model of 2’-deoxycytidine (carbon atoms in dark gray): a) hydra-
zone tautomer, b) hydrazine tautomer: carbon atoms in light gray. Nonpolar
hydrogen atoms are omitted for clarity.


ChemMedChem 0000, 00, 1 – 9 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &5&


These are not the final page numbers! ��


Modeling and MD Studies of Hydralazine with Human DNMT1



www.chemmedchem.org





The two nitrogen atoms of the phthalazine ring of the hy-
drazine tautomer occupy a similar binding position as the car-
bonyl oxygen and the 4’-oxygen atom of the ribose ring (Fig-
ure 6 B). These two atoms, either nitrogen in the hydrazine tau-
tomer or oxygen in cytidine, act as hydrogen bond acceptors
in interacting with Arg174. The secondary amine group of the
hydrazine tautomer is also close to the binding position of N3
of cytidine, and may resemble the protonated state of N3 that
seems to be formed during the methylation of cytosine. In
fact, a hydrogen bond is predicted between the secondary
amine group of the hydrazine tautomer with Glu128.


Interestingly, the binding models of procainamide and pro-
caine developed in this work also show the capacity of these
molecules to form hydrogen bonds with Glu128 and Arg174.
Overall, the predicted binding modes of these two drugs are
very similar to those of 2’-deoxycytidine and other deoxycyti-
dine analogues. Figure 7 shows the very similar positioning of
the amino groups of procaine and procainamide in the bind-


ing site. Moreover, the carbonyl oxygen of procainamide and
procaine occupy roughly the same position as that of the
oxygen of the ribose ring of 2’-deoxycytidine in making hydro-
gen bonds with Arg174.


3.3. MD simulations of hydralazine and 2’-deoxycytidine


To further investigate the structural stability, dynamics, and key
ligand–receptor interaction patterns of binding models gener-
ated with docking for the tautomeric form of hydralazine, an
MD simulation for 3 ns in explicit solvent was performed. For
comparison, the simulation of 2’-deoxycytidine was also carried
out.


From the RMSD of protein (Figure 4), it is clear that all the
complexes are very stable throughout the simulation, with 2’-
deoxycytidine, not surprisingly, being the most stable.


Hydrogen bond probability calculated from analyzing the
simulations shows that for the hydrazine form, Glu128 forms a


Figure 7. 2D interaction diagram for the optimized docking models of a) procainamide and b) procaine. Comparison of the binding mode of 2’-deoxycitidine
(carbon atoms in dark gray) with c) procainamide and d) procaine (carbon atoms in light gray). Nonpolar hydrogen atoms are omitted for clarity. Note the
similar positions of the amino groups and the very similar position of the carbonyl oxygen of procainamide and procaine with the ribose oxygen. These
atoms form hydrogen bonds with Glu128 and Arg174, respectively. The image features are same as those described for Figure 3.
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bidentate hydrogen bond with the hydrazine moiety, and
Arg174 makes several hydrogen bonds (H-bond donor) with
the hydrazine moiety and the phthalazine ring. For the hydra-
zone tautomer, several (stable) hydrogen bonds with Arg174
were also predicted.


In MD simulations of both tautomeric forms of hydralazine,
the terminal amino group shows the major degree of vdW
contacts with the binding pocket of DNMT1. In order to gain
insight into the structural stability of the tautomeric forms of
hydralazine, the vdW and electrostatic components of both
the forms were calculated and are shown in Figure 8.


As expected, the amino form (avg. �112 kcal mol�1) was
much more stable than the imino form (avg. �65 kcal mol�1)
due to its flexible side chain, which is conformationally more
available to make hydrogen bond and electrostatic interactions
with the binding site residues (other components of the total
energy, i.e. , bond, angle, dihedral, and vdW, are very similar for
both the tautomers). Hence, these calculations suggest that, in
solution, if both tautomers are present, then hydrazine–
DNMT1 binding will be more stable than the hydrazone–
DNMT1 complex.


From MD simulations, the flexibility of the binding site was
also predicted. The calculated RMS fluctuations of the residues
showed that residues Met94, Ser92, Gln89, Cys88, and Arg172
are highly flexible (fluctuations between 1.5 and 3 �). Among
these, residues Met94, Ser92, and Gln89 lie at the entrance of
the binding site, whereas residues Cys88 and Arg172 are part
of core binding site. In virtual screening studies of DNMT1 in-
hibitors, special emphasis should be given to these residues,
which may aid in better selection of inhibitors.


3.4. Strategies to optimize hydralazine


Based on our docking and MD simulation studies, we propose
the C5 position of hydralazine (Figure 2) as an attractive posi-
tion to introduce additional substituents to enhance the affini-
ty with DNMT1. Our results show that there is space to include
a bulky group at this position that may improve the fit of
these compounds in the binding site. In MD simulations, the
hydrogen atom at C5 has an average of only seven vdW con-
tacts with DNMT1 (vdW contacts were calculated based on
protein atoms within 4.2 � of the query). Another attractive
position to enhance the activity of hydralazine is C4 (Figure 2).
MD simulations reveal average vdW contacts with DNMT1 of
6.8 � for the hydrazine tautomer and 8.19 � for the hydrazone
tautomer at this position. Both C5 and C4 atoms of the hydra-
lazine sit in a pocket that is open to the outside and is sur-
rounded by polar residues Asn440, Gln89, Pro87, and His321
on top and bottom. Comparison of the optimized docking
models of hydralazine (both tautomers) with 2’-deoxycytidine
also shows that the C4 position of hydralazine is oriented in
roughly the same position as the ribose ring of 2’-deoxycyti-
dine. Thus, the introduction of a bulky group, such as an aro-
matic ring, at C4 of hydralazine may enhance the affinity with
DNMT1.


4. Conclusions


The ability of hydralazine to induce DNA demethylation has
been a matter of controversy.[19, 40, 41] This suggests that hydrala-
zine is a comparably weak inhibitor of DNA methyltransferases
that can show increased inhibitory potency under certain ex-
perimental conditions. Consistent with this notion, the predict-
ed free energy of binding for hydralazine appeared less favora-
ble than that of nucleoside analogues and other non-nucleo-
side demethylating drugs. At the same time, this also suggests
that the hydralazine scaffold can be optimized to increase the
affinity of hydralazine derivatives for DNMT1 and other DNA
methyltransferases.


In this work, we docked hydralazine, procaine, and procaina-
mide with a homology model of DNMT1. The docking protocol
was validated by predicting the binding modes of 2’-deoxycyti-
dine, 5-azacytidine, and 5-aza-2’-deoxycytidine. Docked models
were further refined, and dynamics of selected systems were
investigated through molecular dynamics studies. Our results
suggest that among the two tautomeric forms of hydralazine,
the hydrazine–DNMT1 complex is more stable than the hydra-
zone–DNMT1 complex. These results also highlight the interac-
tion of these compounds with the arginine and glutamic acid
residues that play a major role in the mechanism of DNA
methylation. These observations may direct future studies of
novel DNMT1 inhibitors. In this regard, virtual screening of
compound databases will be carried out to search for better
and novel inhibitors, and our results will be communicated in
a forthcoming paper.


Figure 8. The electrostatic, van der Waals, and total interaction energy plot
versus simulation time of 3 ns is shown for a) hydrazine and b) hydrazone.
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Supporting Information


The Supporting Information contains the amino acid sequence
numbers used in this study along with a 2D interaction diagram
for the optimized docking model of 5-azacytidine (figure S1 and
S2, respectively).
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A Practical Method for Targeted Library Design Balancing
Lead-like Properties with Diversity
Michael J. Stocks,*[a] Gareth R. H. Wilden,[a] Garry Pairaudeau,[b] Matthew W. D. Perry,[a]


John Steele,[b] and Jeffrey P. Stonehouse[a]


Introduction


High-throughput screening (HTS)[1] is still seen by
many in the pharmaceutical industry as the optimal
way to discover new chemical hits for both new and
previously explored pharmaceutical targets. A funda-
mental concern in this lead-generation approach is
the high initial hit rates that are often observed, re-
sulting from many compounds that act through un-
desired mechanisms. These include compounds that
are either nonselective,[2] reactive,[3] or that interfere
with the assay technology through either poor solu-
bility[4] or aggregation.[5] These compounds can often
mask the true actives of the screen and should there-
fore be removed from the screening collection.[6] The
addition of new, high-value compounds that do not
possess such liabilities should be a high priority for
pharmaceutical companies involved in lead genera-
tion using HTS techniques.[7]


Observations from the analysis of early HTS cam-
paigns resulted in the concept of lead-like compounds.[8] Cur-
rent reviews[9] as well as our own in-house analysis have
shown that many early, unfiltered libraries were biased towards
compounds of high molecular weight, with many examples
being synthesised that lie outside Lipinski’s criteria for oral ab-
sorption,[10] and that contain functional groups with metabolic
and chemical instability issues. A recent analysis of marketed
oral drugs[11] has shown that the majority of oral drugs are
within very well-defined ranges of molecular weight (340–
360 Da on average) and lipophilicity (Clog P 2.3–2.7).[12] Intui-
tively, lead-like libraries should therefore have their own well-
defined physical properties, as it is generally accepted that
during the lead-optimisation phase of a project, the molecular
weight of the initial lead is seldom decreased (Figure 1). As a
consequence, hard cutoffs based on molecular weight (450 Da,
with 90 % of the library being <400 Da) and calculated lipo-


philicity (Clog P<4 and >�1) have been applied to our lead-
generation compound libraries.


Results and Discussion


Over the past several years, AstraZeneca has been involved in
a company collection enhancement (CCE) programme with the
aim to increase both the size, and more importantly, the quali-


A practical and pragmatic method is demonstrated that aligns
lead-like properties with compound diversity for the picking of
compounds to synthesise from large virtual libraries. Methods
are highlighted for decreasing synthetic attrition through the
prior filtration of reagents sets grouped by reaction type. Also
disclosed are protocols that use a combination of predicted
physicochemical parameters and potential toxicological liabili-
ties to enable the synthesis of lead-like compounds with a low


potential risk of exhibiting toxicity or undesirable physico-
chemical properties. Lastly, a compound-picking process for a
2D compound matrix is demonstrated that maximises the di-
versity coverage whilst minimising synthetic effort. Thus a very
highly optimised process is shown that delivers premium
sample quality where lead-likeness and novelty are aligned to
afford the best possible enhancement for the corporate com-
pound collection.


Figure 1. The evolution of the lead-like library based on molecular weight consideration.
Also shown is a molecular weight profile of a fragment library as well as the profile of
early non-drug-like libraries, the optimisation of which to fit the molecular weight profile
of oral drugs remains challenging.
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ty of the corporate compound collection to serve as a bank for
HTS. Key to this process has been the establishment of defini-
tions for our lead-like profile and the development of robustACHTUNGTRENNUNGlibrary design tools to enable an optimal selection of com-
pounds for synthesis from large virtual libraries. The selected
targets are chosen to exclude unwanted functionality and
structural features whilst maintaining core and lead-like physi-
cal properties for all molecules synthesised.


There are many reports that deal with the design and crea-
tion of entire compound collections,[13] but that is beyond the
scope of this article. Throughout the remainder of this paper,
our concepts and ideas are illustrated with an actual example
from our recent library work to show the progress of a single
library for the collection through all the stages, from initial
idea generation to commitment to library synthesis. Para-
mount to our compound diversity thinking is the design and
synthesis of novel drug-like scaffolds as well as the establish-
ment of new multi-component reactions to enable library syn-
thesis of lead-like compounds from readily available reagents.


Analysis of ideas for novelty


The incorporation of novel chemical structures into the corpo-
rate compound bank is one of the main driving forces behind
this initiative. Primary sources of this novelty come from a
combination of identification of new commercial building
blocks, ideas presented in the literature, and chemists’ intu-
ition.[14]


There have been many recent examples of the incorporation
of spirocyclic bis-amine ring systems into novel pharmaceutical
compounds.[15] The benefits of these relatively rigid, low-molec-
ular-weight scaffolds include the orientation of substituents at-
tached at the two nitrogen atoms in a well-defined three-di-
mensional manner. A virtual enumeration for all possible spiro-
cyclic ring systems was employed in which the total number
of heavy atoms (limited to carbon and two nitrogen atoms)
was chosen to be >7 but <11, with a related imposed con-
straint that the minimum ring size was to be four atoms and
the maximum ring size was to be six atoms. This resulted in 21
possible spirocyclic ring systems (Figure 2) after the removal of
potentially unstable aminals.


A search was run in which the frequency of these substruc-
tures was examined in published patents, limiting the search
to exemplified compounds (Figure 3). Interestingly, the spiro-ACHTUNGTRENNUNGcyclic bis-amines that are well exemplified within patents are
those that show availability from commercial suppliers; how-ACHTUNGTRENNUNGever, the potentially more interesting examples are most prob-
ably less represented due to their perceived synthetic com-
plexity and their lack of “on the shelf” availability.


From the analysis it became apparent that the spirocyclic
azetidines were the least represented class of compounds, and
so we focused our synthetic effort within this area. We chose
compound 20 as our key target based on a combination of its
potential to be a piperazine mimic,[16] its achiralilty, and relative
scarcity in published examples.


Our first synthesis of the spirocyclic bis-azetidine ring system
20 has already been described.[17] For library synthesis, we


ACHTUNGTRENNUNGrequired a differentially protected bis-azetidine in multi-gram
quantities. We developed a large-scale synthesis by modifica-
tion of our earlier procedure (Scheme 1).


The azetidine chloroester 1[18] underwent hydrogenolysis in
the presence of di-tert-butyldicarbonate to give the Boc-pro-
tected azetidine 2. Selective reduction with sodium boro-ACHTUNGTRENNUNGhydride/calcium chloride[19] gave the alcohol 3, which wasACHTUNGTRENNUNGoxidised under Swern[20] conditions to the aldehyde 4. Imine


Figure 2. Spirocyclic diamines considered as potential bifunctional scaffolds.


Figure 3. Frequency within patents of various spirocyclic bis-amines.


Scheme 1. Synthesis of the differentially protected bis-azetidine. Reagents
and conditions : a) 10 % Pd/C, EtOAc, Boc2O; b) CaCl2, NaBH4, EtOH, 20 8C;
c) (COCl)2, Et3N, DMSO, CH2Cl2, �78 8C!RT; d) 1. PhCH2NH2, toluene/MeOH,
2. NaBH4, 3. DMF(aq), 110 8C.
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formation with benzylamine followed by reduction gave the
amine, which was cyclised by heating to form the desiredACHTUNGTRENNUNGselectively diprotected compound 5.


Reagent filtering


Having established the synthesis of the scaffold, a supply ofACHTUNGTRENNUNGreagents is required to decorate the scaffold to produce the li-
brary. While theoretically enumerating a library with all con-
ceivable reagents and then selecting from the products is the
ideal situation, this is impractical for production, where there
are constraints on the number and availability of reagents. For
this reason we use the AstraZeneca in-house reagent inventory
and a database of available reagents from major commercial
suppliers (ACD). We mine and process the databases in a regu-
lar and automated fashion.


In processing the reagents, the first criteria used are availa-
bility and price. Subsequent to this, the reagents are separated
out by reagent class, and then further subdivided according to
reaction type. In this way all reagents are filtered to remove
undesirable chemical features as well as those that are incom-
patible to the proposed chemical transformation. To remove
undesirable chemical features, physical property filters are ap-
plied, and the reagents are enumerated by a simple capping
reaction (e.g. methylation or acetylation). The resulting struc-
tures are filtered through the corporate standard compound
filters (which reject certain additional reactive functionalities,
for example, aldehydes from amide coupling reactions) to
remove unsuitable or toxicologically active groups, before the
original reagent is regenerated (Scheme 2).


The output at this stage may be further filtered before
saving, for example, to separate out primary and secondary
amines or chiral reagents. Each of these files thus gives the
chemist an excellent starting point from which to build chemi-
cal libraries, and removes much of the need to track back to
reagent data once the final library has been produced
(Table 1).


Compound filtering


Once a complete library is enumerated,[21] another extensive
array of filters are applied to the resulting structures in two
separate processes. The first of these takes the set of com-
pounds that would never be produced, and annotates and dis-
cards these from the process. The second stage analyses the
remaining compounds for those most desirable to make and
presents that selection to the chemist. In a normal reaction,
there is also a pool of compounds available that, while perfect-
ly acceptable to the chemist, are not the ideal selected set.
These can be mined later, should changes to the reagent set
become necessary.


The first stage of this process is to apply a series of filters to
the compounds based on calculated and predicted physical
properties. Compounds are passed through all the filters in
parallel, and the final results are combined. While it may be
computationally more expedient to run the quicker filters first,
removing most compounds before the more computationally
expensive runs are conducted, this technique presents the end
user with a list of all of the failings of a particular compound,
and should it later become necessary to re-include some com-
pounds into the design from the filters, then all the data have
been calculated with which to make that decision. The exact
nature of the filters run can also be fine-tuned as part of the
process to adapt to changes in design. The first stage of this
process is to generate the canonical tautomer of the com-
pound through the company’s in-house standardisation rules.
After this, the filters applied include simple physical property
filters ; a molecular weight of 450 Da is the maximum tolerated,


Scheme 2. Schematic representing reagent filtering by reaction type.


Table 1. Filtering the reagent database into core sets of reagents based
on a selection of core reaction types.


Reactant Type Reaction Class Subsets Created


Alkyl Amines Reductive Amination
Amide Coupling
Sulfonamide Formation
Alkylation
SnAr Displacement


Primary/Secondary/All


Aryl Amines Sulfonamide Formation
Amide Formation
Buchwald Chemistry


Primary/Secondary/All


Acids Acyl Sulfonamides
Amide Formation


Sulfonyl Chlorides Sulfonamide Formation


Alkylating Agents Alkylation
Epoxide Ring Opening


Reactive Heterocycles
Alkylating Agents


Alcohols and Thiols Alkylation
SnAr Displacement


Alcohols/Thiols


Aldehydes Reductive Amination


Ketones Reductive Amination Chiral
Cyclic/Acyclic
Symmetrical
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along with a calculated log P range of �1.0 to 4.0. Compounds
are subjected to an exact match search against the corporate
compound collection, and any matching compounds from the
virtual library are flagged and removed. A cluster analysis
(using our in-house-developed fingerprint tools, with a Tanimo-
to radius of 0.2) is carried out on all structures in the current
screening collection, and virtual compounds with any near
neighbours to those already represented are removed from
the library at this stage. If a library is to be targeted at a specif-
ic bioactive molecule, then the Tanimoto clustering can be re-
laxed to increase the number of close analogues to be syn-
thesised within the defined cluster. The most complex calcula-
tions carried out on the compounds are profiling for predicted
solubility, genotoxicity (against an AMES dataset), suspected
hERG activity, and reactive metabolite formation liability
(Figure 4). If a compound is predicted to have liabilities in


more than one of the categories of solubility, hERG activity, or
genotoxicity, then it is removed from further consideration.


Alongside this filtering method, a ranking process is also car-
ried out. While a hard cutoff value in a physical property de-
scriptor is necessary, it is, by definition, very arbitrary in nature.
Where there are several steps, compounds with values just
over the threshold for the previous criterion are treated equally
with compounds just under the threshold for the following cri-
teria—and this may not always lead to a good property distri-
bution. For this reason, a sliding scale is applied to all numeri-
cal descriptors computed for the compounds, including polar
surface area and counts of donors and acceptors that are not
used in the first-stage filtering process. The relative weight of
each descriptor can also be varied, and a summation of these
values is taken as a “consensus risk” for each compound in the
library. In this analysis, the properties of the virtual compounds
are calculated, and a risk score is attached to each parameter.
For example, if a compound has up to three hydrogen bond
donors, then we see little risk within the compound (risk
score = 0) ; however, if it has more than five hydrogen bond
donors, then we deem this parameter as being potentially
high risk (risk score = 3). The consensus risk score of each com-
pound is then calculated taking into account all the calculated
physical parameters shown (Figure 5). In this way, no com-
pounds are synthesised which have a consensus risk score of
>6, and as a consequence, we believe that we maintain a very


high level in the quality of the compounds selected for synthe-
sis that may not have been present with hard cutoff values
alone.


Should a library be targeting a compound with known toxi-
cology issues, such as cytochromes P450, then additional filters
can be added to the process at this stage. Compounds that
pass all of these filters are saved into the pool from which the
actual library can be picked. A visual report is given to the
chemist at this stage, profiling the distribution of all of the cal-
culated properties both inside the library and for those com-
pounds that failed, along with the reasons for failure. This in-
formation has proved invaluable in selecting the next round of
building blocks to complete the library design.


For the compound library based around the spirocyclic bis-
azetidine (Scheme 3), the N�H azetidine 6 could be allowed to


react with a range of aldehydes to afford N-alkylated azetidines
7. Deprotection followed by acylation with an array of carbox-
ylic acids gave a library of bis-azetidines 9.


From the AstraZeneca Charnwood in-house reagent stock,
there were 3681 carboxylic acids and 768 aldehydes available.
These were further filtered by the methods described to 592


Figure 4. Flowchart that illustrates the process for evaluating and picking
compounds. The number of near neighbours (n) can be varied to reflect li-
brary type (i.e. diversity or hit exploitation).


Figure 5. Consensus risk analysis for virtual compounds within the library.
Consensus risk score is the sum of the individual elements scored according
to the above criteria.


Scheme 3. Synthetic proposal for library based on the bis-azetidine scaffold.
Reagents and conditions : a) R1CHO, NaBH ACHTUNGTRENNUNG(OCOCH3)3, NMP; b) TFA, CH2Cl2, RT;
c) R2CO2H, HATU, NMP, Et3N.
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carboxylic acids and 204 aldehydes—reagents in which we
would have a high degree of confidence for the delivery of
final compounds. Further refinement of these sets to include
only achiral reagents gave us final enumeration sets of 499 car-
boxylic acids and 201 aldehydes (a virtual library of 100 299
compounds). A total of 64 652 compounds from the virtualACHTUNGTRENNUNGlibrary passed through the initial enumeration, based on Mr<


450 Da and Clog P<4.5 cutoffs. To increase compound quality,
these properties were further constrained to only synthesise
compounds with Mr<400 and Clog P<4 (Figure 6). This result-
ed in 12 837 possible compounds worthy of synthesis by pass-
ing all filters.


Whilst the spirocyclic bis-azetidine may well function as a pi-
perazine mimic, a potential liability of this substitution is the
observed increase in basicity between the piperazine and bis-
azetidine analogues (Figure 7). This increase may well lead to


an increase in hERG activity relative to the corresponding pi-
perazine analogues, and indeed ~33 % of the virtual library
was predicted to have a high probability of hERG activity.
Whilst this predicted toxicological issue was a major reason for
attrition in the filtering process, removal of these compounds
can only enhance the overall quality of the eventual library
committed to synthesis.


The next stage of the process is to determine the minimum
number of compounds required to give maximum coverage of
possible diversity space for the library.


Selection of compounds from the library


Diversity is probably the most overused and misunderstood
tool in the gamut of computational chemistry. While “diversity”
methodology is applied to compound selection, it is important
to remember that nothing can be diverse in itself, but needs a


point of reference against which to be considered. A far better
term to use in this context is that of coverage. The purpose of
this chemical initiative is to create compounds to enrich the
compound bank and ultimately provide a greater chance of
conducting a successful HTS campaign against an emerging
target, and therefore this must be the yardstick against which
the composition of each library must be judged. As the origi-
nal design will have been biased towards a target or chemistry
of interest, and all overlap with the existing compound bank
has already been removed, we need only care about selection
from inside the library itself. For the greatest chance of finding
and prosecuting an early-stage HTS hit, a cluster of ~10–15
compounds has been shown to have the best probability of
success.[22] Paradoxically, it has also been shown that nearest-
neighbour compounds are often inactive. There is a clear need
to balance these two criteria in any library selection. The use
of an in-house fingerprint to generate these clusters has led to
a replication of this study using internal data. A factor that
quickly became apparent is that if a whole-molecule pharma-
cophore-based descriptor is used (instead of an atomistic/con-
nectivity-based descriptor), then the clusters that form in struc-
tural space and pharmacophore space bear little resemblance
to one another. As a result of this work, the method chosen to
sample compounds was to annotate the compounds in theACHTUNGTRENNUNGlibrary according to the clusters of both these descriptors. Sin-
gleton clusters are given extra leeway and, where possible, are
assigned to the nearest cluster within a suitable extended Tani-
moto radius of their location (Figure 8).


A selection from the library should cover as much of the
cluster space in both pharmacophoric and structural space.
The first round of the selection should identify and select all of
the largest cluster centres for the synthesis set. Reagents are
then selected (and thus compounds) and added to the selec-


Figure 6. Evaluation of the virtual library, showing 12 837 compounds pass-
ing all the generic filters and hard Mr and Clog P cutoffs. The numbers refer
to the number of compounds failing each of the filters in parallel.


Figure 7. Measured pKa values of represented examples of the piperazine
and bis-azetidine analogues.


Figure 8. Cluster analysis of 12 837 compounds, showing excessive popula-
tion in certain clusters. Compounds depicted as “+” are cluster centres in
either metric. The pharmacophoric cluster number relates to those com-
pounds clustered using the pharmacophore-based descriptor, whereas the
structural cluster number relates to those clustered using the structural fin-
gerprint. The total number of virtual compounds selected is the combina-
tion from these two methods, thus we fully cover both pharmacophoric and
structural fingerprints within the design.
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tion to complete the best coverage of the clusters in the pool
of compounds. Where multiple choices in each cluster are pos-
sible, then the risk score of the compounds is consulted, and
the lowest-scoring compound (that with the least risk) is then
selected. This process is repeated until the desired number of
compounds has been selected. Use of this mechanism to
select compounds not only ensures that the “diversity” space
of a library is covered, but that the cluster membership of
compounds for hit finding is also enhanced, and that the least
risky compounds overall have been selected from the pool
(Figure 9). Genetic algorithms[23] and Pareto optimisation have


been applied to this task, and perform well where multiple
competing constraints in reagent space make the choice com-
plex. In all other situations a python script performs the clus-
ter-based selection.


To obtain maximal diversity coverage based on a combina-
tion of pharmacophore and structural fingerprint clustering
(Tanimoto distance 0.2), the above analysis shows that we
would need to synthesise only 4 % (518 compounds) of the
possible compounds from the virtual library (12 837 com-
pounds) that fulfilled all of our lead-like criteria based on a
combination of hard physicochemical cutoffs (Mr<400 Da,
Clog P<4) and filtering based on predicted toxicological and
physicochemical liabilities.


Selection of the cluster centres may seem to give the best
representation of the chemical space covered by the library,
but there are several drawbacks to using this method. The first
of these is that all of the clusters, including the singleton clus-
ters, are sampled. Although this does cover the maximum of
diversity space, it has been shown that singletons are not ideal
for ensuring that compound classes are recognised in a high-
throughput assay. For this, larger coverage of each cluster is
needed. The second drawback is that a library of this size
would need to be produced in a combinatorial fashion, and
the reagents needed to synthesise this selection is 165 R1 �
272 R2—the resulting matrix is sparse indeed: 518 compounds
from a possible 44 880, a 1 % reagent density from the square


case. A python script has been developed to perform a con-
strained selection from this matrix. This script takes the re-
agents used to construct the cluster centre of the largest clus-
ter in each dimension as a starting point. Reagents are then
added to the selection in turn according to which gives the
largest enhancement of cluster and compound coverage at
each stage, with the lowest-scoring products chosen in the
event of a tie. The resulting selection is shown in Figure 10. In


producing this result, constraints of 50 reagents in each dimen-
sion and ~1000 overall compounds were specified: the final
selection is 50 R1 � 47 R2, giving 1009 compounds from a possi-
ble 2350 (a 43 % reagent density). Although almost doubling
the overall number of compounds needed to cover the library
space, this results in a fivefold decrease (97 vs. 437) in the
number of reagents needed to produce the final library. This li-
brary covers 62 % of (non-singleton) structural cluster space,
though it represents 84 % of the compounds; it covers 81 % of
(non-singleton) pharmacophoric cluster space, while represent-
ing 99 % of the compounds. Overall cluster coverage is 65 %. In
pragmatic terms, this is considered to be an excellent compro-
mise in covering the space available to the library within a
readily achievable synthetic set.


Conclusions


A practical and pragmatic method has been illustrated that
aligns lead-like properties with compound diversity for large
virtual libraries. We have illustrated the processes established
within AstraZeneca to select compounds for synthesis based
on a combination of predicted physicochemical and toxicologi-
cal liabilities. Having filtered reagents sets available based on
reaction class has also greatly improved the efficiency of the
process by pre-filtering those reagents with incompatible func-
tional groups for a particular reaction class as well as those re-
agents that contain functional groups that derive non-lead-like
products. Finally, from the example shown, a potential virtual
library of 100 299 compounds was sequentially filtered to
remove compounds based on hard physicochemical cutoffs


Figure 9. 518 Selected compounds from the library to show compound cov-
erage in all clusters. Only the compounds from the cluster centres are
chosen for synthesis.


Figure 10. Final selection from the virtual library showing the final 1009
compounds selected for synthesis.
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and predicted liabilities to afford a core set of 12 837 (12.8 %)
possible compounds for synthesis. Diversity analysis, based on
a combination of pharmacophore and structural fingerprints
afforded a final design size of 518 compounds (0.5 % from orig-
inal design, or 4 % from the filtered design set) that covered
complete diversity space for the entire virtual library. In prac-
tice, this approach leads to a very sparse 2D matrix that will
have severe practical consequences when progressed into li-
brary production due to many reagents with multiple function-
al groups present. We have further shown, by constraining the
2D matrix with an in-house developed method, that we are
able to select a more densely populated 2D matrix that deliv-
ers excellent coverage of both the pharmacophore and struc-
tural space for the whole virtual library.


It is important to consider the advantage of each of the two
available picking processes that we have highlighted on a
cost–benefit model (Table 2). Whilst there are pros and cons to
each method, particularly dependent on the suitability of the
chemistry for two-step productions or otherwise, we believe it
is up to the chemist to determine, after careful consideration,
which method would best suit their immediate plans for any
given library.


The benefits of the approaches highlighted in this disclosure
are: the high expected delivery of final products due to the ini-
tial reagent filtering; only compounds that fulfill AstraZeneca
core lead-like criteria will be submitted for synthesis, and full
coverage of pharmacophore and structural diversity will be ac-
counted for in a relatively small sampling from the large virtual
library. Thus, we have shown a very highly optimised process
that delivers premium sample quality where lead-likeness and


novelty are aligned, affording the best possible enhancement
for the compound collection constrained within a pragmatical-
ly designed 2D matrix of library compounds. Finally, even
though we have demonstrated our approaches within the con-
strains of a 2D chemical matrix, the processes have been readi-
ly adapted to cover both 1D and 3D compound libraries with
additional multiple scaffolds.


Experimental Section


All reagents and solvents were obtained from commercial suppliers
and used without further purification. All reactions were carried
out under an inert N2 atmosphere unless otherwise noted. Silica
gel chromatography was performed using either glass columns
packed with silica gel (200–400 mesh, Aldrich Chemical) or pre-
packed silica gel cartridges (Biotage and ISCO). 1H and 13C NMR
spectra were obtained from either a 300 MHz (1H: 300 MHz, 13C:
75 MHz) or 400 MHz (1H: 400 MHz, 13C: 100 MHz) Varian Unity
Inova spectrometer. 1H and 13C NMR shifts (d) are given in ppm
and are measured relative to Me4Si as standard. All final com-
pounds were purified to >95 % purity as determined by LC–MS
analysis performed on an Agilent 1100 instrument; low-resolution
MS data were collected on a Hewlett–Packard HP 6890 or HP 5973
MSD mass spectrometer using ESI modes (positive or negative).


1-tert-Butyl-3-ethyl-3-(chloromethyl)azetidine-1,3-dicarboxylate
(2). tert-Butoxycarbonyl (Boc) anhydride (20.03 g, 85.41 mmol),
ethyl-1-benzyl-3-(chloromethyl)azetidine-3-carboxylate (22 g,
81.34 mmol), and palladium hydroxide on carbon (5.71 g,
2.03 mmol) were combined in EtOAc (450 mL), and the resulting
suspension was hydrogenated at 5 atm for 24 h. The reaction mix-
ture was filtered, washed through with EtOAc, and the solvents


Table 2. Pros (+) and cons (�) for each compound-picking method.


Criterion Picking Method 1
[165 R1�272 R2 ! 518 compound library]


Picking Method 2
[50 R1�47 R2 ! 1009 compound library]


Cost of
synthesis


+ Lower cost for reagents and fewer purification steps required;
� More reactants required


� Extra cost for synthesis, or expense at external company to
purchase compounds;
+ Fewer reactants required


Number of
compounds
delivered


+ Increased diversity in fewer compounds + More close analogues to establish SAR


Number of
compounds in
collection


+ Fewer examples for HTS screening, so can populate HTS with
more diverse compounds


+ Greater coverage for sub-setting HTS


Predicted
success rate


� Difficult to validate due to sparse 2D matrix + Increased chemical validation owing to fewer reagents used


Ease of
synthesis


� Cherry-picking required + More robust owing to fewer reagents


Suitability for
one-step
production


� More intermediates to synthesise + Fewer intermediates to synthesise


Suitability for
two-step
production


+ Fewer reactions required � More reactions required
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were removed under reduced pressure to afford 1-tert-butyl-3-
ethyl-3-(chloromethyl)azetidine-1,3-dicarboxylate (22.59 g, 100 %)
as a clear, colourless oil. GC–MS: purity = 91 %, base peak = 57, top
ion = 222; 1H NMR (400 MHz, CDCl3): d= 4.26 (q, J = 7.1 Hz, 2 H),
4.21 (d, J = 9.2 Hz, 2 H), 3.92 (s, 2 H), 3.84 (d, J = 9.0 Hz, 2 H), 1.45 (s,
9 H), 1.31 ppm (t, J = 7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d=
170.99, 156.04, 80.15, 61.90, 47.06, 44.11, 28.27, 14.06 ppm.


tert-Butyl-3-(chloromethyl)-3-(hydroxymethyl)azetidine-1-car-
boxylate (3). Anhydrous powdered CaCl2 (15.57 g, 140.27 mmol)
was added to a stirred solution of 1-tert-butyl-3-ethyl 3-(chlorome-
thyl)azetidine-1,3-dicarboxylate (19.48 g, 70.14 mmol) in specially
dried EtOH (700 mL). After 15 min NaBH4 (10.61 g, 280.55 mmol)
was added, and the reaction was stirred for a further 2 h. TLC indi-
cated reaction completion, and K2CO3(aq) (2 m, 100 mL) was added,
and the mixture was stirred for a further 2 h. The EtOH was re-
moved under reduced pressure, and the aqueous suspension was
extracted with EtOAc. The organic phase was dried over MgSO4, fil-
tered, and evaporated to afford crude tert-butyl-3-(chloromethyl)-3-
(hydroxymethyl)azetidine-1-carboxylate (15.65 g, 66.40 mmol, 95 %)
as a white solid. GC–MS: purity = 97.1 %, base peak = 57, top ion =
235; 1H NMR (400 MHz, CDCl3): d= 3.85 (s, 2 H), 3.79 (s, 2 H), 3.72
(app q, J = 7.9 Hz, 4 H), 1.85 (s, 1 H), 1.44 ppm (s, 9 H); 13C NMR
(100 MHz, CDCl3): d= 156.40, 79.81, 64.04, 47.18, 39.98, 28.32 ppm.


tert-Butyl-3-(chloromethyl)-3-formylazetidine-1-carboxylate (4).
(COCl)2 (4.64 mL, 53.03 mmol) was added to a solution of DMSO
(4.52 mL, 63.64 mmol) under N2 in CH2Cl2 (125 mL) in a three-
necked flask at �70 8C over 5 min, and the mixture stirred for
45 min with venting. A solution of tert-butyl-3-(chloromethyl)-3-(hy-
droxymethyl)azetidine-1-carboxylate (5 g, 21.21 mmol) in CH2Cl2


(60 mL) was added over 15 min, and the resultant solution was
stirred for a further 30 min at �70 8C prior to the addition of Et3N
(11.83 mL, 84.85 mmol) dropwise over 15 min, maintaining a tem-
perature below �60 8C. After the addition of Et3N, the reaction was
stirred at �70 8C for 30 min and then allowed to warm to ambient
temperature over 2.5 h to afford a pale, creamy yellow suspension.
The reaction was quenched with NaOH (3.75 n, 30 mL) and diluted
further with saturated NaHCO3(aq) (100 mL). The organic layer was
collected, and the aqueous layer was re-extracted further with
CH2Cl2 (2 � 20 mL). The organic extracts were combined and
washed with 5 % KH2PO4(aq) (2 � 50 mL) and brine (1 � 30 mL) and
dried over Na2SO4. The solvents were removed under reduced
pressure to afford a yellow oil that was purified by flash silica chro-
matography (elution gradient: 10!50 % EtOAc in isohexane). Pure
fractions were evaporated to afford tert-butyl-3-(chloromethyl)-3-
formylazetidine-1-carboxylate (4.37 g, 88 %) as a colourless oil that
was used immediately in the following reaction. 1H NMR (400 MHz,
CDCl3): d= 9.82 (s, 1 H), 4.13 (d, J = 9.1 Hz, 2 H), 3.95 (s, 2 H), 3.86 (d,
J = 9.1 Hz, 2 H), 1.45 ppm (s, 9 H).


tert-Butyl-6-benzyl-2,6-diazaspiro ACHTUNGTRENNUNG[3.3]heptane-2-carboxylate (5).
Benzylamine (18.32 mL, 167.74 mmol) and tert-butyl-3-(chloro-
methyl)-3-formylazetidine-1-carboxylate (39.2 g, 167.74 mmol) were
combined in toluene/MeOH (3:1, 150 mL) and stirred for 20 min at
40 8C. The solvents were removed under reduced pressure, and the
resulting oil was evaporated with the same solvent mixture (3 �
100 mL). The imine was dissolved in MeOH (300 mL), cooled to
0 8C, and NaBH4 (7.77 g, 201.29 mmol) was added. The reaction
was stirred overnight and then quenched with aq NH3 (d =
0.880 kg L�1) and stirred for a further 2 h. Solvents were removed in
vacuo, and the resultant white solid was partitioned between
EtOAc (600 mL) and H2O (100 mL). The organic layer was isolated
and washed with 2 m K2CO3(aq) (2 � 50 mL), brine (1 � 50 mL), dried
over Na2SO4, filtered, and the solvents were removed under re-


duced pressure. The residue was dissolved in N,N-dimethylforma-
mide (DMF; 250 mL) and H2O (62.5 mL), and the mixture was
heated at 95 8C for 4 h. After this time, further H2O (60 mL) was
added, and the heating continued for a further 5 h. Further H2O
(25 mL) was added, and heating continued for a further 4 h, after
which time the reaction was cooled slightly and then solvents re-
moved under reduced pressure to afford a creamy white solid. The
product was partitioned between Et2O (500 mL) and 2 m K2CO3(aq)
(100 mL). The organic phase was separated and washed with fur-
ther 2 m K2CO3(aq) (2 � 50 mL), H2O (4 � 20 mL), brine (2 � 50 mL),
and dried over Na2SO4. The suspension was filtered, and solvents
were removed under reduced pressure to afford tert-butyl-6-
benzyl-2,6-diazaspiro ACHTUNGTRENNUNG[3.3]heptane-2-carboxylate (47.7 g, 97 %) as a
pale yellow oil. HPLC–MS: purity = 99.68 % at 220 nm, [M+H]+ m/z :
289 (calcd = 289.1916) (MultiMode+) ; 1H NMR (300 MHz, CDCl3):
d= 7.38–7.19 (m, 5 H), 3.99 (s, 4 H), 3.56 (s, 2 H), 3.32 (s, 4 H),
1.42 ppm (s, 9 H); 13C NMR (75 MHz, CDCl3): d= 156.09, 137.74,
128.43, 128.39, 127.15, 79.46, 64.26, 63.57, 33.44, 28.36 ppm.
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Choosing the right compounds to syn-
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libraries is a current challenge for the
pharmaceutical industry. Herein we de-
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Introduction


Geiparvarin (1, Figure 1) is a natural coumarin isolated from
the leaves of Geijera parviflora that has been found to exhibit
antiproliferative activity against several tumor cell lines.[1–3]


With the goal of increasing this activity, various modifications
of the basic geiparvarin structure have been made over the
past few years. Unfortunately, most attempts resulted in a loss
of activity, or at best, only a slight improvement.[4–6] The rela-
tive importance of aspects of the geiparvarin structure, such as
the 3(2H)-furanone ring, the coumarin group, and the alkeny-
loxy bridge, has been studied extensively without conclusive
results. In particular, the alkenyloxy bridge has been modified
to 1,3-butadiene[5] or spaced from the furanone ring by a ter-


penoid unit,[6] but neither of these modifications has given rise
to compounds as active as geiparvarin.


We demonstrated that demethylation of geiparvarin in its al-
kenyloxy bridge led to a series of compounds endowed with
increased cytotoxic activity.[7, 8] In pursuing our interest in the
synthesis and biological evaluation of geiparvarin derivatives
and on the basis of our previous results, we report herein the
synthesis of some new geiparvarin analogues. Moreover, we
describe their evaluation against a panel of human tumor cell
lines in vitro together with detailed experiments designed to
elucidate the mechanism(s) of their antiproliferative effect.


Results and Discussion


Chemistry


Few years ago we described the facile and convenient synthe-
sis of 7-(2-oxoethoxy)coumarins and of racemic 2-[(coumarin-7-
yl)oxy]propanal (10) in excellent overall yields (97 %).[9] On this
basis and following our preliminary results,[10] we now report
the synthesis of enantiomerically pure aldehydes (R)- and (S)-


[a] Prof. G. Basso, Dr. G. Viola
University of Padova, Department of Pediatrics
Laboratory of Oncohematology, Via Giustiniani 3, 35131 Padova (Italy)
Fax: (+ 39) 49-821-1452
E-mail : giampietro.viola.1@unipd.it


[b] Prof. S. Chimichi, Dr. M. Boccalini
University of Firenze, Department of Organic Chemistry
Via della Lastruccia 13, 50019 Sesto Fiorentino (Italy)


[c] Dr. A. Salvador, Prof. F. Dall’Acqua
University of Padova, Department of Pharmaceutical Sciences
Via Marzolo 5, 35131 Padova (Italy)


New geiparvarin derivatives modified at the unsaturated alke-
nyloxy bridge, where a hydrogen atom replaces the 3’-methyl
group, were synthesized and evaluated against a panel of
human tumor cell lines in vitro. These compounds demonstrat-
ed an increase in growth inhibitory activity relative to the
parent compound, geiparvarin. The activity increased even fur-
ther in the series of demethylated compounds, with the intro-
duction of a methyl group at the 1’-position of the alkenyloxy
chain. In contrast, a remarkable decrease in activity was ob-
served with the introduction of a methyl group at the 2’-posi-


tion. Interestingly, the new derivatives fully inhibited the
growth of drug-resistant cell lines, suggesting that they are
not subject to pump-mediated drug efflux. On the basis of
their cytotoxic profiles, the most active compounds (R)-4 and
(R)-5 were selected for further biological evaluation in compari-
son with the lead compound. The new derivatives strongly
induce apoptosis in a promyelocytic leukemia cell line (HL-60)
mediated by depolarization of mitochondrial transmembrane
potential and mitochondrial production of reactive oxygen
species (ROS).


Figure 1. Geiparvarin analogues and their intermediates.
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10 and (R)- and (S)-11 by starting from the readily available 7-
hydroxycoumarins, with the aim to synthesize the optically
active geiparvarin analogues 3–5 and 8 as well as compounds
6 and 9 (Figure 1).


As various attempts to resolve the mixture of Schiff bases
obtained from (R,S)-10 by reaction with an enantiomerically
pure amine failed, a different resolution method is required to
obtain enantiomerically pure aldehyde 10 on a large scale.
Enantiomerically pure (R)- and (S)-10 were obtained by the se-
quence outlined in Scheme 1: resolution of the racemic cou-
marinyloxypropionic acid 12[9] was achieved by its condensa-
tion with an enantiomerically pure alcohol or amine with sub-
sequent separation and hydrolysis of the resulting diastereo-
mers to give, after Rosenmund reduction, the required alde-
hydes. In particular, a mixture of diastereomeric esters 13 a and
13 b (de~20 %) was obtained by reaction of the acid chloride
of 12 with (1R,2S,5R)-(�)-menthol. Although this mixture af-
forded a single spot in thin-layer chromatography with differ-


ent eluents, one diastereomer easily crystallized quantitatively
from ethanol. The absolute configuration at C2 was ascer-
tained to be S (compound 13 b), with respect to the chiral
carbon atoms of menthol on the basis of X-ray crystallographic
analysis (Figure 2). The remaining mother liquors containing
almost exclusively 13 a were subjected again to crystallization
to give the required compound (see Experimental Section).


Treatment of the ester 13 a or 13 b with an alcoholic solu-
tion of sodium hydroxide at room temperature only afforded
the racemic acid 12. A convenient enantiomeric excess of the
acid (>98 % ee) was achieved when the hydrolysis was per-
formed in acetonitrile with a 10 % aqueous solution of sodium
hydroxide or potassium hydroxide at room temperature for
five days.


Optical resolution of the racemic 12 could also be attained
by reaction of the corresponding acyl chloride with (1R)-(+)-1-
phenylethanamine to give the amides 14 a,b (de~10 %)
(Scheme 1). Once again, separation of the diastereomeric
amides 14 a,b was achieved by fractional crystallization from
methanol/water. Subsequent hydrolysis with 6 m hydrochloric
acid gave the enantiomerically pure acids; the structure of (R)-


12 was determined by compari-
son of its specific rotation [a]
with that of the previously ob-
tained sample.


The optical isomers (R)- and
(S)-16 were also obtained by an
enantioselective synthesis (Mit-
sunobu reaction),[11] which allows
a ready assignment of the abso-
lute configuration. Thus, we
started by condensing (S)-ethyl-
or (R)-isobutyl lactate with 7-hy-
droxy-4-methylcoumarin (15). It
is well known that this reaction
affords the corresponding esters
with inversion of configuration;


the esters dissolved in methanol were then hydrolyzed with
10 % sodium hydroxide followed by acidification with 2.4 m hy-
drochloric acid to pH 2 to give the acids (R)- or (S)-16, respec-
tively (no racemization was observed; Scheme 2).


Finally, application of our methodology[9] to the preparation
of the enantiomerically pure acids 12 and 16 indicated that
the temperature was the most important factor in the reduc-
tion of the corresponding acyl chlorides; good yields of alde-
hydes 10 and 11 (80–90 %) were obtained only if the reaction
temperature was kept <130 8C, the temperature at which hy-
drogen chloride begins to evolve.


Notably, this approach to enantiomerically pure aryloxy alde-
hydes avoids the drawback of enantioselective hydroformyla-
tion of aryl vinyl ethers employing a chiral rhodium complex,
in which the obtained chiral non-racemic aldehyde racemizes
during the reaction.[12] Therefore, the reduction of the acyl
chlorides of enantiomerically pure acids 12 and 16 represents
a novel strategy to enantiomerically pure aryloxy aldehydes.


The easy access to enantiomerically pure aldehydes 10 and
11 allowed us to synthesize chiral geiparvarin analogues by
condensation with 5-substituted 2,2-dimethyl-3(2H)-furanones


Scheme 1. Synthesis of intermediates for the preparation of geiparvarin analogues: a) SOCl2, CHCl3, reflux;
b) (1R,2S,5R)-(�)-menthol or (1R)-(+)-1-phenylethanamine (a-methylbenzylamine), CHCl3, reflux; c) NaOH, CH3CN,
room temperature or 6 m HCl, reflux; d) H2, Pd/BaSO4, toluene.


Figure 2. ORTEP drawing for compound 13 b.
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(17 and 18) followed by dehydration of the intermediate
aldols (Scheme 3). The same procedure carried out on ketone
19 afforded the new derivatives 6 and 9.


Assignment of the configuration of the 2’–3’ double bond in
compounds 4 and 5 was achieved on the basis of H-2’–H-3’ vi-
cinal coupling constant values (~16 Hz) determined by 1H NMR
spectra. For compounds 6 and 9, and 3 and 8, the long-range
coupling constant between H-3’ and the 2’ methyl group in 6
and 9 (or H-2’ and 3’-Me in 3 and 8) is not diagnostic for struc-
tural determination (4J cisoidffi4J transoid). Stereochemistry of
the products was therefore determined by NOE experiments.
To this end, we assigned the alkenyloxy signals of H-3’ and 2’-
Me in compounds 6 and 9 (or H-2’ and 3’-Me in compounds 3
and 8) on the basis of 2D NMR experiments (gHSQC and
gHMBC). Irradiation, for example, of the signal at d= 6.33 ppm


(attributed to H-3’ in the com-
pound at lowest Rf) gives rise to
a significant enhancement on
the 1’-CH2 protons, thus confirm-
ing the E configuration of com-
pound 6 (Figure 3 a). Analogous-
ly, irradiation of the signal at d=


6.22 ppm (H-3’) of the com-
pound at the highest Rf leads to
a significant enhancement on
the 2’-Me protons, thus allowing
us to assign the Z configuration
to compound 9 (Figure 3 b). This
result was also confirmed by the
expected and significant differ-
ence (Dd= 5.62 ppm) in the


13C NMR chemical shifts between the resonances of the methyl
group at the 2’-position (d= 22.32 ppm in the Z stereoisomer
versus d= 16.70 ppm in the E isomer).


Biology


Antiproliferative activity


The new geiparvarin derivatives were evaluated for
their inhibitory effects on the proliferation of a panel
of human tumor cell lines after incubation for 72 h.
The results are reported in Table 1 (compounds 1 and
2 a are included as reference).


The introduction of a methyl group at position 1’
of geiparvarin (1) led to compounds (R)-3 and (R)-8,
which lost activity regardless of respective E or Z con-
figuration. As previously demonstrated, demethyla-
tion of the lead compound 1 led to compound 2 a,
which exhibits a significant increase in antiprolifera-
tive activity.[7, 8] The introduction of a methyl group at
position 1’ of 2 a gives two enantiomers, (R)-4 and
(S)-4, which exhibited a slight increase in activity. In-
terestingly, antiproliferative activity does not depend
on the configuration at the 1’ carbon atom.


Introduction of a methyl group at position 4 of the
coumarin ring of compounds (R)-4 and (S)-4 gives
(R)-5 and (S)-5, respectively; all these compounds
show the same cytotoxicity, suggesting that the cou-
marin moiety is not essential to this end, as previous-


ly postulated.[4–6]


Scheme 2. Synthesis of intermediates for the preparation of geiparvarin analogues: a) ethyl-(2S)-hydroxypropa-
noate, PPh3, DIAD, THF, room temperature; b) isobutyl-(2R)-hydroxypropanoate, PPh3, DIAD, THF, room tempera-
ture; c) NaOH (1.25 m), CH3OH, room temperature; d) HCl (2.4 m) ; e) SOCl2, CHCl3, reflux; f) H2, Pd/BaSO4, toluene.


Scheme 3. Synthesis of geiparvarin analogues: a) LDA, THF, �78 8C; b) 10 or 11 or 19,
THF; c) MeSO2Cl, Et3N, THF, 0 8C.


Figure 3. Significant NOE effects in compounds 6 and 9.
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Introduction of the methyl group at position 2’ of com-
pound 2 b gives the two diaste-
reomers 6 and 9. A remarkable
decrease in activity was ob-
served with these compounds,
irrespective of the E or Z config-
uration. Altogether, these data
indicate that the presence of a
methyl group at the double
bond strongly decreases the an-
tiproliferative activity and simul-
taneously suggests that this part
of the molecule plays a major
role with respect to the coumar-
in moiety or to the furanone
ring.


Effect of geiparvarinACHTUNGTRENNUNGderivatives on multidrug-resistant cell lines


Although many anticancer drugs in clinical use are effective for
the treatment of various tumor types, their potential is limited
by the emergence of drug resistance. Resistance can be intrin-
sic or acquired, but in either case, tumors become refractory to
a variety of structurally diverse drugs. Therefore, we investigat-
ed the inhibitory activity of the most potent compounds 1, 2 a,
(R)-3, and (R)-5 against drug-resistant cell lines. We used the
human colon adenocarcinoma cell line (LoVo) and its doxorubi-
cin-resistant subline (LoVo/Doxo); this cell line is resistant to a
number of intercalating agents such as various anthracyclines,
mitoxantrone, and ametantrone.[13, 14] CEM, a leukemic T-lym-
phocyte line, and its subline, CEM-VBL10, were selected for by
continuous treatment with vinblastine; they show a classical
multidrug-resistance phenotype and overexpress the mdr1
gene.[15] MCF7-MDR is a human mammary carcinoma cell line
that exhibits multidrug resistance and a high-level expression
of P-glycoprotein (P-gp). MCF7-MDR cells show cross-resistance
to multiple structurally unrelated drugs including anthracy-
clines, vinca alkaloids, epipodophyllotoxins, actinomycin D, and
colchicines.[16] These cells, in addition to the overexpression of


P-gp, are endowed with a
second type of multidrug resist-
ance associated with the upre-
gulation of glutathione transfer-
ase and glutathione peroxidase.
Thus MCF7-MDR cells are known
to possess both efflux pumps as
well as increased levels of gluta-
thione peroxidase activity.[17] In
agreement with our previous re-
sults[8] in which we showed that
1 and 2 a retain activity in multi-
drug-resistant cells, the new
compounds also proved to be
fully inhibitory to these resistant
cell lines, as shown in Table 2,
suggesting that they are not


subject to the pump-mediated efflux of antitumor drugs.


Treatment with geiparvarin derivatives inducesACHTUNGTRENNUNGexternalization of phosphatidylserine in HL-60 cells


Apoptosis is characterized by a variety of morphological trans-
formations. Changes to the plasma membrane are among the
earliest of these events.[18] In apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the
inner to the outer leaflet of the plasma membrane, thereby ex-
posing PS to the external cellular environment. Annexin V is a
35–36 kDa Ca2+-dependent phospholipid binding protein that
has high affinity for PS and binds to cells with exposed PS. We
performed bi-parametric cytofluorimetric analysis using propi-
dium iodide (PI) and annexin V–FITC conjugates, which stain
DNA and PS residues respectively.[19] Figure 4 shows the per-
centage of annexin V-positive cells after incubation of HL-60
cells in the presence of 1, 2 a, (R)-4, and (R)-5 at various con-
centrations for 24 h. A concentration-dependent induction of
apoptotic cells is observed in particular for compounds (R)-4
and (R)-5, in good agreement with cytotoxic potency.


Cell-cycle analysis


Treatment of HL-60 cells with increasing drug concentrations
led to profound changes in the cell-cycle profile (Figure 5 A


Table 1. Growth inhibitory activity of geiparvarin derivatives against a panel of human tumor cell lines.


Cell lines; GI50 [mm][a]


Compd HL-60 Jurkat CEM K562 LoVo HT-1080 MCF7


1 6.3�0.6 1.8�0.2 1.8�0.6 9.2�0.5 9.2�1.3 9.8�0.9 6.0�0.7
2 a 2.5�0.2 0.6�0.05 0.7�0.9 4.8�0.2 4.1�0.1 6.9�0.6 3.4�0.3


(R)-3 >10 >10 >10 >10 >20 >20 11.5�0.5
(R)-4 0.7�0.01 0.8�0.02 0.7�0.3 1.3�0.1 3.2�0.4 2.9�0.1 2.4�0.8
(S)-4 0.9�0.01 0.5�0.01 1.0�0.1 1.6�0.3 2.7�0.3 2.1�0.1 2.5�0.6
(R)-5 0.5�0.02 0.3�0.02 0.4�0.1 0.5�0.01 2.5�0.2 4.4�0.2 4.5�0.4
(S)-5 0.8�0.01 0.4�0.01 0.7�0.2 0.6�0.02 2.7�0.3 4.4�0.5 2.5�0.3


6 >10 >10 4.3�0.9 >10 >20 >20 6.8�0.9
(R)-8 >10 >10 >10 >10 >20 >20 13.4�0.9


9 >10 >10 6.1�0.5 >10 >20 >20 16.0�1.9


[a] GI50 : concentration at which 50 % growth inhibition of tumor cells is observed after 72 h incubation; values
represent the mean �SEM of three independent experiments.


Table 2. Effect of geiparvarin derivatives against various drug-resistant cell lines.


Cell lines; GI50 [mm][a]


Compd CEM CEM-VBL10 MCF7 MCF7-MDR LoVo LoVo/Doxo


(R)-4 0.7�0.1 0.8�0.1 (1.1) 2.4�0.2 3.0�0.5 (1.2) 3.2�0.5 1.9�0.1 (0.6)
(S)-4 1.0�0.01 0.3�0.03 (0.3) 2.5�0.3 2.9�0.3 (1.2) 2.7�0.2 1.6�0.1 (0.6)
(R)-5 1.3�0.2 1.7�0.2 (1.3) 4.5�0.4 4.0�0.6 (0.9) 2.5�0.4 2.5�0.2 (1.0)
(S)-5 0.6�0.1 0.3�0.05 (0.5) 2.8�0.3 3.1�0.3 (1.1) 2.7�0.2 1.9�0.2 (0.7)


vinblastine 0.004�0.0002 0.21�0.03 (525) 0.006�0.001 0.5�0.09 (83) ND ND
doxorubicin ND ND 0.2�0.08 20.2�1.5 (101) 0.12�0.03 13.5�0.2 (112.5)


[a] GI50 : concentration at which 50 % growth inhibition of tumor cells is observed after 72 h incubation; values
represent the mean �SEM of three independent experiments. Values in brackets are the fold resistance, which
indicates the decreased potency of the compound in the resistant cell line. ND: not determined.
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and B). Flow cytometric analysis of PI-labeled cells after incuba-
tion with the test compounds for 24 h indicated that untreated
cells show a classic pattern of proliferation, with proportional
distribution across G1 (40 %), S (47 %), and G2M (13 %) phases
(Figure 6 A). Treatment with low concentrations of 1 and 2 a
(1.0–5.0 mm) induced a remarkable concentration-dependent
accumulation of cells in the G1 phase 24 h followed by accu-
mulation in the G2M phase at higher concentrations (10–
15 mm). A concomitant decrease in S-phase cells was also ob-
served. Compound (R)-4 induces, at lower concentrations (1–
2 mm), a slight increase in the G1 phase from 40 to 50 %, fol-
lowed at higher concentrations by accumulation in the S
phase. In contrast, no G1 arrest pattern was observed with (R)-


5, but only a G2M block that occurs at 5 mm. Interestingly, the
percentage of the cell population with a hypodiploid DNA con-
tent peak (sub-G1), usually considered as apoptotic cells, is
concentration dependent for (R)-4 and (R)-5, reaching 40–60 %
at the highest concentrations tested (Figure 6 B). The other
compounds 1 and 2 a induced a significant percentage of
apoptotic cells at the highest concentrations used (10–15 mm).
This effect of geiparvarin derivatives on the cell cycle has not
been described before. A previous publication[20] reports that
geiparvarin (1) had no effect on the cell cycle of murine 3T3 fi-
broblasts, even at concentrations higher (100 mm) than those
used in the present study. This discrepancy could be explained
by geiparvarin eliciting a different response in tumor cells used
in this study as opposed to a non-tumor cell line such as
murine fibroblasts.


Figure 4. A) Representative bi-parametric histograms of HL-60 cells treated
with increasing concentrations (indicated) of compound (R)-5, and then
stained with PI and annexin V–FITC after 24 h incubation. B) Percentage of
annexin V-positive cells for compounds 1, 2 a, (R)-4, and (R)-5 at various con-
centrations after 24 h incubation. Data are expressed as the mean �SEM of
three independent experiments.


Figure 5. Cell-cycle analysis of HL-60 cells incubated for 24 h with increasing
concentrations of A) 1 and B) (R)-5, as indicated. Cells were fixed and labeled
with PI and analyzed by flow cytometry as described in the Experimental
Section.
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Geiparvarin derivatives induce depolarization ofACHTUNGTRENNUNGmitochondrial transmembrane potential


As demonstrated above, geiparvarin treatment induces apop-
tosis. This observation prompted us to investigate the activa-
tion of the apoptotic pathway after treatment. Impairment in
mitochondrial function is an early event in the executive phase
of programmed cell death in various cell types, and appears as
the result of a preliminary decrease in the mitochondrial trans-
membrane potential (Dymt).


[21, 22] Early ymt disruption would
result from the opening of mitochondrial permeability transi-
tion pores (PTP), and this permeability transition would trigger
the release of apoptogenic factors such as apoptosis-inducing
factor (AIF) or cytochrome c, capable of inducing downstream
apoptotic events.[21, 22]


We used the lipophilic cation 5,5’,6,6’-tetrachloro-1,1’,3,3’-tet-
raethylbenzimidazolcarbocyanine (JC-1) to monitor Dymt in-
duced by the test compounds. The method is based on the
ability of this fluorescent probe to selectively enter mitochon-
dria, as it reversibly changes from green to orange with in-
creasing transmembrane potential.[23] This property is due to
the reversible formation of JC-1 aggregates upon membrane
polarization that causes a shift in the emitted wavelength from


530 nm (i.e. lem of JC-1 in monomeric form) to
590 nm (lem of JC-1 aggregate) when excited at
490 nm. HL-60 cells were treated with 1, 2 a, (R)-4,
and (R)-5 at various concentrations for 24 h. Treated
cells exhibited a dramatic and concentration-depen-
dent shift in fluorescence relative to control cells, in-
dicating depolarization of ymt (Figure 7 A).


Depolarization of ymt is particularly evident for
compounds (R)-4 and (R)-5 (Figure 7 B). Notably, the
disruption of ymt is associated with the appearance
of annexin V in treated cells, where they are in the
early stages of apoptosis. In fact, dissipation of ymt is
characteristic of apoptosis, and has commonly been
observed with a variety of anticancer drugs irrespec-
tive of cell type.


Geiparvarin derivatives induce mitochondrialACHTUNGTRENNUNGproduction of ROS


Mitochondrial transmembrane potential depolariza-
tion has been associated with mitochondrial produc-
tion of reactive oxygen species (ROS).[24–26] To investi-
gate the effects of geiparvarin derivatives on the pro-
duction of ROS during apoptosis, we used the ROS-
specific fluorescence indicator hydroethidine (HE),
which fluoresces in the presence of ROS.[27, 28] The re-
sults are depicted in Figure 8 A and B. In agreement
with the depolarization of ymt, significant ROS effects
were observed particularly for compounds (R)-4 and
(R)-5 in a concentration-dependent manner.


In parallel, we evaluated the damage produced by
ROS in mitochondria by assessing the oxidation state
of cardiolipin, a phospholipid restricted to the inner
mitochondrial membrane. We used 10-N-nonyl-acri-
dine orange (NAO), a fluorescent probe that is inde-


pendent of transitions in mitochondrial membrane permeabili-
ty.[29, 30] The dye interacts stoichiometrically with intact non-oxi-
dized cardiolipin. Therefore, oxidative stress localized to mito-
chondria can be assessed by measuring NAO fluorescence.
Treated HL-60 cells showed a progressive and remarkable de-
crease in mean NAO fluorescence with increasing concentra-
tions of the four compounds, consistent with a loss of cardioli-
pin content (Figure 9 A and B).


Conclusions


In pursuing our line of research into the medicinal chemistry
of geiparvarin, we have attempted to further improve the
basic properties of the parent compound through selected
structural modifications at the alkenyloxy bridge. The introduc-
tion of a methyl group at position 1’ of compound 2 a increas-
es the antiproliferative activity. Interestingly, this effect is not
stereospecific. Further flow cytometric experiments identified
the new derivatives (R)-4 and (R)-5 as potent inducers of apop-
tosis in human leukemic HL-60 cells. Compounds (R)-4 and (R)-
5 induced annexin V-positive cells in a dose-dependent
manner. Importantly, the induction of apoptosis was also con-


Figure 6. A) Percentage of HL-60 cells at various cell-cycle phases after 24 h incubation in
the presence of 1, 2 a, (R)-4, and (R)-5 at the concentrations indicated. The percentage of
each phase of the cell cycle (G1, white bars; S, gray bars ; G2M, shaded bars) were calcu-
lated on living cells. B) Percentage of the cell population with hypodiploid DNA content
peak (apoptotic cells) after 24 h incubation in the presence of 1 (&), 2 a (*), (R)-4 (~), and
(R)-5 (!) at the indicated concentrations.
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firmed by the analysis of the cell cycle. In fact, concentrations
lower than 2.5 mm are sufficient to induce generation of hypo-
diploid (apoptotic) cells. For comparison, elevated levels of
cells in sub-G1 were observed only for concentrations greater
than 10 mm for the lead compound 1.


Malignant tumors can be resistant to treatment with chemo-
therapeutic drugs, and the mechanism of this resistance is
often mediated by overexpression of the 170 kDa P-glycopro-
tein drug efflux pump. The most active compounds (R)-4 and
(R)-5 also exhibited cytotoxic activity against the drug-resistant
cell lines CEM-VBL10 and LoVo/Doxo, which overexpress P-gp.
These results suggest that these compounds may be useful in
the treatment of drug-refractory tumors.


The apoptotic death induced by geiparvarin derivatives is as-
sociated with important changes in mitochondrial function
such as dissipation of the transmembrane potential and gener-
ation of ROS. The dissipation of ymt is associated with the ap-
pearance of apoptotic cells ; it is well established that commit-


ment to apoptosis can involve important changes in mitochon-
drial activity.


The precise targets involved in the apoptotic mechanism
remain unclear at present. Further investigations are needed to
identify the initial signal(s) as well as the molecular targets.
Identification of these specific targets may improve the biolog-
ical activity of geiparvarin, and in this context, investigations
are currently underway.


Experimental Section


General methods : Melting points were taken on a B�chi 510 appa-
ratus and are uncorrected. Elemental analyses were obtained with
a PerkinElmer 240C elemental analyzer. MS data were collected
with a Carlo Erba QMD 1000 instrument at 70 eV. Optical activity
was measured with a Jasco DIP-370 digital polarimeter (l=
589 nm). Compounds (R,S)-12,[8] 17,[31] 18,[31] and 19[32] were ob-
tained as reported. Silica gel plates (Merck F254) and silica gel 60
(Merck 230–400 mesh) were used for analytical TLC and column
chromatography, respectively. Solvents were removed under re-
duced pressure. All 1D and 2D NMR experiments were performed
on a Varian Mercury Plus spectrometer (399.95 MHz for 1H,
100.57 MHz for 13C), with a 5-mm indirect detection probe
equipped with a gradient coil at 298 K. Chemical shifts (d in ppm)
were referenced to the solvent CDCl3 (7.26 ppm for 1H and
77.00 ppm for 13C) or [D6]DMSO (2.50 ppm for 1H and 39.50 ppm
for 13C). All coupling constants are in Hz. Assignments were made
using 1H, 13C, DEPT, and NOESY 1D experiments and gHSQC,
gHMBC, gHMQC, and gCOSY 2D experiments. All pulse sequences
were used as provided by Varian, and processing was carried out
with standard Varian software.


Synthesis of compounds 3–6, 8, and 9; typical procedure : A
2.0 m solution of lithium diisopropylamide (LDA) in n-heptane/THF/
ethylbenzene (0.5 mL, 1.0 mmol) was added under N2 to a solution
of furanone 17 (95 mg, 0.8 mmol) in dry THF (10 mL) at �78 8C.
The solution was stirred for 1 h, and the solution of ketone 19
(240 mg, 1.0 mmol) in dry THF (10 mL) was added dropwise; after
4 h the temperature was slowly increased to 10 8C. The mixture
was poured onto EtOAc (25 mL) containing NH4Cl (143 mg) and fil-
tered. Removal of the solvent under vacuum left a yellow oil that
was purified by flash chromatography (EtOAc/petroleum ether (PE,
bp fraction: 40–70 8C) 3:1 as eluent, yield 65 %) and identified as
the corresponding aldol. Et3N (0.5 mL, 3.6 mmol) was added to a
solution of the aldol (117 mg, 0.33 mmol) in dry THF (10 mL); the
mixture was refrigerated to 0 8C, and a solution of methanesulfonyl
chloride (0.08 mL, 1.0 mmol) was added dropwise. The resulting
suspension was stirred at 0 8C for 5 h and then filtered through a
pad of silica treated with Et2O. Removal of the solvent left a solid
containing a mixture of compounds 6 and 9 that was resolved by
flash chromatography (EtOAc/PE40–70 1:1 as eluent). The fastest-run-
ning band (Rf = 0.37) afforded 7-{[(2Z)-3-(5,5-dimethyl-4-oxo-4,5-di-
hydrofuran-2-yl)-2-methylprop-2-en-1-yl]oxy}-4-methyl-2H-chro-
men-2-one (9) as a white waxy solid (22 %): EIMS: m/z (%) 340 [M]+


(10), 176 (5), 165 (25), 91 (8), 77 (55), 69 (100); 1H NMR (CDCl3): d=
7.50 (d, 3J = 8.8 Hz, 1 H, H-5), 6.87 (dd, 3J = 8.8 Hz, 4J = 2.6 Hz, 1 H, H-
6), 6.83 (d, 4J = 2.6 Hz, 1 H, H-8), 6.22 (q, 4J = 1.3 Hz, 1 H, H-3’), 6.14
(q, 4J = 1.2 Hz, 1 H, H-3), 5.45 (s, 1 H, H-3’’), 5.095 (s, 2 H, 1’-CH2),
2.395 (d, 4J = 1.2 Hz, 3 H, 4-CH3), 2.08 (d, 4J = 1.3 Hz, 3 H, 2’-CH3),
1.43 ppm (s, 6 H, 2 � 5’’-CH3); 13C NMR (CDCl3): d= 206.56 (C4’’),
180.81 (C2’’), 161.33 (C7), 161.07 (C2), 155.24 (C8a), 152.37 (C4),
148.42 (C2’), 125.69 (C5), 117.57 (C3’), 113.99 (C4a), 112.46 (C6),
112.25 (C3), 103.54 (C3’’), 101.61 (C8), 89.10 (C5’’), 67.98 (C1’),


Figure 7. Induction of the loss of mitochondrial transmembrane potential in
HL-60 cells by test compounds after 24 h incubation. A) Representative his-
tograms of cells incubated in the presence of (R)-5 at the indicated concen-
trations and then stained with the fluorescent probe JC-1; horizontal axes
show the fluorescence intensity of the JC-1 monomer, and vertical axes
show the fluorescence of JC-1 aggregates. B) Percentage of cells with low
ymt for compounds 1, 2 a, (R)-4, and (R)-5 after 24 h incubation; data are ex-
pressed as the mean �SEM for three independent experiments.


ChemMedChem 0000, 00, 1 – 12 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &7&


These are not the final page numbers! ��


Geiparvarin Derivatives



www.chemmedchem.org





23.235 (2 � 5’’-CH3), 22.32 (2’-CH3), 18.64 ppm (4-CH3); Anal. calcd
for C20H20O5 (340.37): C 70.57, H 5.92, found: C 70.68, H 5.90.


The second band (Rf = 0.27) was identified as 7-{[(2E)-3-(5,5-dimeth-
yl-4-oxo-4,5-dihydrofuran-2-yl)-2-methylprop-2-en-1-yl]oxy}-4-
methyl-2H-chromen-2-one (6), a white solid (40 %): mp: 139–
140 8C; EIMS: m/z (%) 340 [M]+ (6), 176 (2), 165 (8), 91 (10), 77 (45),
69 (100); 1H NMR (CDCl3): d= 7.53 (d, 3J = 8.8 Hz, 1 H, H-5), 6.91 (dd,
3J = 8.8 Hz, 4J = 2.55 Hz, 1 H, H-6), 6.815 (d, 4J = 2.55 Hz, 1 H, H-8),
6.34 (q, 4J = 1.1 Hz, 1 H, H-3’), 6.16 (q, 4J = 1.1 Hz, 1 H, H-3), 5.49 (s,
1 H, H-3’’), 4.61 (s, 2 H, 1’-CH2), 2.405 (d, 4J = 1.1 Hz, 3 H, 4-CH3), 2.16
(d, 4J = 1.1 Hz, 3 H, 2’-CH3), 1.42 ppm (s, 6 H, 2 � 5’’-CH3); 13C NMR
(CDCl3): d= 207.02 (C4’’), 181.93 (C2’’), 161.02(C2), 160.88 (C7),
155.20 (C8a), 152.36 (C4), 146.73 (C2’), 125.78 (C5), 115.40 (C3’),
114.23 (C4a), 112.685(C6), 112.42 (C3), 103.25 (C3’’), 101.77 (C8),
88.21 (C5’’), 72.17 (C1’), 23.16 (2 � 5’’-CH3), 18.65 (4-CH3), 16.70 ppm
(2’-CH3); Anal. calcd for C20H20O5 (340.37): C 70.57, H 5.92, found: C
70.71, H 5.72.


7-{[(2R,3E)-4-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)pent-3-
en-2-yl]oxy}-2H-chromen-2-one (R)-3 : Overall yield: 61 %, colorless
crystals ; Rf = 0.34 (EtOAc/PE40–70 1:1) ; mp: 210–211 8C; EIMS: m/z
(%) 340 [M]+ (3), 179 (50), 162 (5), 91 (19), 77 (22), 69 (100);
1H NMR (CDCl3): d= 7.63 (d, 3J = 9.5 Hz, 1 H, H-4), 7.37 (d, 3J =
8.6 Hz, 1 H, H-5), 6.81 (dd, 3J = 8.6 Hz, 4J = 2.35 Hz, 1 H, H-6), 6.71 (d,
4J = 2.35 Hz, 1 H, H-8), 6.54 (dq, 3J = 7.8 Hz, 4J = 1.3 Hz, 1 H, H-2’),
6.25 (d, 3J = 9.5 Hz, 1 H, H-3), 5.58 (s, 1 H, H-3’’), 5.20 (dq, 3J = 7.8 Hz,
3J = 6.4 Hz, 1 H, H-1’), 2.05 (d, 3J = 1.3 Hz, 3 H, 3’-CH3), 1.54 (d, 3J =
6.4 Hz, 3 H, 1’-CH3), 1.39 (s, 3 H, 5’’-CH3), 1.36 ppm (s, 3 H, 5’’-CH3);


13C NMR (CDCl3): d= 207.22 (C4’’),
182.98 (C2’’), 161.18 (C2), 160.91
(C7), 155.79 (C8a), 143.39 (C4),
136.77 (C2’), 128.92 (C5), 127.17
(C3’), 113.72 (C6), 113.32 (C3),
112.81 (C4a), 102.14 (C8), 100.34
(C3’’), 88.68 (C5’’), 71.77 (C1’), 23.08
(2 � 5’’-CH3), 20.40 (1’-CH3),
13.68 ppm (3’-CH3); Anal. calcd for
C20H20O5 (340.37): C 70.57, H 5.92,
found: C 70.39, H 6.04. Employing
DCC-CuCl in benzene at reflux for
dehydration of the aldol, com-
pound 3 was obtained in 30 %
yield.


7-{[(1R,2E)-3-(5,5-dimethyl-4-oxo-
4,5-dihydrofuran-2-yl)-1-methyl-
2-propenyl]oxy}-2H-chromen-2-
one (R)-4 : Overall yield: 67 %,
white waxy solid; Rf = 0.35 (EtOAc/
PE40–70 1:1) ; ½a�20


D =++202.2 (c = 0.46,
CHCl3) ; EIMS: m/z (%) 326 [M]+


(12), 165 (62), 162 (24), 69 (100), 65
(34); 1H NMR (CDCl3): d= 7.63 (d,
3J = 9.6 Hz, 1 H, H-4), 7.38 (d, 3J =
8.5 Hz, 1 H, H-5), 6.86 (dd, 3J =
8.5 Hz, 4J = 2.6 Hz, 1 H, H-6), 6.80
(d, 4J = 2.6 Hz, 1 H, H-8), 6.78 (dd,
3J = 15.7 Hz, 4J = 4.8 Hz, 1 H, H-2’),
6.43 (dd, 3J = 15.7 Hz, 4J = 1.6 Hz,
1 H, H-3’), 6.26 (d, 3J = 9.6 Hz, 1 H,
H-3), 5.47 (s, 1 H, H-3’’), 5.05 (qdd,
3J = 6.4 Hz, 3J = 4.8 Hz, 4J = 1.6 Hz,
1 H, H-1’), 1.56 (d, 3J = 6.4 Hz, 3 H,
1’-CH3), 1.40 (s, 3 H, 5’’-CH3),
1.39 ppm (s, 3 H, 5’’-CH3); 13C NMR


(CDCl3): d= 206.93 (C4’’), 179.97 (C2’’), 160.97 (C2), 160.56 (C7),
155.77 (C8a), 143.23 (C4), 140.35 (C2’), 128.93 (C5), 119.62 (C3’),
113.57 (C6), 113.49 (C3), 112.94 (C4a), 102.55 (C8), 102.44 (C3’’),
88.59 (C5’’), 73.61 (C1’), 23.03 (2 � 5’’-CH3), 20.73 ppm (1’-CH3); Anal.
calcd for C19H18O5 (326.12): C 69.93, H 5.56, found: C 70.19, H 5.87.


7-{[(1S,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-2H-chromen-2-one (S)-4 : Overall yield:
70 %; white waxy solid; ½a�20


D =�202.0 (c = 0.50, CHCl3).


7-{[(1R,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-4-methyl-2H-chromen-2-one (R)-5 : Over-
all yield: 68 %; white waxy solid; Rf = 0.40 (EtOAc/PE40–70 1:1) ;
½a�20


D =++272.1 (c = 1.07, CHCl3).


7-{[(1S,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-4-methyl-2H-chromen-2-one (S)-5 : Over-
all yield: 70 %; white waxy solid; ½a�20


D =�272.0 (c = 1.08, CHCl3).


7-{[(2R,3Z)-4-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)pent-3-
en-2-yl]oxy}-2H-chromen-2-one (R)-8 : Yield: 6 %, mp: 147–148 8C;
Rf = 0.5 (EtOAc/PE40–70 1:1) ; ½a�20


D =�4.2 (c = 0.30, CHCl3) ; EIMS: m/z
(%) 340 [M]+ (4), 179 (47), 162 (9), 91 (14), 77 (32), 69 (100);
1H NMR (CDCl3): d= 7.60 (d, 3J = 9.5 Hz, 1 H, H-4), 7.32 (d, 3J =
8.5 Hz, 1 H, H-5), 6.76 (dd, 3J = 8.5 Hz, 4J = 2.45 Hz, 1 H, H-6), 6.72 (d,
4J = 2.45 Hz, 1 H, H-8), 6.20 (d, 3J = 9.5 Hz, 1 H, H-3), 5.82 (dq, 3J =
6.4 Hz, 4J = 1.3 Hz, 1 H, H-2’), 5.69 (pseudo-quintet, 3J = 6.4 Hz, 1 H,
H-1’), 5.57 (s, 1 H, H-3’’), 1.98 (d, 4J = 1.3 Hz, 3 H, 3’-CH3), 1.48 (d, 3J =
6.4 Hz, 3 H, 1’-CH3), 1.465 (s, 3 H, 5’’-CH3), 1.44 ppm (s, 3 H, 5’’-CH3);


Figure 8. Mitochondrial production of ROS: A) Cells were incubated with the indicated concentrations of 1, 2 a,
(R)-4, and (R)-5, and after 24 h, cells were harvested and incubated with HE. B) Analysis of intracellular fluores-
cence was conducted by flow cytometry; data are represented as percentage of ethidium-positive cells and are
expressed as the mean �SEM of three independent experiments.


&8& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 12


�� These are not the final page numbers!


MED G. Viola et al.



www.chemmedchem.org





13C NMR (CDCl3): d= 206.64 (C4’’), 182.99 (C2’’), 161.07 (C7 and C2),
155.69 (C8a), 143.28 (C4), 140.81 (C2’), 128.72 (C5), 126.12 (C3’),
113.40 (C6), 113.02 (C3), 112.495 (C4a), 102.96 (C3’’), 102.20 (C8),
88.69 (C5’’), 71.99 (C1’), 23.27 (5’’-CH3), 22.85 (5’’-CH3), 21.15 (3’-
CH3), 20.86 ppm (1’-CH3); Anal. calcd for C20H20O5 (340.37): C 70.57,
H 5.92, found: C 70.42, H 6.00. Employing DCC-CuCl in benzene at
reflux for dehydration of the aldol, compound 8 could be obtained
in 40 % yield.


Synthesis of enantiomerically pure aldehydes 10 and 11. These
compounds were prepared by following published procedures,
using the enantiomerically pure acids 12 and 16 as starting materi-
als.[9]


(2R)-[(2-oxo-2H-chromen-7-yl)oxy]propanal (R)-10 : Waxy solid;
½a�20


D =++44.6 (c = 1.55, CH3OH).


(2S)-[(2-oxo-2H-chromen-7-yl)oxy]propanal (S)-10 : Waxy solid;
½a�20


D =�44.0 (c = 1.01, CH3OH).


(2R)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanal (R)-11:
Waxy solid; ½a�20


D =++57.4 (c = 0.87, CHCl3).


(2S)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanal (S)-11: Waxy
solid; ½a�20


D =�57.0 (c = 0.91, CHCl3).


Synthesis of coumarinyloxypropionic acids 12 and 16 by Mitsu-
nobu reaction; typical procedure : A solution of 4-methyl-7-hy-
droxycoumarin 15 (1.56 g, 8.9 mmol), triphenylphosphine (2.6 g,


9.8 mmol), and (R)-isobutyl lactate
(1.50 mL, 10.0 mmol) in anhydrous
THF (20 mL) was stirred under N2


at room temperature for 10 min. A
solution of diisopropyl azodicar-
boxylate (DIAD; 1.8 mL, 9.15 mmol)
in anhydrous THF (8 mL) was then
added dropwise, and the resulting
mixture was stirred under N2 at
room temperature for 2.5 h. The
solvent was removed under re-
duced pressure, and the ester was
purified by flash chromatography
(EtOAc/PE40–70 1:2 as eluent). The
obtained ester usually contained
an impurity, which was removed
during the workup procedure of
the hydrolysis. The crude ester
(3.3 g) was dissolved in CH3OH
(100 mL), after which 1.30 m NaOH
(12.5 mL) was added, and the solu-
tion was stirred at room tempera-
ture for 2 h. After removal of the
solvent, the solid was dissolved in
H2O (80 mL), and the aqueous
phase was washed with EtOAc (5 �
10 mL), cooled in an ice bath, and
neutralized with 2.40 m HCl. The
obtained solid was filtered and
dried in vacuo in the presence of
P2O5. The acid (S)-16 (1.68 g,
6.8 mmol) was recovered in 76 %
overall yield. The same procedure
allowed access to the acid (R)-16
by replacement of (R)-(+)-isobutyl
lactate with (S)-(�)-ethyl lactate.


(2R)-[(2-oxo-2H-chromen-7-yl)oxy]-
propanoic acid (R)-12 : ½a�20


D =++91.6 (c = 0.84, CH3OH).


(2S)-[(2-oxo-2H-chromen-7-yl)oxy]propanoic acid (S)-12 : ½a�20
D =


�91.1 (c = 0.91, CH3OH).


2-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (R,S)-16 :
mp: 146–147 8C (lit. mp: 80–81 8C[33]) ; 1H NMR ([D6]DMSO): d= 7.66
(d, 3J = 8.8 Hz, 1 H, H-5), 6.92 (dd, 3J = 8.8 Hz, 4J = 2.3 Hz, 1 H, H-6’),
6.86 (d, 4J = 2.3 Hz, 1 H, H-8’), 6.20 (q, 4J = 1.1 Hz, 1 H, H-3’), 5.04 (q,
3J = 6.8 Hz, 1 H, H-2), 2.37 (d, 4J = 1.1 Hz, 3 H, 4’-CH3), 1.54 ppm (d,
3J = 6.8 Hz, 3 H, 3-CH3); 13C NMR (CDCl3): d= 172.43 (C1), 160.46
(C7’), 160.03 (C2’), 154.49 (C8a’), 153.27 (C4’), 126.51 (C5’), 113.45
(C4a’), 112.40 (C6’), 111.37 (C3’), 101.70 (C8’), 71.89 (C2), 18.07 (4’-
CH3), 18.00 ppm (C3).


(2R)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (R)-
16 : ½a�20


D =++78.6 (c = 1.05, CH3OH).


(2S)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (S)-
16 : ½a�20


D =�77.6 (c = 1.22, CH3OH).


Synthesis of 13 a and 13 b : A mixture of acid (R,S)-12 (0.400 g,
1.71 mmol) and thionyl chloride (0.87 mL, 12 mmol) was held at
reflux for 2 h in dry CHCl3 (15 mL). Excess thionyl chloride and
CHCl3 were then removed under reduced pressure to obtain the
pure acyl chloride (quantitative yield). A solution of the acyl chlo-
ride (0.432 g, 1.71 mmol) in anhydrous CHCl3 (6 mL) was added
dropwise to a suspension of (1R,2S,5R)-(�)-menthol (0.267 g,


Figure 9. A) Flow cytometry histograms of NAO-loaded cells treated with compound (R)-5 at the indicated con-
centrations and analyzed after 24 h. B) Percentage of cells with decreased NAO fluorescence after 24 h incubation
with compounds 1, 2 a, (R)-4, and (R)-5 at various concentrations; data are expressed as the mean �SEM of three
independent experiments.
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1.71 mmol), anhydrous Et3N (2 mL), and a catalytic amount of 4-di-
methylaminopyridine (DMAP) in anhydrous CHCl3 (6 mL). The re-
sulting mixture was heated at reflux for 4 h under N2, and then
cooled, diluted with CHCl3 (10 mL), and washed with 3 m HCl. The
organic phase was dried (Na2SO4), filtered, and concentrated under
reduced pressure to give a yellow oil that was subjected to flash
chromatography with EtOAc/PE40–70 1:4 as eluent. A resulting dia-
stereomeric mixture of esters 13 a and 13 b was obtained in 84 %
yield (0.532 g, 1.43 mmol). Subsequent fractional crystallizations
from EtOH gave pure 13 b (0.320 g, 0.86 mmol, 60 %) and 13 a
(0.180 g, 0.48 mmol, 34 %).ACHTUNGTRENNUNG(1R,2S,5R)-5-methyl-2-(propan-2-yl)cyclohexyl-(2R)-2-[(2-oxo-2H-
chromen-7-yl)oxy]propanoate 13 a. Colorless crystals ; mp: 80–
81 8C; EIMS: m/z (%) 372 [M]+ (20), 234 (14), 189 (26), 175 (63), 83
(100); 1H NMR (CDCl3): d= 7.60 (d, 3J = 9.5 Hz, 1 H, H-4’’’), 7.37 (d,
3J = 8.6 Hz, 1 H, H-5’’’), 6.84 (dd, 3J = 8.5 Hz, 4J = 2.3 Hz, 1 H, H-6’’’),
6.75 (d, 4J = 2.3 Hz, 1 H, H-8’’’), 6.25 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 4.80
(q, 3J = 6.7 Hz, 1 H, H-2), 4.66 (td, 3J = 10.8 Hz, 3J = 4.4 Hz, 1 H, H-1’),
2.02–1.96 (m, 1 H, 6’-CHH), 1.65 (d, 3J = 6.7 Hz, 3 H, 3-CH3), 1.70–1.58
(m, 2 H, 3’-CHH, 4’-CHH), 1.52–1.40 (m, 2 H, H-5’, H-2’’), 1.40–1.30
(m, 1 H, H-2’), 1.09–0.91 (m, 2 H, 6’-CHH, 3’-CHH), 0.90 (d, 3J = 6.4 Hz,
3 H, 5’-CH3), 0.90–0.78 (m, 1 H, 4’-CHH), 0.71 (d, 3J = 6.7 Hz, 3 H, 1’’-
CH3), 0.57 ppm (d, 3J = 7.0 Hz, 3 H, 3’’-CH3); 13C NMR (CDCl3): d=
170.98 (C1), 161.01 (C2’’’), 160.85 (C7’’’), 155.74 (C8a’’’), 143.20
(C4’’’), 128.91 (C5’’’), 113.63 (C4a’’’), 113.10 (C6’’’), 112.94 (C3’’’),
102.10 (C8’’’), 75.95 (C1’), 73.09 (C2), 46.78 (C2’), 40.58 (C6’), 34.09
(C4’), 31.42 (C5’), 25.78 (C2’’), 22.95 (C3’), 21.96 (5’-CH3), 20.71 (C1’’),
18.44 (C3), 15.71 ppm (C3’’) ; Anal. calcd for C22H28O5 (372.45): C
70.94, H 7.58, found: C 71.05, H 7.44.ACHTUNGTRENNUNG(1R,2S,5R)-5-methyl-2-(propan-2-yl)cyclohexyl-(2S)-2-[(2-oxo-2H-
chromen-7-yl)oxy]propanoate 13 b : Colorless crystals ; mp: 129–
130 8C; EIMS: m/z (%) 372 [M]+ (13), 234 (26), 189 (40), 175 (35), 83
(100); 1H NMR (CDCl3): d= 7.62 (d, 3J = 9.5 Hz, 1 H, H-4’’’), 7.36 (d,
3J = 8.6 Hz, 1 H, H-5’’’), 6.83 (dd, 3J = 8.6 Hz, 4J = 2.5 Hz, 1 H, H-6’’’),
6.75 (d, 4J = 2.5 Hz, 1 H, H-8’’’), 6.26 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 4.78
(q, 3J = 6.8 Hz, 1 H, H-2), 4.77 (td, 3J = 11.0 Hz, 3J = 4.4 Hz, 1 H, H-1’),
1.95–1.84 (m, 2 H, H-2’’, 6’-CHH), 1.71–1.60 (m, 2 H, 4’-CHH, 3’-CHH),
1.64 (d, 3J = 6.8 Hz, 3 H, 2-CH3), 1.50–1.36 (m, 2 H, H-5’, H-2’), 1.10
(m, 1 H, 3’-CHH), 0.96–0.80 (m, 2 H, 4’-CHH, 6’-CHH), 0.93 (d, 3J =
7.0 Hz, 3 H, 1’’-CH3), 0.86 (d, 3J = 6.5 Hz, 3 H, 5’-CH3), 0.76 ppm (d,
3J = 7.0 Hz, 3 H, 3’’-CH3); 13C NMR (CDCl3): d= 170.70 (C1), 160.85
(C2’’’), 160.61 (C7’’’), 155.55 (C8a’’’), 143.10 (C4’’’), 128.76 (C5’’’),
113.56 (C4a’’’), 113.06 (C6’’’), 112.84 (C3’’’), 102.20 (C8’’’), 75.70 (C1’),
72.92 (C2), 46.86 (C2’), 40.46 (C6’), 34.09 (C4’), 31.34 (C5’), 26.43
(C2’’), 23.27 (C3’), 21.96 (5’-CH3), 20.76 (C1’’), 18.34 (C3), 16.07 ppm
(C3’’) ; Anal. calcd for C22H28O5 (372.45): C 70.94, H 7.58, found: C
71.03, H 7.68.


X-ray crystal structure analysis for 13 b : Formula: C44H54O10, Mr =
742.87 Da, colorless crystal, monoclinic, space group: P21/a, a =
10.631(5), b = 11.431(5), c = 17.699(5) �, a= 90.000(5)8, b=
106.040(5)8, g= 90.000(5)8, V = 2067(15) �3, Z = 2, T = 293(2) K, m=
0.68 mm�1, F ACHTUNGTRENNUNG(000) = 796; 4050 reflections were collected in the
range 2.608<q<60.038 ; the final R index was 0.0421 for reflec-
tions with I>2s(I). CCDC 701551 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif.


Hydrolysis of esters 13 a and 13 b. An aqueous solution of NaOH
(10 %, 0.5 mL) was added under N2 to a solution of the ester 13 a
or 13 b (0.164 g, 0.44 mmol) in CH3CN (6 mL), and the resulting
mixture was stirred at room temperature for 5 days. The solvent


was removed under reduced pressure, and the residue was sus-
pended in H2O. The resulting suspension was acidified with 10 %
HCl and extracted with CH2Cl2. The organic phase was dried and
concentrated under reduced pressure to give a solid that was sub-
ject to flash chromatography with EtOAc/PE40–70 1:4 as eluent. The
recovered acid wad dissolved in H2O (25 mL) and 2.4 m HCl was
added, under cooling, until the pH became acidic. The acid (R)-12
or (S)-12 was filtered and dried (76 mg, 0.32 mmol, 74 %; (R)-12
½a�20


D =++90.3 (c = 0.82, CH3OH); (S)-12 ½a�20
D =�89.8 (c = 0.80,


CH3OH)).


Synthesis of 14 a and 14 b. A mixture of acid (R,S)-12 (0.112 g,
0.48 mmol) and thionyl chloride (0.25 mL, 3.44 mmol) was held at
reflux for 2 h in dry CHCl3 (10 mL). Excess thionyl chloride and
CHCl3 were then removed under reduced pressure to obtain the
pure acyl chloride in quantitative yield. (R)-(+)-a-methylbenzyla-
mine (0.25 mL, 2 mmol) was added to a solution of acyl chloride in
anhydrous CHCl3 (10 mL). The resulting solution was heated at
reflux for 1 h under N2 ; after cooling to room temperature, the so-
lution was stirred overnight under N2. The solvent was removed
under reduced pressure, and the residue was purified by flash
chromatography in EtOAc/PE40–70 1:1 as eluent (0.136 g, 0.40 mmol,
84 %). 14 a and 14 b were obtained by subsequent fractional crys-
tallizations from CH3OH/H2O (2:1).


(2R)-2-[(2-oxo-2H-chromen-7-yl)oxy]-N-[(1R)-1-phenylethyl]-prop-
anamide 14 a. Yield, 40 %; mp: 114–115 8C; EIMS: m/z (%) 337 [M]+


(14), 189 (40), 176 (35), 105 (100); 1H NMR (CDCl3): d= 7.62 (d, 3J =
9.5 Hz, 1 H, H-4’’’), 7.34 (d, 3J = 9.3 Hz, 1 H, H-5’’’), 7.21–7.17 (m, 3 H,
H-2’’, H-4’’), 7.12–7.09 (m, 2 H, H-3’’), 6.80–6.77 (m, 2 H, H-6, H-8’’’),
6.48 (d, 3J = 8.6 Hz, 1 H, NH), 6.29 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 5.13
(pseudo-quintet, 3J = 7.8 Hz, 1 H, H-1’), 4.73 (q, 3J = 6.7 Hz, 1 H, H-2),
1.64 (d, 3J = 6.7 Hz, 3 H, 2-CH3), 1.51 ppm (d, 3J = 7.8 Hz, 3 H, 1’-CH3);
13C NMR (CDCl3): d= 170.37 (C1), 160.07 (C2’’’), 159.78 (C7’’’), 155.56
(C8a’’’), 142.96 (C4’’’), 142.48 (C1’’), 129.09 (C5’’’), 128.54 (C3’’),
127.35 (C4’’), 125.89 (C2’’), 114.10 (C3’’’), 113.58 (C4a’’’), 112.40
(C6’’’), 103.42 (C8’’’), 75.47 (C2), 48.39 (C1’), 21.57 (1’-CH3),
18.55 ppm (2-CH3); Anal. calcd for C20H19NO4 (337.37): C 71.20, H
5.68, N 4.15, found: C 71.01, H 5.79, N 4.35.


(2S)-2-[(2-oxo-2H-chromen-7-yl)oxy]-N-[(1R)-1-phenylethyl]-prop-
anamide 14 b. Yield, 25 %; mp: 135–136 8C; EIMS: m/z (%) 337 [M]+


(12), 189 (26), 176 (46), 105 (100); 1H NMR (CDCl3): d= 7.64 (d, 3J =
9.6 Hz, 1 H, H-4’’’), 7.41 (d, 3J = 9.4 Hz, 1 H, H-5’’’), 7.38–7.32 (m, 2 H,
H-3’’), 7.31–7.25 (m, 3 H, H-2’’, H-4’’), 6.88–6.83 (m, 2 H, H-6, H-8’’’),
6.51 (d, 3J = 8.2 Hz, 1 H, NH), 6.30 (d, 3J = 9.6 Hz, 1 H, H-3’’’), 5.15
(pseudo-quintet, 3J = 7.0 Hz, 1 H, H-1’), 4.76 (q, 3J = 6.9 Hz, 1 H, H-2),
1.58 (d, 3J = 6.9 Hz, 3 H, 2-CH3), 1.41 ppm (d, 3J = 7.0 Hz, 3 H, 1’-CH3);
13C NMR (CDCl3): d= 170.02 (C1), 160.70 (C2’’’), 159.77 (C7’’’), 155.69
(C8a’’’), 142.99 (C4’’’), 142.52 (C1’’), 129.15 (C5’’’), 128.79 (C3’’-C5’’),
127.56 (C4’’), 126.01 (C2’’-C6’’), 114.17 (C3’’’), 113.67 (C4a’’’), 112.47
(C6’’’), 103.36 (C8’’’), 75.59 (C2), 48.38 (C1’), 21.58 (1’-CH3),
18.51 ppm (2-CH3); Anal. calcd for C20H19NO4 (337.37): C 71.20, H
5.68, N 4.15, found: C 71.08, H 5.70, N 4.24.


Hydrolysis of amides 14 a and 14 b. A suspension of the amide
14 b (155 mg, 0.46 mmol) in a solution of 6 m HCl (6 mL) was
heated at reflux for 15 h. After cooling to room temperature, the
solution was extracted with CH2Cl2 (3 � 5 mL), and the combined
organic extracts were dried over anhydrous MgSO4. The organic
solvent was evaporated under reduced pressure to give (S)-12 as a
yellow solid (100 mg, 0.43 mmol, 93 %, ½a�20


D =�88.8 (c = 0.8,
CH3OH).


Cell cultures. Leukemic human T-lymphocytes (Jurkat and CEM),
human promyelocytic leukemia cells (HL-60), and human chronic
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myelogenous leukemia cells (K562) were grown in RPMI-1640
medium, (Sigma-Aldrich, Milan, Italy). Human intestinal adenocarci-
noma (LoVo) cells were grown in Ham’s F-12 medium (Sigma-Al-
drich), and human fibrosarcoma (HT-1080) and breast adenocarci-
noma (MCF7) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich), all of which were supplemented
with penicillin G (115 U mL�1; Invitrogen, Milan, Italy), streptomycin
(115 mg mL�1; Invitrogen), and fetal bovine serum (10 %; Invitrogen).
LoVo/Doxo cells are a doxorubicin-resistant subclone of the LoVo
cell line,[13, 14] and were grown in complete Ham’s F-12 medium
supplemented with doxorubicin (0.1 mg mL�1). CEM-VBL10 is a mul-
tidrug-resistant cell line selected against vinblastine.[15] MCF7-MDR
is a human mammary carcinoma cell line that exhibits multidrug
resistance and high levels of P-gp expression.[16, 17] They were
grown in complete DMEM supplemented with doxorubicin
(0.1 mg mL�1).


Cell-cycle analysis. For flow cytometric analysis of DNA content,
5 � 105 HL-60 cells in exponential-phase growth were treated with
the test compounds for 24 h. After this incubation period, cells
were centrifuged and fixed with ice-cold EtOH (70 %), treated with
lysis buffer containing RNAse A, and then stained with propidium
iodide (PI). Samples were analyzed on a Beckman-Coulter Epics XL-
MCL flow cytometer. For cell-cycle analysis, DNA histograms were
analyzed using MultiCycle for Windows (Phoenix Flow Systems,
USA)


Externalization of phosphatidylserine. Surface exposure of phos-
phatidylserine (PS) by apoptotic cells was measured by flow cytom-
etry with a Beckman-Coulter Cytomics FC500 (Beckman-Coulter,
USA) by adding annexin V–FITC to cells according to the manufac-
turer’s instructions (Annexin V Fluos, Roche Diagnostics). The cells
were simultaneously stained with PI. Excitation was set at 488 nm,
and the emission filters were set at 525 and 585 nm.


Assessment of mitochondrial changes. The change in mitochon-
drial transmembrane potential (Dymt) was measured with the lipo-
philic cation 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcar-
bocyanine (JC-1, Molecular Probes, USA) as described.[34] Briefly,
after 24 h treatment, cells were collected by centrifugation and re-
suspended in Hank’s balanced salt solution (HBSS) containing the
JC-1 at 1 mm. The cells were then incubated for 10 min at 37 8C,
centrifuged, and resuspended in HBSS. The production of ROS and
the oxidation of cardiolipin were measured by flow cytometry
using hydroethidine (HE, Molecular Probes, USA) and 10-N-nonyl-
acridine orange (NAO, Molecular Probes, USA), respectively. After
24 h treatment, the cells were collected by centrifugation and re-
suspended in HBSS containing HE (2.5 mm) or NAO (100 nm). The
cells were then incubated for 30 min at 37 8C, centrifuged, and re-
suspended in HBSS. The fluorescence was recorded directly with
the flow cytometer using an excitation wavelength of 488 nm and
emission wavelengths of 585 and 530 nm for HE and NAO, respec-
tively.
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Synthesis and Biological Evaluation of
New Geiparvarin Derivatives


New geiparvarin derivatives modified
at the alkenyloxy bridge, where the 3’-
methyl group was replaced by a hydro-
gen atom, were synthesized and evalu-
ated against a panel of human tumor
cell lines in vitro. Compounds (R)-4 and
(R)-5 show greater inhibitory activity
toward cell growth than the parent gei-
parvarin.


&12& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 12


�� These are not the final page numbers!



www.chemmedchem.org






DOI: 10.1002/cmdc.200800414


Tacrine–Melatonin Hybrids as Multifunctional Agents for
Alzheimer’s Disease, with Cholinergic, Antioxidant, and
Neuroprotective Properties
Mar�a Isabel Fern�ndez-Bachiller,[a] Concepci�n P�rez,[a] Nuria Eugenia Campillo,[a] Juan
Antonio P�ez,[a] Gema Cristina Gonz�lez-MuÇoz,[a] Paola Us�n,[b] Esther Garc�a-Palomero,[b]


Manuela G. L�pez,[c] Mercedes Villarroya,[c] Antonio G. Garc�a,[c, d] Ana Mart�nez,[b, e] and Mar�a
Isabel Rodr�guez-Franco*[a]


Introduction


Alzheimer’s disease (AD), the most common cause of dementia
in elderly people, is a complex neurodegenerative illness of
the central nervous system (CNS), characterized by progressive
memory loss and other cognitive impairments. The etiology of
AD is not completely known, although there are diverse hall-
marks such as b-amyloid (Ab) deposits, t-protein aggregation,
oxidative damage in cell structures, and low levels of acetyl-
choline (ACh) that seem to play significant roles in the dis-
ease.[1]


Several pharmacological strategies have emerged over the
last decades including cholinergic[2] and noncholinergic inter-
ventions.[3] The cholinergic approach launched four drugs on
the market for management of the disease: the acetylcholines-
terase inhibitors (AChE-Is) tacrine, donepezil, rivastigmine, and
galantamine, which increase neurotransmission at cholinergic
synapses in the brain, improving cognition.[4] The only ap-
proved noncholinergic drug for AD is memantine, an N-
methyl-d-aspartate (NMDA) receptor antagonist, which im-
proves cognition and mental functions by restoration of ho-
meostasis in the glutamatergic system.[5] Nowadays many can-
didates with other pharmacological profiles are in phase III
clinical trials, such as the g-secretase inhibitor LY450139, the
presenilin modulator docosahexaenoic acid, the PPAR-g agonist
rosiglitazone, and the anticholesterol agent simvastatin,
among others.[6]


To date, the approved AChE-Is have been considered as
simple symptomatic short-term drugs that improve memory
but do not stop neurodegeneration. However, clinical data


emerging from long-term trials suggests that the rate of neu-
rodegenerative progression of AD is decreased in patients
treated with these drugs, and that a disease-modifying effect
may take place.[7] Moreover, the recent development of neuroi-
maging techniques has provided empirical evidence of these
beneficial effects, showing that patients treated with AChE-Is
do not show the widespread cortical atrophic changes associ-
ated with AD.[8]


The disease-modifying effects observed with the use of
AChE-Is might be related to their primary mode of action or
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Tacrine–melatonin hybrids were designed and synthesized as
new multifunctional drug candidates for Alzheimer’s disease.
These compounds may simultaneously palliate intellectual defi-
cits and protect the brain against both b-amyloid (Ab) peptide
and oxidative stress. They show improved cholinergic and anti-
oxidant properties, and are more potent and selective inhibi-
tors of human acetylcholinesterase (hAChE) than tacrine. They
also capture free radicals better than melatonin. Molecular
modeling studies show that these hybrids target both the cat-
alytic active site (CAS) and the peripheral anionic site (PAS) of


AChE. At sub-micromolar concentrations they efficiently dis-
place the binding of propidium iodide from the PAS and could
thus inhibit Ab peptide aggregation promoted by AChE. More-
over, they also inhibit Ab self-aggregation and display neuro-
protective properties in a human neuroblastoma line against
cell death induced by various toxic insults, such as Ab25–35,
H2O2, and rotenone. Finally, they exhibit low toxicity and may
be able to penetrate the central nervous system according to
an in vitro parallel artificial membrane permeability assay for
the blood–brain barrier (PAMPA-BBB).
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their binding with other neuronal targets (NMDA, nicotinic, or
muscarinic receptors)[9] or even their interaction with the amy-
loid cascade.[10] Biochemical studies have indicated that AChE
directly induces the assembly of Ab peptides into amyloid fi-
brils, forming stable AChE–Ab complexes, which are more
toxic than Ab peptides alone.[11] Because the adhesion function
of AChE to Ab is located at the peripheral anionic site (PAS),[12]


inhibitors that are able to bind both the catalytic active site
(CAS) and PAS are of particular interest in AD, as they can si-
multaneously improve memory and slow the rate of amyloid
degeneration.[13] For this reason, the interest in these dual-site
inhibitors has increased in recent years, with NP-61 being the
first compound of this class in phase I clinical trials for Alzheim-
er’s disease.[14]


During aging, the endogenous antioxidant defense system
progressively decays, and an increasing body of evidence sup-
ports the early involvement of oxidative stress in the patho-
genesis and progression of AD.[15] Recent research has demon-
strated that oxidative damage is an event that precedes the
appearance of other pathological hallmarks of the disease,
namely senile plaques and neurofibrillary tangles.[16] Thus,
drugs that specifically scavenge oxygen radicals could be
useful for either the prevention or treatment of AD.[17]


Tacrine (1), the first drug approved for AD, is a potent non-
selective inhibitor of both AChE and butyrylcholinesterase
(BuChE). Although hepatotoxicity has limited the therapeutic
use of this drug, the search for tacrine analogues is still of in-
terest in AD research.[18] Melatonin (2) is a pineal neurohor-
mone, the levels of which decrease during aging, especially in
AD patients. It has been reported to possess strong antioxidant
activity, and is able to directly scavenge a variety of reactive
oxygen species (ROS).[19] Melatonin also stimulates several en-
dogenous antioxidative enzymes, improves mitochondrial
energy metabolism, decreases neurofilament hyperphosphory-
lation, and plays a neuroprotective role against Ab.[20]


Continuing with our research on various heterocyclic com-
pound families with potential application in AD,[21] and taking
into account that drugs with two or more useful biological ac-
tivities for the same pathology may represent an important
pharmacological advance,[22] we are currently interested in
multifunctional drugs that combine potent dual binding to
both the CAS and PAS of AChE and neuroprotective properties
in a single small molecule. Tacrine–melatonin hybrids (3–25)
were designed by using moieties with well-known properties
for each biological activity : 1 for the inhibition of AChE
through its binding to the CAS, and 2 for both its neuroprotec-
tive properties and its interaction with the PAS. Regarding the
CAS of AChE, which is located at the bottom of a deep gorge,
we considered tethering these two fragments with hydrocar-
bon chains, following a previously described strategy.[23] These
flexible linkers could be accommodated by the enzyme cavity,
allowing simultaneous interaction with the CAS and PAS of
AChE (Figure 1).


In this field, we reported preliminary results on the synthesis
and biological evaluation of tacrine–melatonin hybrids that
show better AChE inhibitory and antioxidant properties than
their separate structures.[24] Prompted by their promising bio-


logical profile, we describe herein the synthesis of new ta-
crine–melatonin hybrids in order to have a broader chemical
structure–biological activity relationship analysis by molecular
modeling, and to study additional pharmacological properties
such as propidium iodide displacement from AChE, effects on
Ab self-aggregation, and cell viability. We also studied the neu-
roprotective effects of these hybrids against death induced in
neuroblastoma cells by various toxic insults related to Ab de-
generation (Ab25–35), as well as oxidative stress triggered by hy-
drogen peroxide and rotenone.


Results and Discussion


Synthesis


Scheme 1 depicts the general procedure for the synthesis of
tacrine–melatonin hybrids 3–25. The treatment of 9-chloro-
1,2,3,4-tetrahydroacridines 26–30, obtained by published


methods,[25] with various a,w-amino acids in n-pentanol at
reflux overnight, and subsequent hydrolysis of the pentyl ester
intermediates with sodium hydroxide in a mixture of dioxane/
H2O (1:1) at reflux yielded acids 31–35 in good yields. These
acids were suitably activated with (benzotriazol-1-yloxy)tris(di-
methylamino)phosphonium hexafluorophosphate (BOP) and
subsequently coupled with commercially available amines


Figure 1. Design strategy for tacrine–melatonin hybrids 3–25 (see Table 1
for definitions of R, R’, X, and n).


Scheme 1. Synthesis of tacrine–melatonin derivatives.


&2& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 15


�� These are not the final page numbers!


MED M. I. Rodr�guez-Franco et al.



www.chemmedchem.org





(tryptamine, 5-methoxytryptamine, and serotonin) in the pres-
ence of triethylamine in dichloromethane solutions at room
temperature to afford the desired tacrine–melatonin amides 3–
23. Bioisosteric transformation of the amide into the thioamide
group was carried out by using Lawesson’s reagent (LR). Thus,
the treatment of 4 and 6 with 1.5 equivalents of LR in toluene
at reflux afforded the thioamide hybrids 24 and 25 in good
yields.


All tacrine–melatonin hybrids were purified by chromato-
graphic techniques and then transformed into their hydrochlo-
ride salts by treatment with gaseous hydrochloric acid in di-
chloromethane solution. Free bases were used to obtain spec-
troscopic (1H NMR, 13C NMR, IR, and MS) data, and hydrochlo-
ride salts were employed to determine both purity (HPLC and
combustion analysis) and biological activities (cholinergic, anti-
oxidant, CNS penetration, and neuroprotective properties).


Cholinergic and antioxidant activities


The tacrine–melatonin hybrids were tested as inhibitors of
AChE and BuChE by following the method of Ellman et al.[26]


Initially, these compounds were evaluated against mammalian
enzymes, specifically AChE from bovine erythrocytes and
BuChE from horse serum. These enzymes were chosen owing
to their lower cost and their high degree of sequence identity
to the human enzymes.[27] Tacrine (1) and melatonin (2) were
also tested for comparative purposes (Table 1). All tacrine–mel-
atonin derivatives were found to be potent inhibitors of mam-


malian cholinesterases at the low-nanomolar concentration
range, better than tacrine. As expected, melatonin did not in-
hibit either enzyme.


Comparing hybrids with the same substituent in each het-
erocycle, compounds with a 5- or 6-methylene linker between
the amine and the amide groups showed better inhibition of
AChE than molecules with a 4- or a 7-methylene chain. The in-
troduction of a chlorine atom at position 8 or a fluorine atom
at position 7 of the tacrine framework decreased the inhibitory
activity toward both enzymes (compounds 9, 13, and 19).
However, compounds derived from 6-chlorotacrine (7 and 8)
and 6,8-dichlorotacrine (10 and 11) were more potent and se-
lective AChE inhibitors than their unsubstituted counterparts
(4 and 5). Finally, replacement of the amide by a thioamide
group afforded compounds 24 and 25, which are less potent
than their respective counterparts 4 and 6.


Then the tacrine–melatonin hybrids were evaluated as inhib-
itors of human cholinesterases and as free radical scavengers
(Table 1). All hybrids potently inhibited human AChE (hAChE),
with IC50 values in the nanomolar and picomolar ranges (5 �
10�9–8 � 10�12


m), reflecting 70- to 43 000-fold greater potency
than tacrine.


In general, the relationships between chemical structure and
the inhibition of human cholinesterases are similar to those
found with enzymes from other mammalian sources. From the
IC50 values of compounds 4, 5, and 7–11 bearing an unsubsti-
tuted indole, it appears that variations on the tacrine fragment
influence both potency and selectivity toward hAChE. The


Table 1. Inhibition of cholinesterases by tacrine–melatonin hybrids, tacrine, and melatonin, along with oxygen radical absorbance capacity (ORAC).[a]


Compd[b] R n X R’ IC50 [nm] Selectivity Trolox
AChE[c] BuChE[d] hAChE[e] hBuChE[e] for hAChE[f] ACHTUNGTRENNUNG[equiv][g]


3 H 4 O H 20.0�0.8 12�1 3.0�0.1 5.0�0.2 2 ND
4 H 5 O H 4.0�0.2 12�1 0.35�0.01 2.5�0.1 7 3.6�0.1
5 H 6 O H 1.0�0.1 0.95�0.05 0.5�0.02 6.8�0.3 14 3.3�0.1
6 H 7 O H 2.5�0.1 2.5�0.1 0.8�0.05 5.0�0.2 6 ND
7 6-Cl 5 O H 2.0�0.1 5.2�0.3 0.725�0.03 175�5 241 2.2�0.1
8 6-Cl 6 O H 0.2�0.01 8.1�0.3 0.1�0.05 35�2 350 2.1�0.03
9 8-Cl 5 O H 65�3 15�1 0.87�0.04 23�2 26 4.0�0.1


10 6,8-diCl 5 O H 3.5�0.2 8.2�0.3 0.7�0.03 250�8 357 1.9�0.1
11 6,8-diCl 6 O H 2.0�0.1 85�4 0.008�0.0004 7.8�0.4 975 2.5�0.1
12 6,8-diCl 7 O H 15�0.6 10�0.5 ND ND – ND
13 7-F 5 O H 36�2 30�1 ND ND – ND
14 H 4 O OCH3 35�1 1.8�0.1 2.5�0.4 2.5�0.3 1 ND
15 H 5 O OCH3 9.0�0.3 2.0�0.1 0.8�0.04 1.5�0.01 2 1.5�0.1
16 H 6 O OCH3 2.3�0.1 2.5�0.1 0.65�0.03 3.0�0.2 5 2.7�0.1
17 H 7 O OCH3 20�1 3.0�0.1 5.0�0.4 2.5�0.1 – ND
18 6-Cl 5 O OCH3 12�1 55�2 3.0�0.4 150�5 50 ND
19 8-Cl 5 O OCH3 25�1 22�1 0.65�0.05 15�1 23 1.9�0.1
20 6,8-diCl 5 O OCH3 4.0�0.2 50�1 ND ND – ND
21 6,8-diCl 6 O OCH3 5.0�0.3 100�4 0.04�0.002 25�1 625 1.7�0.01
22 H 5 O OH 35�2 3.5�0.2 0.45�0.02 1.0�0.1 2 3.2�0.2
23 H 7 O OH 25�1 2.5�0.1 ND ND – ND
24 H 5 S H 6.5�0.2 15�0.5 ND ND – ND
25 H 7 S H 40�1 10�0.5 ND ND – ND
1 40�2 10�0.4 350�10 40�2 – <0.01
2 >100 >100 ND ND – 2.3�0.1


[a] Results are presented as the mean �SD (n = 3); ND: not determined. [b] See Scheme 1 for chemical structures. [c] AChE from bovine erythrocytes.
[d] BuChE from horse serum. [e] Enzymes from human source. [f] Selectivity for hAChE = [IC50 (hBuChE)]/ACHTUNGTRENNUNG[IC50 ACHTUNGTRENNUNG(hAChE)] . [g] Data are expressed as (mmol
trolox)/(mmol tested compound).
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presence of a chlorine atom at
position 6 improved both fac-
tors; hybrid 8 is a low sub-nano-
molar hAChE inhibitor with
good selectivity for this enzyme.
The potency toward hAChE de-
creased in the case of com-
pound 9, in which the chlorine is
at position 8 of the tacrine
framework, revealing that this
change in the structure is not
well tolerated by the enzyme. Fi-
nally, disubstituted 6,8-dichloro-
tacrine derivative 11 is the most
potent and selective hAChE in-
hibitor of this series, indicating
that the two chlorine atoms
could act synergistically in the
active site. This compound ex-
hibited an IC50 value of 0.008 nm


toward hAChE, which is 43 000-
fold more potent than tacrine,
and showed remarkable selectiv-
ity: ~1000-fold more active
toward hAChE than hBuChE. Fi-
nally, regarding modifications to the indole fragment, the intro-
duction of a methoxy or hydroxy group at position 5 gave rise
to compounds with inferior values for both potency and selec-
tivity toward hAChE.


Owing to their potency and selectivity toward hAChE, these
tacrine–melatonin hybrids should mostly activate central choli-
nergic transmission, improving mental abilities, and be free of
the peripheral side effects related to nonselective cholinester-
ase inhibitors like tacrine.[28]


The antioxidant activities of tacrine–melatonin hybrids were
determined by their competition with fluorescein in the cap-
ture of oxygen radicals, thermally generated from 2,2’-azobis-ACHTUNGTRENNUNG(amidinopropane) dihydrochloride, following a well-established
method (ORAC-FL).[29] Trolox, a vitamin E analogue, was used
as standard, and the results were expressed as trolox equiva-
lents [(mmol trolox)/(mmol tested compound)] (Table 1). Tacrine
showed negligible radical-capture capacity, whereas melatonin
had an ORAC-FL value 2.3-fold higher than that of trolox. This
activity fully agrees with the value previously described for
melatonin (ORAC = 2.0),[30] pointing out the reliability of our ex-
periments. Tested compounds showed potent peroxyl radical
absorbance capacities ranging from 1.5- to 4-fold the trolox
value. Regarding the indole structure, the best results were ob-
tained with unsubstituted (4, 5, 7–11) or 5-hydroxy derivatives
(22), whereas compounds 15, 16, and 21 derived from 5-me-
thoxyindole showed lower values.


In vitro BBB permeation assay


To evaluate the brain penetration of tacrine–melatonin hybrids,
we used a parallel artificial membrane permeation assay for
blood–brain barrier (PAMPA-BBB) by partially following the


method described by Di et al. ,[31] which we successfully applied
to different compounds.[32] The in vitro permeabilities (Pe) of ta-
crine–melatonin hybrids 3–25 and 20 commercial drugs
through a lipid extract of porcine brain were determined, and
the results are listed in Table 2. Assay validation was made by
comparing the experimental permeability (Pe exptl) with the re-
ported values (Pe pubd) of these commercial drugs that gave a
good linear correlation: Pe exptl = 0.73 Pe pubd + 1.48 (r2 = 0.95).
From this equation, and taking into account the limits previ-
ously established for BBB permeation,[31] we found that mole-
cules with a permeability >4.4 � 10�6 cm s�1 are able to cross
the BBB.


The assay predicted the control compounds correctly and
showed that almost all tacrine–melatonin derivatives could
cross the BBB and reach their biological targets located in the
CNS (Table 2). Only compounds 22 and 23, derived from 5-hy-
droxyindole, showed a decreased capacity for brain permea-
tion.


Molecular modeling


With the aim of obtaining useful information about the bind-
ing interactions between tacrine–melatonin hybrids and
hAChE, a molecular modeling study was performed. The active
site of hAChE is composed of the catalytic triad (Ser203,
Glu334, and His447) at the bottom of the gorge, the anionic
subsite at Trp86, the acyl pocket at Phe295 and Phe297, and
the oxyanion hole at Gly120, Gly121, and Ala204. In addition
to this, the PAS at the entrance of the gorge (Tyr72 and
Trp286) is of particular interest, as it is believed to play a major
role in Ab plaque formation as a key step in the development
of AD.[12]


Table 2. Permeability results from the PAMPA-BBB assay for 20 commercial drugs (used in experimental valida-
tion) and tacrine–melatonin hybrids with their predictive penetration in the CNS.


Compd Pe pubd [10�6 cm s�1][a] Pe exptl [10�6 cm s�1][b] Compd Pe exptl [10�6 cm s�1][b] Prediction


testosterone 17.0 13.0�0.4 3 12.1�0.5 CNS+


verapamil 16.0 13.0�0.5 4 11.0�0.5 CNS+


imipramine 13.0 9.1�0.4 5 9.2�0.4 CNS+


desipramine 12.0 11.0�0.5 6 8.7�0.4 CNS+


astemizole 11.0 11.0�0.4 7 7.7�0.3 CNS+


progesterone 9.3 8.6�0.4 8 6.9�0.3 CNS+


promazine 8.8 7.3�0.3 9 5.2�0.1 CNS+


chlorpromazine 6.5 6.1�0.2 10 8.4�0.2 CNS+


clonidine 5.3 6.8�0.2 11 7.6�0.3 CNS+


corticosterone 5.1 7.2�0.3 12 6.1�0.2 CNS+


piroxicam 2.5 2.3�0.1 13 6.4�0.3 CNS+


hydrocortisone 1.9 3.2�0.1 14 9.3�0.2 CNS+


aldosterone 1.2 2.7�0.1 15 7.7�0.1 CNS+


lomefloxacin 1.1 1.3�0.05 16 8.6�0.3 CNS+


enoxacin 0.9 1.7�0.06 17 7.9�0.2 CNS+


atenolol 0.8 2.0�0.1 18 8.0�0.2 CNS+


ofloxacin 0.8 1.8�0.07 19 8.9�0.1 CNS+


isoxicam 0.3 1.6�0.07 20 9.6�0.4 CNS+


theophylline 0.1 1.5�0.05 21 8.8�0.4 CNS+


cimetidine 0.0 1.2�0.05 22 2.0�0.1 CNS�
23 2.8�0.2 CNS�
25 6.8�0.3 CNS+


[a] Published values from reference [31] . [b] Data are the mean �SD of three independent experiments.
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Although the three-dimensional structure of hAChE is
known, its complex with tacrine, the common framework to all
these hybrids, has not been solved. As an alternative, we used
the well-known complex between AChE from Torpedo californi-
ca (TcAChE) and tacrine as a starting model (PDB code 1ACJ).
First, the crystallographic coordinates of tacrine found in the
TcAChE–tacrine complex were transferred to hAChE, and then
the complex was energy-minimized (see Experimental Section
for details). In this optimized complex, tacrine showed only in-
teractions with the CAS binding site of hAChE, whereas no in-
teractions were observed with the PAS subsite (Table 3). As
previously observed in the TcAChE–tacrine complex,[33] the pro-
tonated nitrogen atom of the quinoline ring establishes a hy-
drogen bond with the carbonyl group of the main chain of
His447 of the hAChE catalytic triad. In addition, the quinoline
ring is p-stacked between the aromatic rings of Trp86 and
Tyr337 in a sandwich arrangement. Previous structural studies
showed that the Tyr337 residue (Phe330 in 1ACJ) adopts an
open, closed, or half-open conformation according to angles c1


and c2, and depending on the nature of the ligand.[34] The
TcAChE–donepezil complex (PDB code 1EVE) is characterized
by the open-gate conformation, whereas the complex with ta-
crine (1ACJ) displays a closed conformation, and the half-open
conformation is observed in the complex between TcAChE and
(�)-huperzine A (1VOT).[35] In the current study, the Tyr337 resi-
due displays a closed conformation (c1 = 166.38 and c2 = 35.38),
as is the case for the TcAChE–tacrine complex.


Similarly, we constructed models for the complexes between
hAChE and tacrine–melatonin hybrids, using the same orienta-
tion for the tetrahydroquinoline ring as found in the energy-
minimized hAChE–tacrine complex. The binding energy
(DGbind) of the optimized complexes gave evidence for strong
interactions between the enzyme and the synthetic tacrine–
melatonin hybrids. According to our rational design, these
compounds occupy the entire enzymatic gorge, with strong in-
teractions with the CAS, mid-gorge, and PAS (Table 3).


In all complexes the tacrine moiety was bound to CAS (see
Table 3 and Figure 2), displaying a parallel p–p stacking inter-
action between Trp86 and Tyr337 [distances between aromatic
centroids: 3.36–3.63 � (Trp86) and 5.86–6.72 � (Tyr337)] . In ad-
dition, a hydrogen bond was observed between the protonat-


ed nitrogen atom of the quinoline ring and the carbonyl
group of the main chain of His447 (N···O distances: 3.54–
3.90 �). According to the average values of angles c1 and c2


(1608 and 508, respectively), the residue of Tyr337 shows a
closed orientation in all cases that improved the aromatic in-
teraction between this amino acid and the tacrine fragment.


Regarding the 6-chloro (compound 8) and 6,8-dichlorota-
crine (10 and 11) derivatives, the chlorine atom at position 6


Table 3. Optimized complexes between hAChE and tacrine–melatonin hybrids. Binding energy and distances [�] to outstanding binding subsites: CAS, hy-
drophobic pocket (HPP), mid-gorge, and PAS.


Compd DGbind [kcal mol�1] CAS HPP[c] Mid-Gorge PAS
Trp86[a] Tyr337[a/b] His447 Tyr124 Arg296 Tyr72[d] Tyr124[d/e] Trp286[d]


1 �3.68 3.57 5.60/3.71 3.61 – – – – – –
4 �9.31 3.36 6.05/3.91 3.69 – 4.10 2.38 4.84 4.50/4.86 6.92
5 �10.48 3.56 5.97/3.87 3.54 – – – 3.91 4.20/3.93 5.91
8 �11.13 3.59 6.72/4.41 3.90 3.50 – – 3.75 4.89/4.28 4.28
9 �9.82 3.37 5.85/3.88 3.74 – 3.72 2.40 4.87 4.56/4.70 5.85


10 �10.04 3.47 6.06/3.99 3.64 3.32 3.87 2.37 4.96 4.62/4.92 5.79
11 �11.46 3.47 6.14/3.95 3.66 3.40 – – 3.39 5.92/4.53 4.72
15 �10.55 3.48 6.11/3.87 3.58 – 3.84 2.82 5.44 4.80/5.23 5.71
16 �11.07 3.51 5.86/3.83 3.61 – – – 4.25 8.16/6.35 5.13
21 �11.44 3.48 6.15/3.98 3.65 3.44 – – 3.48 7.37/5.64 4.96
22 �9.68 3.63 5.88/3.74 3.59 – 3.74 2.97 4.50 4.36/4.54 6.62


[a] Distance between the aromatic centroids of both tacrine and the corresponding amino acid. [b] Distance between the aromatic centroid of tacrine and
the carbonyl oxygen atom of the amino acid. [c] Distance between the chlorine atom and the hydrophobic pocket (HPP). [d] Distance between the aromat-
ic centroids of both indole and the corresponding aromatic amino acid. [e] Distance between the aromatic centroid of indole and the carboxylic oxygen
atom of the amino acid.


Figure 2. Hybrids 10 (n = 5, green) and 11 (n = 6, red) docked into the cata-
lytic gorge of hAChE, highlighting the protein residues belonging to CAS
(blue) and PAS (yellow) that establish the main interactions.
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occupies a small hydrophobic pocket composed of Trp439,
Met443, and Pro446, as illustrated in Figure 3. This additional
interaction could explain the greater potencies of hybrids with
a chlorine atom at position 6 in the tacrine ring relative to the
unsubstituted counterparts.


In all tacrine–melatonin hybrids the linker is aligned along
the gorge of the enzyme, where the amide group establishes
the most relevant interactions. In hybrids containing five meth-
ylene units between the amine and the amide groups (com-
pounds 4, 9, 10, 15, and 22), the nitrogen atom belonging to
the amide was hydrogen-bonded to the carbonyl oxygen of
Arg296 (average N···O distance: 2.59 �), whereas the amide
oxygen was bonded to the hydroxy group of Tyr124 (average
O···O distance <4.0 �). These stabilizing interactions were not
observed in hybrids with a tether of six methylene units due
to the opposite orientation of the amide group (Table 3). More-
over, the 5-hydroxyindole derivative 22 showed an additional
hydrogen bond between its phenolic hydroxy group and the
carbonyl oxygen of Arg296 (O···O distance: 3.0 �).


The tacrine–melatonin hybrids adopted an appropriate ori-
entation in the PAS that allows aromatic interactions between
the indole ring and the aromatic side chain of both Tyr72 and
Trp286 (Table 3). Compounds containing a tether of six methyl-
ene units (5, 8, 11, 16, and 21) showed shorter distances to
PAS residues, indicating improved p–p stacking interactions.
For instance, hybrid 11 (n = 6) showed better stabilizing inter-
actions with PAS residues than its counterpart 10 (n = 5,
Table 3). This general feature could explain the greater hAChE
inhibition of hybrids with a tether of six methylene units rela-
tive to compounds bearing linkers of five methylene units.


Finally, Tyr72 and Trp286 changed their initial orientation in
the free enzyme to improve the aromatic interactions with the
melatonin fragment in the final complexes, as deduced from
the dihedral angles listed in Table 4. In each complex, the c1


angle belonging to Trp286 showed the greatest variation, indi-
cating a stronger interaction between this residue and the
melatonin fragment. Notably, hybrids with a six-methylene unit
tether (5, 8, 11, 16, and 21) provoked higher variations in c1 of
Trp286 than compounds with shorter linkers.


To quantify the contribution of amino acids in the binding
process, variations in the solvent-accessible surface area
(DSASA) were calculated by using Structural Thermodynamic
Calculations software (v 4.3). The residues with DSASA>4 �2


are listed in Table 5, along with their partial contribution to the
binding energy of the complex (DGbind). According to the
above molecular modeling studies, the most important contri-
butions were found in the residues belonging to the CAS
(Trp86, Tyr337, and His447), the mid-gorge (Tyr124 and
Arg296), and the PAS (Tyr72, Asp74, and Trp286). In all com-
plexes, aromatic interactions (Tyr72, Trp86, Trp286, and Tyr337)
contribute more to complex stability than hydrogen bonds
(Tyr124, Arg296, and His447). In the case of compounds with
five-methylene unit linkers (4, 9, 10, 15, and 22) the most im-
portant aromatic contributions to DGbind are due to Trp86 and
Tyr337, both from the CAS. However, for the six-methylene
unit hybrids (5, 8, 11, 16, and 21) Trp286 from PAS establishes
the most significant aromatic binding interaction, besides the
two CAS residues previously mentioned which also contribute
to the stability of the final complexes of this family.


hAChE and hBuChE alignment


As previously stated, tacrine–melatonin hybrids show more af-
finity for hAChE than for hBuChE; this selectivity is more dra-
matic for compounds bearing a 6-chlorotacrine group (7 and
8) or a 6,8-dichlorotacrine group (10, 11, and 21). To explain
this behavior, a sequence alignment of the amino acid residues
of both enzymes was carried out with the ClustalX program.[36]


Although hAChE and hBuChE have high homology (54 % iden-
tity and 81 % similarity), we found differences in some CAS and
PAS residues that are involved in inhibitor binding (Figure 4).
The hAChE catalytic gorge is lined by fourteen aromatic resi-
dues, whereas for hBuChE, six of these positions (Tyr72, Tyr124,
Trp286, Phe295, Phe297, and Tyr337) are replaced by aliphatic


Figure 3. Interactions of hybrid 11 (cyan) with the hydrophobic pocket com-
posed by Trp439, Met443, and Pro446 (red).


Table 4. Dihedral angles for Tyr72 and Trp286 observed in the optimized
complexes.[a]


Tyr72 Trp286
Ligand c1 c2 c1 c2


none 157.10 78.30 �57.57 95.16
4 212.00 107.90 168.30 90.70
5 191.10 98.60 221.30 110.20
8 200.20 98.00 232.40 102.80
9 209.10 105.90 169.70 91.10


10 189.20 93.30 172.10 86.60
11 192.20 93.20 194.80 71.20
15 189.40 95.00 161.30 98.60
16 187.80 76.90 201.60 85.00
21 193.00 85.90 207.10 73.80
22 212.50 108.40 167.70 88.70


[a] Dihedral angle c1: a–b–g–d ; dihedral angle c2 : b–g–d–e.
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amino acids (Asn68, Gln119, Ala277, Leu286, Val288, and
Ala328, respectively). Because the main forces involved in the
binding between tacrine–melatonin hybrids and hAChE are p–
p stacking interactions, these amino acid differences could ex-
plain the observed selectivity, because in hBuChE these inter-
actions were diminished.


The greater selectivity toward
hAChE observed in the 6-chloro
(7 and 8) and 6,8-dichloro deriv-
atives (10, 11, and 21) could be
explained by the replacement of
Pro446 in hAChE by Met437 at
this position in hBuChE. Such re-
placement removes the hydro-
phobic pocket that anchors the
chloride atom in hAChE; at the
same time, the terminal methyl
group of Met437 undergoes
steric clash with the 6-chlorota-
crine unit (Figure 5).


Propidium displacement assay


As mentioned in the Introduc-
tion, AChE has secondary non-
cholinergic functions related to
fibril assembly and deposition of
Ab in AD. The structural motif of
the enzyme that promotes Ab


fibril formation is located at the
PAS, where Trp286 appears to
play an important role.[12] Sup-
port for this hypothesis is given
by studies demonstrating that,
while selective CAS inhibitors do
not decrease Ab aggregation,
the PAS-specific ligand propidi-
um is able to abolish fibril for-
mation.[37]


To determine if tacrine–mela-
tonin hybrids are able to bind
the PAS of AChE, as our molecu-
lar modeling study indicated,
hybrid 8 was chosen as an illus-
trative compound for the series.
Its experimental affinity for the
PAS of AChE was studied by dis-
placement of propidium iodide,
a specific AChE PAS ligand that
exhibits a 10-fold fluorescence
enhancement when bound to
AChE.[38] Compound 8 was evalu-
ated at 0.3, 1.0, and 3.0 mm,
showing propidium displace-
ments of 42, 34, and 35 %, re-
spectively. 1,5-Bis-(4-allyldime-


thylammoniumphenyl)pentan-3-one dibromide was used as a
reference compound at 3 mm, exhibiting a propidium displace-
ment of 21 %, worse than 8 at the lowest concentration tested
(42 % at 0.3 mm). These results confirmed the observations
made in the molecular modeling study, indicating that tacrine–
melatonin hybrids are able to bind to the PAS of AChE, and


Figure 4. Primary sequence alignment of hAChE (PDB code 1B41) and hBuChE (PDB code 1P0I) employing the
ClustalX program. [* identity, D high similarity, C moderate similarity, ~ key CAS residues, ~ key PAS residues.]


Table 5. Partial contribution [in kcal mol�1] to the total binding energy [DGbind] of amino acids involved in the
binding process.[a]


Residue 1 4 5 8 9 10 11 15 16 21 22


Tyr72 -- -- -- -- -- �0.1 �0.2 �0.1 �0.4 �0.3 �0.1
Asp74 -- �0.3 0.0 0.0 �0.2 �0.2 �0.2 �0.2 �0.3 �0.4 �0.2
Thr83 -- -- -- 0.1 -- -- -- -- -- -- --
Trp86 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4
Gly121 �0.4 �0.3 �0.3 �0.2 �0.3 �0.3 �0.3 �0.3 �0.3 �0.3 �0.3
Tyr124[b] -- �0.5 �0.5 �0.6 �0.5 �0.4 �0.5 �0.5 �0.4 �0.5 �0.5
Tyr133 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Glu202 �0.1 �0.1 �0.2 �0.2 �0.1 �0.2 �0.2 �0.2 �0.2 �0.2 �0.2
Glu285 -- 0.1 -- -- 0.1 -- -- 0.1 -- -- --
Trp286 -- �0.1 �0.8 �0.6 �0.2 �0.2 �0.6 �0.4 �0.8 �0.8 �0.2
Phe295 -- -- �0.1 -- -- -- �0.1 -- �0.1 -- --
Arg296[b] -- �0.2 �0.3 �0.3 �0.2 �0.2 �0.2 �0.4 -- �0.1 �0.3
Phe297 -- -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Ser298 -- -- �0.1 �0.2 �0.1 �0.1 �0.1 �0.1 -- -- �0.1
Tyr337 �0.3 �0.5 �0.6 �0.5 �0.5 �0.5 �0.6 �0.5 �0.6 �0.6 �0.5
Phe338 -- �0.1 -- �0.1 -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Tyr341 -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.2 �0.1 �0.2 �0.2 �0.1
His447[b] 0.2 �0.2 �0.2 �0.2 �0.2 �0.3 �0.2 �0.2 �0.2 �0.3 �0.2


[a] Only residues with DSASA>4 �2 were considered. [b] Hydrogen bonding.
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can therefore inhibit Ab fibril formation promoted by this
enzyme.


Effects on Ab self-aggregation


To study the effect of tacrine–melatonin hybrids on Ab peptide
self-aggregation, a thioflavin T fluorescence assay was used.
This method measures the percentage of b-sheet amyloid fibril
structures of a solution of Ab1–40, alone or in the presence of
tested compounds, using propidium as reference.[39] Hybrids 5
(tacrine–indole), 7 (6-chlorotacrine–indole), 10 (6,8-dichlorota-
crine–indole), and 16 (tacrine–5-methoxyindole), showing simi-
lar inhibitory potency toward hAChE (IC50 = 0.5–0.7 nm) and
covering the most relevant structural features in both aromatic
fragments, were selected for this experiment. With the excep-
tion of 10, these tacrine–melatonin hybrids efficiently inhibit
Ab aggregation in a range varying from 47 to 63 % (Table 6),
and are at least as potent as propidium, which caused 46 % in-
hibition. The most potent hybrid is 7, containing 6-chlorota-
crine and an unsubstituted indole ring.


Cell viability and neuroprotection studies


To explore the therapeutic potential of tacrine–melatonin hy-
brids, cell viability and neuroprotective capacity against differ-
ent toxic insults (Ab and oxidative stress) were assayed with
the human neuroblastoma cell line SH-SY5Y and the above se-
lected hybrids 5, 7, 10, and 16. Cytotoxic effects were studied
by exposing cells to compounds at two different concentra-
tions (1 and 10 mm) for 24 h. Cell viability reached 100 % when
hybrids were tested at 1 mm, and was >80 % when 5, 7, and
16 were evaluated at 10 mm (Table 6). Only hybrid 10 showed
a little less cell viability (78 %) when it was tested at 10 mm,
probably due to the presence of two chlorine atoms in the ta-
crine fragment. These results indicate that tacrine–melatonin
hybrids exhibit a wide therapeutic safety range.


The neuroprotective effects of compounds 5, 7, and 16
against the toxic action of the Ab25–35 fragment were deter-
mined by using a concentration range from 0.1 nm to 10 mm.
As shown in Table 6, compounds showed moderate neuropro-
tective effects; hybrid 7 (6-chlorotacrine–indole) was the most
active, with a neuroprotection percentage of 16.2�0.2 % at
1 mm.


Conditions of oxidative stress in neuroblastoma cells were si-
mulated by using hydrogen peroxide or rotenone as toxic
agents. Hydrogen peroxide is a nonselective reactive species
that causes lipid peroxidation and DNA damage in cells,[40]


whereas rotenone is a specific inhibitor of the mitochondrial
complex I and induces apoptosis by enhancing the generation
of mitochondrial ROS.[41] In both experiments, the endogenous
antioxidant enzyme catalase was employed as a reference
(Table 6). Whereas compound 5 exerted moderate neuropro-
tection against the effects of hydrogen peroxide, hybrid 7 (6-
chlorotacrine–indole) was able to protect cells against rote-
none-induced toxicity; this neuroprotection is equal to that de-
rived from the endogenous antioxidant enzyme catalase.


Conclusions


In summary, we have developed new tacrine–melatonin hy-
brids that display several interesting in vitro activities for the
treatment of AD: cholinergic, antioxidant, and neuroprotective
properties. They are potent and selective inhibitors of hAChE,


Figure 5. Superposition of complexes formed between hybrid 11 and hAChE
(PDB code 1B41, red) and hBuChE (PDB code 1P0I, blue). The inhibitor is rep-
resented in gray, and the chlorine atoms are shown in green. Only the
amino acid residues of hBuChE are labeled.


Table 6. Inhibition of Ab1–40 peptide aggregation, cell viability, and neuroprotection (NP) against both Ab25–35 peptide and oxidative stress by selected ta-
crine–melatonin hybrids at the concentrations indicated.[a]


Compd Inhibition of
Ab1–40 Aggregation[b]


Cell Viability[c] NP vs. Ab25–35
[d] NP vs. oxidative stress[d]


1 mm 10 mm 0.1 nm 10 nm 1 mm 10 mm 0.3 mm 3 mm


5 47�7 100 85 3.4�0.03 5.7�0.07 9.0�0.03 2.6�0.02 19�1[e] ND
7 63�5 100 88 4.1�0.08 10.9�0.2 16.2�0.2 9.4�0.09 ND 30�3[f]


10 �0 100 78 ND ND ND ND ND ND
16 47�7 100 95 0 3.4�0.06 5.7�0.06 2.3�0.05 ND ND


[a] Results are the mean �SEM (n = 3); ND: not determined. [b] Percentage of non-aggregated Ab1–40 after 24 h incubation using Ab1–40 at 10 mm and
tested compounds (including propidium) at 100 mm ; inhibition of Ab1–40 aggregation by propidium: 46 %. [c] Percentage of cell survival after incubation
with tested compounds for 24 h. [d] Percentage of cell survival after incubation with the toxic insult and the tested compound for 24 h. [e] H2O2 (60 mm) ;
neuroprotection of catalase at 0.3 mm : 95 %. [f] Rotenone (30 mm) ; neuroprotection of catalase at 3 mm : 30 %.
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with IC50 values in the nanomolar and picomolar ranges (5 �
10�9–8 � 10�12


m), and are therefore 70- to 43 000-fold more
potent than tacrine. 6-Chloro- and 6,8-dichlorotacrine–melato-
nin derivatives show remarkable selectivity, being 200–1000-
fold more active toward hAChE than hBuChE. They showed
greater antioxidant properties than trolox, the aromatic portion
of vitamin E responsible for radical capture, as well as melato-
nin itself.


In accordance with the dual interaction with both the CAS
and PAS of hAChE, as shown by molecular modeling studies,
these tacrine–melatonin hybrids are able to displace propidium
from the PAS, and thus may be able to diminish Ab aggrega-
tion promoted by AChE. Moreover, they inhibit Ab self-aggre-
gation and are at least as potent as propidium. In human neu-
roblastoma cells they show protective properties against
damage caused by Ab and by mitochondrial free radicals. Fi-
nally, they have low toxicity and would be able to penetrate
the CNS to reach their cerebral targets.


It is therefore expected that these multifunctional products
would increase patient cognition, diminish the oxidative
damage caused by mitochondrial free radicals, and delay the
degenerative process related to the excessive deposition of
Ab. Such outstanding properties highlight these tacrine–mela-
tonin hybrids as very interesting multifunctional prototypes in
the search for new disease-modifying agents for Alzheimer’s
disease.


Experimental Section


Chemistry


General procedures : Reagents and solvents were purchased from
common commercial suppliers and were used without further pu-
rification. Chromatographic separations were performed on silica
gel using flash-column chromatography (Kieselgel 60, Merck, 230–
400 mesh), and compounds were detected with UV light (l=
254 nm). NMR spectra were recorded with a Varian XL-300 spec-
trometer. Typical spectral parameters for 1H NMR were: spectral
width 10 ppm, pulse width 9 ms (578), data size 32 K. The acquisi-
tion parameters in decoupled 13C NMR spectra were: spectral
width 16 kHz, acquisition time 0.99 s, pulse width 9 ms (578), data
size 32 K. Chemical shifts (d) are reported in ppm relative to inter-
nal Me4Si, and J values are reported in Hz. IR spectra were recorded
with a PerkinElmer Spectrum One FTIR spectrometer. HPLC analy-
ses were performed on Waters 6000 equipment with a UV detector
(l : 214–274 nm) using a Delta Pak C18 5 mm, 300 � column. Com-
pounds were eluted at a flow rate of 1.0 mL min�1, using mixtures
of CH3CN (solvent A) and H2O with 0.05 % trifluoroacetic acid (sol-
vent B) as indicated in each case. Melting points were determined
in a Reichert–Jung Thermovar apparatus. Mass spectra were ob-
tained by electrospray ionization (ESI) in positive mode using a
Hewlett–Packard MSD 1100 spectrometer. Elemental analyses were
carried out in a PerkinElmer 240C instrument. Intermediates 26–30
were synthesized by following published methods.[25]


General procedure for the synthesis of acids 31–35. A mixture of
the appropriate 9-chloro-1,2,3,4-tetrahydroacridine 26–30
(1.0 mmol) and a,w-amino acid (1.0 mmol) in pentanol (20 mL) was
held a reflux overnight. After cooling to room temperature, the
mixture was diluted with CH2Cl2 (50 mL), washed with NaOH(aq)
(10 %, 3 � 30 mL), and H2O (3 � 30 mL). The organic phase was dried


over Na2SO4 and evaporated to dryness under reduced pressure.
Intermediate esters were purified by flash-column chromatography
using mixtures of CH2Cl2/CH3OH and then hydrolyzed with NaOH
in a mixture of H2O and dioxane (1:1). After holding at reflux for 6–
18 h, the solution was cooled to room temperature and was made
acidic with 2 n HCl(aq). The solvent was evaporated under reduced
pressure, and the residue was purified by silica gel flash-column
chromatography. Intermediates 31 b,c, 32 b,c, 33 b, 34 b,c, and 35 b
were described in a previous work.[24]


5-(1,2,3,4-Tetrahydroacridin-9-ylamino)pentanoic acid (31 a). Col-
orless syrup (85 % yield): Rf = 0.4 (CH2Cl2/CH3OH, 8:1) ; 1H NMR
(300 MHz, CD3OD): d= 8.57 (d, J = 8.5 Hz, 1 H), 8.02 (t, J = 8.5 Hz,
1 H), 7.98 (d, J = 8.5 Hz, 1 H), 7.76 (t, J = 8.5 Hz, 1 H), 4.16 (t, J =
6.8 Hz, 2 H), 3.21 (m, 2 H), 2.91 (m, 2 H), 2.56 (t, J = 6.8 Hz, 2 H), 2.14
(m, 4 H), 2.05 (m, 2 H), 1.86 ppm (m, 2 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 23.0, 24.9, 29.3, 30.9, 34.1, 48.6, 112.9, 117.0,
120.1, 126.4, 126.5, 134.0, 139.7, 151.6, 157.9, 177.0 ppm; ESI-MS
m/z 299 [M+H]+ ; Anal. calcd for C18H22N2O2 : C 72.46, H 7.43, N
9.39, found: C 72.69, H 7.76, N 8.99.


8-(1,2,3,4-Tetrahydroacridin-9-ylamino)octanoic acid (31 d). Col-
orless syrup (76 % yield): Rf = 0.6 (CH2Cl2/CH3OH, 13:1) ; 1H NMR
(300 MHz, CD3OD): d= 8.58 (dd, J = 8.4 Hz, J = 1.2 Hz, 1 H), 8.04
(ddd, 1 H, J = 8.4 Hz, J = 7.1 Hz, J = 1.2 Hz, 1 H), 7.95 (dd, J = 8.4 Hz,
J = 1.2 Hz, 1 H), 7.77 (ddd, J = 8.4 Hz, J = 7.1 Hz, J = 1.2 Hz, 1 H), 4.14
(t, J = 7.2 Hz, 2 H), 3.20 (t, J = 5.4 Hz, 2 H), 2.88 (t, J = 5.4 Hz, 2 H),
2.45 (t, J = 7.3 Hz, 2 H), 2.16 (m, 4 H), 2.02 (quint, J = 7.3 Hz, 2 H),
1.77 (quint, J = 7.3 Hz, 2 H), 1.58 ppm (m, 6 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 24.8, 25.6, 27.5, 29.4, 29.8, 29.9, 31.4, 34.8,
49.1, 112.9, 117.1, 120.1, 126.3, 126.5, 134.1, 139.8, 151.7, 158.1,
177.5 ppm; ESI-MS m/z 341 [M+H]+ ; Anal. calcd for C21H28N2O2 : C
74.08, H 8.29, N 8.23, found: C 74.55, H 8.52, N 8.89.


8-(6,8-Dichloro-1,2,3,4-tetrahydroacridin-9-ylamino)octanoic acid
(34 d). Colorless syrup (79 % yield): Rf = 0.5 (CH2Cl2/CH3OH, 15:1) ;
1H NMR (300 MHz, CD3OD): d= 7.98 (d, J = 2.3 Hz, 1 H), 7.77 (d, J =
7.3 Hz, 1 H), 3.81 (t, J = 7.2 Hz, 2 H), 3.19 (t, J = 6.4 Hz, 2 H), 2.97 (t,
J = 6.4 Hz, 2 H), 2.39 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.87 (quint, J =
7.0 Hz, 2 H), 1.72 (quint, J = 7.0 Hz, 2 H), 1.46 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 22.5, 23.2, 25.8, 27.4, 27.7, 29.9, 30.0, 31.8,
32.5, 36.0, 50.4, 116.5, 118.8, 123.4, 128.4, 131.7, 136.0, 146.8, 155.1,
158.8, 178.9 ppm; ESI-MS m/z 409 [M+H]+ ; Anal. calcd for
C21H26Cl2N2O2 : C 61.62, H 6.40, N 6.84, found: C 61.99, H 6.75, N
6.43.


6-(7-Fluoro-1,2,3,4-tetrahydroacridin-9-ylamino)hexanoic acid
(35 b). Colorless syrup (80 % yield): Rf = 0.6 (CH2Cl2/CH3OH, 14:1) ;
1H NMR (300 MHz, CD3OD): d= 8.25 (dd, 3J8,F = 10.7 Hz, J = 8.5 Hz,
1 H), 8.05 (dd, J = 8.5 Hz, 4J5,F = 5.1 Hz, 1 H), 7.85 (ddd, 3J6,F = 10.0 Hz,
J = 8.5 Hz, J = 2.4 Hz, 1 H), 4.08 (t, J = 7.2 Hz, 2 H), 3.22 (m, 2 H), 2.92
(m, 2 H), 2.40 (t, J = 7.2 Hz, 2 H), 2.13 (m, 4 H), 2.02 (quint, J = 7.2 Hz,
2 H), 1.84 (quint, J = 7.2 Hz, 2 H), 1.64 ppm (m, 2 H); 13C NMR
(75 MHz, CD3OD): d= 21.8, 23.0, 25.3, 26.2, 27.4, 29.5, 31.3, 36.6,
48.6, 110.4 (d, 2JC,F = 25.7 Hz), 113.0, 118.1 (d, 3JC,F = 9.0 Hz), 123.1 (d,
3JC,F = 9.0 Hz), 123.3 (d, 2JC,F = 26.2 Hz), 136.7, 152.3, 157.1, 160.5 (d,
1JC,F = 245.2 Hz), 179.9 ppm; ESI-MS m/z 331 [M+H]+ ; Anal. calcd
for C19H23FN2O2 : C 69.07, H 7.02, N 8.48, found: C 69.37, H 7.33, N
8.14.


General procedure for the synthesis of tacrine–melatonin hy-
brids 3–23. The appropriate 3-(2-aminoethyl)indole derivative
(1.0 mmol) and then triethylamine (2.6 mmol) were added to a
mixture of the corresponding acid 31–35 (1.0 mmol) and benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophos-
phate (BOP, 1.3 mmol) in CH2Cl2. The reaction mixture was stirred
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at room temperature overnight and then diluted with CH2Cl2


(50 mL). The resulting mixture was consecutively washed with
aqueous citric acid (10 %, 3 � 30 mL), NaHCO3(aq) (10 %, 3 � 30 mL),
and H2O (30 mL). The organic phase was dried over Na2SO4 and
evaporated to dryness under reduced pressure. The residue was
purified on a silica gel column using mixtures of EtOAc/CH3OH/
30 % NH3(aq) as eluent, obtaining the corresponding tacrine–mela-
tonin compound as a syrup. Subsequent treatment with HCl(g) in
CH2Cl2 yielded the HCl salt, which was collected by filtration as a
pure solid. Tacrine–melatonin hybrids 4, 5, 7–11, 15, 16, 18, 19, 21,
and 22 were described in a previous work.[24]


N-(2-(1H-Indol-3-yl)ethyl)-5-(1,2,3,4-tetrahydroacridin-9-ylamino)-
pentanamide (3). Syrup (51 % yield): Rf = 0.3 (EtOAc/CH3OH/30 %
NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.27 (dd, J =
8.5 Hz, J = 1.0 Hz, 1 H), 7.95 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.73
(ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.70 (dd, J = 7.8 Hz, J =
1.0 Hz, 1 H), 7.55 (ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.48
(dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.26 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H),
7.22 (s, 1 H), 7.15 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 3.69 (t, J = 6.6 Hz,
2 H), 3.64 (t, J = 7.2 Hz, 2 H), 3.16 (m, 2 H), 3.08 (t, J = 7.2 Hz, 2 H),
2.91 (m, 2 H), 2.33 (t, J = 6.6 Hz, 2 H), 2.09 (m, 4 H), 1.78 ppm (m,
4 H); 13C NMR (75 MHz, CD3OD): d= 23.6, 24.0, 24.4, 26.7 (2C), 31.6,
33.3, 36.6, 41.3, 48.6, 112.2, 113.3, 116.7, 119.3, 119.6, 121.6, 122.2,
123.3, 124.5, 124.9, 127.5, 128.8, 129.9, 138.1, 147.9, 153.4, 158.7,
175.7 ppm; IR (KBr): ñ= 3413, 3256, 2933, 2863, 1635, 1588, 1523,
1457, 1410, 1357, 1252, 747 cm�1; ESI-MS m/z 441 [M+H]+ ; 3·HCl:
pale-yellow solid; mp: 105–107 8C; HPLC (A/B, 80:20) tR = 8.16 min
(98 %); Anal. calcd for C28H32N4O·HCl: C 70.50, H 6.97, N 11.74,
found: C 70.83, H 7.25, N 11.52.


N-(2-(1H-Indol-3-yl)ethyl)-8-(1,2,3,4-tetrahydroacridin-9-ylami-
no)octanamide (6). Syrup (65 % yield): Rf = 0.5 (EtOAc/CH3OH/30 %
NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.37 (dd, J =
8.5 Hz, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.82
(ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.71 (dd, J = 7.7 Hz, J =
1.0 Hz, 1 H), 7.61 (ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.49
(dd, J = 7.7 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 7.7 Hz, J = 1.0 Hz, 1 H),
7.21 (s, 1 H), 7.15 (dt, J = 7.7 Hz, J = 1.0 Hz, 1 H), 3.84 (t, J = 7.3 Hz,
2 H), 3.65 (t, J = 7.3 Hz, 2 H), 3.15 (m, 2 H), 3.10 (t, J = 7.3 Hz, 2 H),
2.91 (m, 2 H), 2.31 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.86 (quint, J =
7.3 Hz, 2 H), 1.72 (quint, J = 7.3 Hz, 2 H), 1.54 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 23.0, 23.7, 25.6, 26.3, 26.6, 27.5, 28.0, 30.4,
31.9, 32.2, 36.9, 41.3, 48.4, 112.7, 113.7, 115.0, 119.4, 119.7, 120.0,
122.7, 123.8, 124.1, 125.2, 126.0, 129.3, 132.6, 138.6, 143.9, 155.4,
156.2, 176.6 ppm; IR (KBr): ñ= 3419, 3262, 2931, 2852, 1636, 1590,
1524, 1460, 1358, 1298, 1161, 986, 844, 747, 557 cm�1; ESI-MS m/z
483 [M+H]+ ; 6·HCl: pale-yellow solid; mp: 85–87 8C; HPLC (A/B,
80:20) tR = 9.95 min (99 %); Anal. calcd for C31H38N4O·HCl: C 71.72,
H 7.57, N 10.79, found: C 71.43, H 7.27, N 10.41.


N-(2-(1H-Indol-3-yl)ethyl)-8-(6,8-dichloro-1,2,3,4-tetrahydroacri-
din-9-ylamino)octanamide (12). Syrup (29 % yield): Rf = 0.6 (EtOAc/
CH3OH/30 % NH3(aq), 12:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 7.84
(d, J = 2.2 Hz, 1 H), 7.71 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.62 (d, J =
2.2 Hz, 1 H), 7.47 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 7.8 Hz,
J = 1.0 Hz, 1 H), 7.21 (s, 1 H), 7.13 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 3.62
(t, J = 7.3 Hz, 2 H), 3.52 (t, J = 7.3 Hz, 2 H), 3.13 (t, J = 6.5 Hz, 2 H),
3.08 (t, J = 7.3 Hz, 2 H), 2.92 (t, J = 6.5 Hz, 2 H), 2.30 (t, J = 7.3 Hz,
2 H), 2.05 (m, 4 H), 1.74 (m, 4 H), 1.45 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 23.9, 24.4, 26.7, 27.4, 27.9, 28.3, 30.4 (2C),
32.5, 34.7, 37.6, 41.8, 51.0, 112.7, 113.7, 118.3, 119.7, 120.0, 121.2,
122.7, 123.8, 127.4, 128.6, 129.3, 131.1, 135.5, 138.6, 150.2, 154.7,
159.4, 176.4 ppm; IR (KBr): ñ= 3402, 3272, 2930, 2855, 1737, 1643,
1594, 1575, 1543, 1457, 1434, 1339, 1114, 988, 951, 848, 791,


741 cm�1; ESI-MS m/z 551 [M+H]+ ; 12·HCl: pale-yellow solid; mp:
95–96 8C; HPLC (A/B, 80:20) tR = 8.48 min (98 %); Anal. calcd for
C31H36Cl2N4O·HCl: C 63.32, H 6.34, N 9.53, found: C 63.53, H 6.71, N
9.89.


N-(2-(1H-Indol-3-yl)ethyl)-6-(7-fluoro-1,2,3,4-tetrahydroacridin-9-
ylamino)hexanamide (13). Syrup (50 % yield): Rf = 0.7 (EtOAc/
CH3OH/30 % NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.17
(dd, 3JH,F = 10.6 Hz, J = 2.5 Hz, 1 H), 7.90 (dd, J = 8.2 Hz, 4JH,F = 5.0 Hz,
1 H), 7.82 (ddd, 3JH,F = 10.6 Hz, J = 8.2 Hz, J = 2.5 Hz, 1 H), 7.63 (dd,
J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.43 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.18
(s, 1 H), 7.16 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.08 (dt, J = 7.8 Hz, J =
1.0 Hz, 1 H), 3.98 (t, J = 7.3 Hz, 2 H), 3.60 (t, J = 7.3 Hz, 2 H), 3.07 (m,
2 H), 3.02 (t, J = 7.3 Hz, 2 H), 2.80 (m, 2 H), 2.36 (t, J = 7.3 Hz, 2 H),
2.05 (m, 4 H), 1.94 (quint, J = 7.3 Hz, 2 H), 1.80 (quint, J = 7.3 Hz,
2 H), 1.59 ppm (m, 2 H); 13C NMR (75 MHz, CD3OD): d= 26.1, 21.6,
22.8, 24.9, 26.3, 26.9, 29.2, 31.0, 36.8, 41.3, 48.5, 110.5 (d, 2JC,F =
25.7 Hz), 112.1 (2C), 113.0 (d, 3JC,F = 7.0 Hz), 117.9, 119.2, 119.5,
122.2, 122.7 (d, 3JC,F = 9.0 Hz), 123.4, 123.6 (d, 2JC,F = 26.2 Hz), 128.7,
136.3, 137.9, 151.9, 157.2, 160.4 (d, 1JC,F = 245.3 Hz), 175.9 ppm; IR
(KBr): ñ= 3430, 2939, 2863, 1638, 1598, 1528, 1458, 1253, 1220,
1099, 836, 742, 559 cm�1; ESI-MS m/z 473 [M+H]+ ; 13·HCl: pale-
yellow solid; mp: 90–92 8C; HPLC (A/B, 80:20) tR = 6.36 min (100 %);
Anal. calcd for C29H33FN4O·HCl: C 68.42, H 6.73, N 11.01, found: C
68.78, H 6.95, N 11.34.


N-[2-(5-Methoxy-1H-indol-3-yl)ethyl]-5-(1,2,3,4-tetrahydroacri-
din-9-ylamino)pentanamide (14). Syrup (33 % yield): Rf = 0.4
(EtOAc/CH3OH/30 % NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD):
d= 8.35 (dd, J = 8.5 Hz, J = 1.2 Hz, 1 H), 7.92 (dd, J = 8.5 Hz, J =
1.2 Hz, 1 H), 7.84 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.65
(ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.34 (d, J = 8.8 Hz, 1 H),
7.20 (d, J = 2.5 Hz, 1 H), 7.19 (s, 1 H), 6,87 (dd, J = 8.8 Hz, J = 2.5 Hz,
1 H), 3.97 (s, 3 H), 3.80 (t, J = 7.3 Hz, 2 H), 3.63 (t, J = 7.2 Hz, 2 H), 3.14
(m, 2 H), 3.04 (t, J = 7.3 Hz, 2 H), 2.87 (m, 2 H), 2.37 (t, J = 7.3 Hz, 2 H),
2.10 (m, 4 H), 1.73 ppm (m, 4 H); 13C NMR (75 MHz, CD3OD): d=
23.4, 24.1, 24.4, 26.1, 26.8, 31.8, 32.7, 37.4, 41.7, 48.2, 56.7, 101.8,
112.9, 113.3, 113.5, 115.8, 120.1, 124.7, 125.2, 125.7, 125.8, 129.6,
131.9, 138.8, 145.1, 155.4, 155.6, 156.6, 176.2 ppm; IR (KBr): ñ=
3414, 2934, 1643, 1590, 1523, 1486, 1453, 1358, 1298, 1200, 1174,
1128, 1070, 1035, 985, 845, 799, 753, 718, 556 cm�1; ESI-MS m/z
471 [M+H]+ ; 14·HCl: pale-yellow solid; mp: 84–86 8C; HPLC (A/B,
80:20) tR = 6.50 min (99 %); Anal. calcd for C29H34N4O2·HCl: C 68.69,
H 6.96, N 11.05, found: C 68.97, H 6.67, N 11.37.


N-[2-(5-Methoxy-1H-indol-3-yl)ethyl]-8-(1,2,3,4-tetrahydroacri-
din-9-ylamino)octanamide (17). Syrup (29 % yield): Rf = 0.4 (EtOAc/
CH3OH/30 % NH3(aq), 7:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.25
(dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.94 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H),
7.72 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.0 Hz, 1 H), 7.53 (ddd, J =
8.5 Hz, J = 6.6 Hz, J = 1.0 Hz, 1 H), 7.36 (d, J = 8.8 Hz, 1 H), 7.22 (d,
J = 2.5 Hz, 1 H), 7.20 (s, 1 H), 6.91 (dd, J = 8.8 Hz, J = 2.5 Hz, 1 H), 3.98
(s, 3 H), 3.77 (t, J = 7.3 Hz, 2 H), 3.63 (t, J = 7.3 Hz, 2 H), 3.16 (m, 2 H),
3.08 (t, J = 7.3 Hz, 2 H), 2.92 (m, 2 H), 2.31 (t, J = 7.2 Hz, 2 H), 2.10 (m,
4 H), 1.78 (m, 4 H), 1.50 ppm (m, 6 H); 13C NMR (75 MHz, CD3OD):
d= 23.8, 24.3, 26.4, 26.8, 27.3, 28.2, 30.5 (2C), 32.6, 33.8, 37.4, 41.7,
49.2, 56.8, 101.8, 113.2, 113.4, 113.5, 116.6, 121.1, 124.7, 125.3,
125.5, 127.0, 129.6, 131.0, 133.8, 146.9, 154.6, 155.4, 158.2,
176.7 ppm; IR (KBr): ñ= 3265, 2930, 2855, 1645, 1579, 1522, 1487,
1456, 1357, 1296, 1213, 1173, 1072, 1036, 984, 924, 830, 797, 756,
679, 639, 558 cm�1; ESI-MS m/z 513 [M+H]+ ; 17·HCl: pale-yellow
solid; mp: 55–57 8C; HPLC (A/B, 80:20) tR = 10.48 min (99 %); Anal.
calcd for C32H40N4O2·HCl: C 71.72, H 7.57, N 10.79, found: C 71.92,
H 7.87, N 10.43.
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6-(6,8-Dichloro-1,2,3,4-tetrahydroacridin-9-ylamino)-N-(2-(5-me-
thoxy-1H-indol-3-yl)ethyl)hexanamide (20). Syrup (68 % yield):
Rf = 0.7 (EtOAc/CH3OH/30 % NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz,
CD3OD): d 7.80 (d, J = 2.2 Hz, 1 H), 7.63 (d, J = 2.2 Hz, 1 H), 7.34 (d,
J = 8.7 Hz, 1 H), 7.21 (s, 1 H), 7.20 (d, J = 2.4 Hz, 1 H), 6.86 (dd, J =


8.7 Hz, J = 2.4 Hz, 1 H), 3.97 (s, 3 H), 3.62 (t, J = 7.2 Hz, 2 H), 3.56 (t,
J = 7.2 Hz, 2 H), 3.12 (t, J = 6.3 Hz, 2 H), 3.04 (t, J = 7.2 Hz, 2 H), 2.92
(t, J = 6.3 Hz, 2 H), 2.30 (t, J = 7.2 Hz, 2 H), 2.04 (m, 4 H), 1.79 (quint,
J = 7.0 Hz, 2 H), 1.72 (quint, J = 7.0 Hz, 2 H), 1.44 ppm (m, 2 H);
13C NMR (75 MHz, CD3OD): d= 22.8, 23.6, 26.3, 26.5, 27.2, 27.3, 31.6,
32.5, 36.9, 41.2, 50.5, 56.3, 101.3, 112.4, 112.8, 113.0, 116.6, 118.9,
124.2, 124.3, 128.4, 129.1, 131.2, 133.3, 135.5, 147.2, 154.8, 155.6,
159.0, 175.9 ppm; IR (KBr): ñ= 3410, 2936, 2863, 1627, 1577, 1535,
1486, 1458, 1351, 1216, 1174, 846, 558 cm�1; ESI-MS m/z 553
[M+H]+ ; 20·HCl: pale-yellow solid; mp: 83–85 8C; HPLC (A/B, 80:20)
tR = 5.23 min (98 %); Anal. calcd for C30H34Cl2N4O2·HCl: C 61.07, H
5.98, N 9.50, found: C 61.37, H 6.25, N 9.83.


N-[2-(5-Hydroxy-1H-indol-3-yl)ethyl]-8-(1,2,3,4-tetrahydroacridin-
9-ylamino)octanamide (23). Syrup (39 % yield): Rf = 0.5 (EtOAc/
CH3OH/30 % NH3(aq), 7:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.28
(dd, J = 8.5 Hz, J = 1.2 Hz, 1 H), 7.93 (dd, J = 8.5 Hz, J = 1.2 Hz, 1 H),
7.74 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.55 (ddd, J =
8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.32 (d, J = 8.5 Hz, 1 H), 7.16 (s,
1 H), 7.10 (d, J = 2.4 Hz, 1 H), 6.83 (dd, J = 8.5 Hz, J = 2.4 Hz, 1 H),
3.71 (t, J = 7.1 Hz, 2 H), 3.61 (t, J = 7.3 Hz, 2 H), 3.13 (m, 2 H), 3.02 (t,
J = 7.3 Hz, 2 H), 2.88 (m, 2 H), 2.29 (t, J = 7.1 Hz, 2 H), 2.06 (m, 4 H),
1.80 (quint, J = 7.2 Hz, 2 H), 1.71 (quint, J = 7.2 Hz, 2 H), 1.48 ppm
(m, 6 H); 13C NMR (75 MHz, CD3OD): d= 41.2, 23.4, 23.9, 25.9, 26.3,
26.8, 27.6, 30.0 (2C), 32.1, 33.5, 37.0, 49.6, 103.5, 112.3, 112.5, 112.6,
116.2, 120.7, 124.4, 124.7, 124.9, 126.8, 129.5, 130.3, 133.0, 146.8,
151.1, 153.9, 158.0, 176.1 ppm; IR (KBr): ñ= 3255, 2998, 2889, 2849,
2807, 1644, 1590, 1527, 1460, 1299, 1200, 1068, 986, 844, 749 cm�1;
ESI-MS m/z 499 [M+H]+ ; 23·HCl: pale-yellow solid; mp: 108–
110 8C; HPLC (A/B, 80:20) tR = 4.63 min (100 %); Anal. calcd for
C31H38N4O2·HCl: C 69.58, H 7.35, N 10.47, found: C 69.79, H 7.68, N
10.78.


General procedure for the synthesis of thioamides 24 and 25.
Lawesson’s reagent (LR, 1.5 mmol) was added to a solution of 4 or
6 (1.0 mmol) in toluene (anhyd, 10 mL), and the mixture was held
a reflux for 8 h. It was then cooled to room temperature and puri-
fied by silica gel flash-column chromatography. Subsequent treat-
ment with HCl(g) in CH2Cl2 yielded the HCl derivative as a pure
solid that was collected by filtration.


N-(2-(1H-Indol-3-yl)ethyl)-6-(1,2,3,4-tetrahydroacridin-9-ylamino)-
hexanethioamide (24). Syrup (60 % yield): Rf = 0.7 (EtAcO/CH3OH/
30 % NH3(aq), 8:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.55 (dd, J =
8.0 Hz, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.78 (dd,
J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.76 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz,
1 H), 7.58 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz, 1 H), 7.48 (dd, J =
8.0 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.21 (s,
1 H), 7.15 (dt, J = 8.0 Hz, J = 1.0 Hz, 1 H), 4.11 (t, J = 7.3 Hz, 2 H), 4.02
(t, J = 7.2 Hz, 2 H), 3.22 (t, J = 7.2 Hz, 2 H), 3.10 (m, 2 H), 2.91 (m, 2 H),
2.76 (t, J = 7.2 Hz, 2 H), 2.09 (m, 4 H), 1.86 (quint, J = 7.1 Hz, 2 H),
1.80 (quint, J = 7.1 Hz, 2 H), 1.58 ppm (m, 2 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 24.4, 26.2, 29.2, 29.5, 31.0, 36.9, 46.3, 47.9,
49.6, 112.2, 113.0, 116.2, 119.5, 119.6, 120.0, 122.3, 123.4, 124.8,
125.0, 126.3, 128.8, 130.4, 138.2, 147.3, 154.0, 157.9, 206.3 ppm; IR
(KBr): ñ= 3240, 3040, 2932, 2875, 1633, 1587, 1522, 1455, 1355,
1252, 1102, 751, 677, 620 cm�1; ESI-MS m/z 471 [M+H]+ ; 24·HCl:
yellow solid; mp: 121–123 8C; HPLC (A/B, 80:20) tR = 7.6 min (99 %);
Anal. calcd for C29H34N4S·HCl: C 68.68, H 6.96, N 11.05, found: C
68.98, H 7.25, N 11.37.


N-(2-(1H-Indol-3-yl)ethyl)-8-(1,2,3,4-tetrahydroacridin-9-ylami-
no)octanethioamide (25). Syrup (87 % yield): Rf = 0.7 (EtOAc/
CH3OH/30 % NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.32
(dd, J = 8.0, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.78
(dd, J = 7.0 Hz, J = 1.1 Hz, 1 H), 7.76 (ddd, J = 8.0 Hz, J = 6.3 Hz, J =


1.0 Hz, 1 H), 7.58 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz, 1 H), 7.48
(dd, J = 7.9 Hz, J = 1.1 Hz, 1 H), 7.23 (dt, J = 7.9 Hz, J = 1.1 Hz, 1 H),
7.21 (s, 1 H), 7.15 (dt, J = 7.9 Hz, J = 1.1 Hz, 1 H), 4.06 (t, J = 7.3 Hz,
2 H), 3.76 (t, J = 7.3 Hz, 2 H), 3.25 (t, J = 7.3 Hz, 2 H), 3.15 (m, 2 H),
2.91 (m, 2 H), 2.72 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.84 (m, 4 H),
1.50 ppm (m, 6 H); 13C NMR (75 MHz, CD3OD): d= 23.4, 23.9, 24.4,
25.9, 27.6, 29.5, 29.9, 30.4, 32.1, 33.4, 46.9, 47.5, 49.6, 112.2, 113.0,
116.2, 119.5, 119.6, 120.6, 122.3, 123.4, 124.8, 125.0, 126.7, 128.8,
130.4, 138.2, 147.3, 154.0, 157.9, 206.1 ppm; IR (KBr): ñ= 3245,
3049, 2930, 2855, 1635, 1589, 1522, 1458, 1357, 1261, 1102, 802,
751, 679, 618 cm�1; ESI-MS m/z 499 [M+H]+ ; 25·HCl: yellow solid;
mp: 113–115 8C; HPLC (A/B, 80:20) tR = 6.9 min (100 %); Anal. calcd
for C31H38N4S·HCl: C 69.57, H 7.35, N 10.47, found: C 69.87, H 7.68,
N 10.85.


Molecular modeling methods


The simulation system was based on the X-ray crystallographic
structure of tacrine (1) in complex with AChE from Torpedo californ-
ica (TcAChE; PDB code 1ACJ), owing to its high degree of identity
with hAChE (PDB code 1B41). The coordinates of 1 from the pat-
tern complex TcAChE–1 were transferred to the hAChE structure,
and this new complex, hAChE–1, was used as a model to study the
binding mode of the tacrine–melatonin hybrids with the human
enzyme. All calculations were performed on a Silicon Graphics
Octane workstation (300 MHz MIPS R12000 (IP30) processor), using
the Sketch Molecule of SYBYL 6.9 to construct the molecules. In all
cases, the MMFF94 force field was applied with the use of distant-
dependent dielectric constants and a conjugate gradient method
until the gradient reached 0.05 kcal mol�1 ��1. The molecules were
manually positioned within the binding pocket of the enzyme,
taking into account the experimental data about well-known inhib-
itors. The manual minimization of complexes maintained a rigid
enzyme backbone, using the MMFF94 force field until the gradient
reached 0.05 kcal mol�1 ��1. These complexes were the input struc-
tures for docking using the FlexiDock command within SYBYL 6.9.
During the flexible docking analysis, the protein was considered
rigid except the residues involved in the binding site, and the li-
gands were considered flexible. Conformers were classified in dif-
ferent families taking into account: 1) the binding energy from the
FlexiDock results, 2) the main interactions between the inhibitor
and the binding sites of the enzyme (CAS, PAS, and mid-gorge)
using the Ligand Protein Contact (LPC) program,[42] and 3) the
Gibbs energy of binding (DGbind) calculated with Structural Thermo-
dynamic Calculations (STC) software v 4.3.[43] The representative
molecules from all groups were re-optimized using the above
mentioned conditions.


Biochemical methods


In vitro cholinesterase inhibition assay. AChE from bovine eryth-
rocytes (0.25–1.0 U mg�1, lyophilized powder), AChE from human
erythrocytes (minimal 500 U (mg protein)�1 in buffered aqueous so-
lution), BuChE from equine serum (10 U (mg protein)�1, lyophilized
powder), and BuChE from human serum (3 U (mg protein)�1,
lyophilized powder) were purchased from Sigma. Compounds
were evaluated in 100 mm phosphate buffer (pH 8.0) at 30 8C,
using acetylthiocholine and butyrylthiocholine (0.4 mm) as sub-
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strates, respectively. In both cases, 5,5’-dithiobis(2-nitrobenzoic)acid
(DTNB, Ellman’s reagent, 0.2 mm) was used, and IC50 values were
calculated by UV/Vis spectroscopy from the absorbance changes at
l= 412 nm.[26] Experiments were performed in triplicate.


Oxygen radical absorbance capacity assay. The ORAC-FL method
of Ou et al.[29a] partially modified by D�valos et al.[29b] was followed,
using a Polarstar Galaxy plate reader (BMG Labtechnologies GmbH,
Offenburg, Germany) with 485-P excitation and 520-P emission fil-
ters. The equipment was controlled by the Fluostar Galaxy soft-
ware (v 4.11-0) for fluorescence measurement. 2,2’-Azobis(amidino-
propane) dihydrochloride (AAPH), (� )-6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic acid (trolox), and fluorescein (FL) were
purchased from Sigma–Aldrich. The reaction was carried out in
75 mm phosphate buffer (pH 7.4), and the final reaction mixture
was 200 mm. Antioxidant (20 mL) and fluorescein (120 mL; 70 nm


final concentration) solutions were placed in a black 96-well micro-
plate (96F untreated, NuncTM). The mixture was pre-incubated for
15 min at 37 8C, and the AAPH solution (60 mL; 12 mm final concen-
tration) was then added rapidly with a multichannel pipette. The
microplate was immediately placed in the reader, and the fluores-
cence was recorded every minute for 80 min. The microplate was
automatically shaken prior to each reading. Samples were mea-
sured at eight different concentrations (0.1–1 mm). A blank (FL +
AAPH) using phosphate buffer instead of the sample solution and
eight calibration solutions using trolox (1–8 mm) were also carried
out in each assay. All reaction mixtures were prepared in duplicate,
and at least three independent assays were performed for each
sample. Antioxidant curves (fluorescence versus time) were first
normalized to the curve of the blank corresponding to the same
assay, and then the area under the fluorescence decay curve (AUC)
was calculated. The net AUC corresponding to a sample was calcu-
lated by subtracting the AUC corresponding to the blank. Regres-
sion equations between net AUC and antioxidant concentration
were calculated for all the samples. ORAC-FL values were ex-
pressed as trolox equivalents by using the standard curve calculat-
ed for each assay. Final results were expressed as (mmol trolox
equivalent)/(mmol pure compound).


In vitro BBB permeation assay. Prediction of brain penetration
was evaluated using a parallel artificial membrane permeation
assay (PAMPA) in a similar manner as described previously.[31, 32]


Commercial drugs, phosphate-buffered saline (PBS, pH 7.4), and
dodecane were purchased from Sigma–Aldrich, Acros, and Fluka.
Millex filter units (PVDF membrane, 1= 25 mm, pore size 0.45 mm)
were acquired from Millipore. The porcine brain lipid (PBL) was ob-
tained from Avanti Polar Lipids. The donor microplate was a 96-
well filter plate (PVDF membrane, pore size 0.45 mm), and the ac-
ceptor microplate was an indented 96-well plate, both from Milli-
pore. The acceptor 96-well microplate was filled with 170 mL PBS/
EtOH (9:1), and the filter surface of the donor microplate was im-
pregnated with 4 mL porcine brain lipid (PBL) in dodecane
(20 mg mL�1). Compounds were dissolved in PBS/EtOH (9:1) at
1 mg mL�1, filtered through a Millex filter, and then added to the
donor wells (170 mL). The donor filter plate was carefully put on
the acceptor plate to form a sandwich, which was left undisturbed
for 120 min at 25 8C. After incubation, the donor plate was carefully
removed, and the concentration of compounds in the acceptor
wells was determined by UV/Vis spectroscopy. Every sample was
analyzed at five wavelengths, in four wells, and in at least three in-
dependent runs, and the results are given as the mean �SD. In
each experiment, 20 quality control standards of known BBB per-
meability were included to validate the analysis set.


Measurement of propidium iodide displacement from the pe-
ripheral anionic site (PAS) of AChE. A solution of AChE from
bovine erythrocytes at a concentration of 5 mm in 0.1 mm Tris
buffer (pH 8.0) was used. Aliquots of compounds were added to
give final concentrations of 0.3, 1.0, and 3.0 mm, and the solutions
were kept at room temperature for at least 6 h. Afterward, the
samples were incubated for 15 min with propidium iodide at a
final concentration of 20 mm, and the fluorescence (lex = 485 nm,
lem = 620 nm) was measured in a fluorescence microplate reader
(Fluostar Optima, BMG, Germany).


Inhibition of b-amyloid peptide aggregation : thioflavin T-based
fluorimetric assay. The thioflavin T fluorescence method was
used.[39] Ab1–40 peptide lyophilized from HFIP solution (rPeptide,
Bogart, GA, USA) was dissolved in DMSO to obtain a 2.3 mm solu-
tion. Aliquots of Ab in DMSO were then incubated with constant
rotation for 24 h at room temperature in 0.215 m sodium phos-
phate buffer (pH 8.0) at a final Ab concentration of 10 mm in the
presence or absence of compounds or propidium at 100 mm, used
as reference. Analyses were performed with a Fluostar Optima
plate reader (BMG). Fluorescence was measured at 450 nm (lex)
and 485 nm (lem). To determine fibril formation after incubation,
solutions containing Ab or Ab plus AChE inhibitors were added to
50 mm glycine-NaOH buffer (pH 8.5) containing 3 mm thioflavin T in
a final volume of 150 mL. Each assay was run in triplicate and mea-
sured at various time points (0–24 h). The fluorescence intensities
were recorded, and the percent aggregation was calculated by the
following expression: 100�(IFi/IF0�100) in which IFi and IF0 are the
fluorescence intensities obtained for Ab in the presence and ab-
sence of inhibitor, respectively, after subtracting the fluorescence
of respective blanks.[44]


Culture of SH-SY5Y cells and studies of cell viability and neuro-
protection. SH-SY5Y cells, at passages between 3 and 16 after
thawing, were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 15 nonessential amino acids and supplemented
with 10 % fetal calf serum, 1 mm glutamine, 50 U mL�1 penicillin,
and 50 mg mL�1 streptomycin (reagents from GIBCO, Madrid,
Spain). Cultures were seeded into flasks containing supplemented
medium and were maintained at 37 8C in 5 % CO2/humidified air.
Stock cultures were passaged 1:4 twice weekly. For assays, SH-
SY5Y cells were sub-cultured in 48-well plates at a seeding density
of 105 cells per well. For the cytotoxicity experiments, cells were
treated with drugs before confluence, in serum-free DMEM.


To study the cytotoxic effects of the compounds alone, cells were
plated at a density of 105 cells per well at least 48 h before toxicity
measurements. Cells were exposed for 24 h to the compound at
various concentrations, and the quantitative assessment of cell
death was made by measurement of the percentage of the intra-
cellular enzyme lactate dehydrogenase (LDH) released to the extra-
cellular medium (cytotoxicity detection kit, Roche). The quantity of
LDH was evaluated in a microplate reader (Anthos 2010 or Labsys-
tems iMES Reader MS) at 492 nm (lex) and 620 nm (lem). Controls
were taken as having 100 % viability. To study the cytoprotective
action of various compounds against cell death induced by 200 mm


Ab25–35, 60 mm H2O2, or 30 mm rotenone, drugs were given at t0 and
maintained for 24 h. The media were then replaced by fresh media
still containing the drug plus cytotoxic stimulus, and cells were left
for an additional 24 h period. Cell survival was assessed measuring
LDH activity.


Measurement of lactic dehydrogenase (LDH) activity. Extracellu-
lar and intracellular LDH activity was measured by UV/Vis using a
cytotoxicity cell death kit (Roche–Boehringer, Mannheim, Germany)
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according to the manufacturer’s protocol. Total LDH activity was
defined as the sum of intracellular and extracellular LDH activity,
and released LDH was defined as the percentage of extracellular
versus total LDH activity. Data were expressed as the mean �SEM
of at least three different cultures in quadruplicate. LDH released
was calculated for each individual experiment, considering as
100 % the extracellular LDH released by the vehicle with respect to
the total. To determine percent protection, LDH release was nor-
malized as follows: in each individual triplicate experiment, LDH re-
lease obtained in untreated cells (basal) was subtracted from the
LDH released upon the toxic treatment and normalized to 100 %,
and that value was subtracted from 100.
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Tacrine–Melatonin Hybrids as
Multifunctional Agents for Alzheimer’s
Disease, with Cholinergic, Antioxidant,
and Neuroprotective Properties


Tacrine–melatonin hybrids are poten-
tial multifunctional drugs for Alzheim-
er’s disease that may simultaneously
palliate intellectual deficits and protect
the brain against both b-amyloid pep-
tide and oxidative stress. Molecular


modeling studies show that they target
both the catalytic active site (CAS) and
the peripheral anionic site (PAS) of
AChE. They are nontoxic and may be
able to penetrate the CNS, according to
in vitro PAMPA-BBB assays.
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Design, Synthesis, and Evaluation of Carnosine Derivatives
as Selective and Efficient Sequestering Agents of Cytotoxic
Reactive Carbonyl Species
Giulio Vistoli,[a] Marica Orioli,[a] Alessandro Pedretti,[a] Luca Regazzoni,[a] Renato Canevotti,[b]


Gianpaolo Negrisoli,[b] Marina Carini,[a] and Giancarlo Aldini*[a]


Introduction


Reactive carbonyl species (RCS) are important cytotoxic media-
tors generated by the oxidative damage of biomolecules (that
is, lipids, sugars), leading to the alteration of cellular function
by signaling to the nucleus, upregulating redox-sensitive tran-
scription factors, and inducing irreversible structural modifica-
tions in biomolecules.[1–4] The a,b-unsaturated aldehydes [4-hy-
droxy-trans-2-nonenal (HNE), acrolein (ACR)], and dialdehydes
[malondialdehyde (MDA), glyoxal (GO)] are the most abundant
and toxic lipid-derived RCS, generated in several pathophysio-
logical conditions through the b-cleavage of hydroperoxides
from w-6 polyunsaturated fatty acids (arachidonic and linoleic
acid). RCS are electrophilic and reactive compounds capable of
forming covalent adducts with nucleophilic molecules, in par-
ticular proteins and nucleic acids.[4] RCS and the related ad-
ducts with proteins (that is, carbonylated proteins) are widely
used as biomarkers of lipid peroxidation and, in general, of oxi-
dative stress.[5] Moreover, a strict correlation between carbonyl
stress and certain human diseases is well established. The ac-
cumulation of RCS is recognized as a common feature of aging
in tissue proteins, and levels of these compounds are increased
either systemically or locally in a broad range of diseases, in-
cluding diabetes, atherosclerosis, renal, hepatic, and neurode-
generative diseases.[1–4] Whether RCS represent a cause or an
effect is still to be fully clarified, although, for some diseases,
several convincing evidences support a pathogenic role of
RCS, such as in the case of diabetic-related diseases,[6] age-de-
pendent tissue dysfunction,[7] neurodegenerative diseases,[8]


and atherosclerosis.[9] Consequently, RCS are predictive bio-
markers of oxidative damage and represent biological targets
for drug discovery.[10, 11]


Taking RCS and carbonylation damage as a drug target, vari-
ous molecular strategies have been considered to neutralize or
decrease these pathogenic factors, and the most promising is
based on nucleophilic compounds that detoxify RCS by form-
ing covalent and unreactive adducts (RCS-sequestering
agents). Although these compounds belong to different chem-
ical classes, are all characterized by at least one nucleophilic
center, such as thiol, imidazole, or primary amine group, re-
sponsible for the scavenging effect. Among the sequestering
agents recognized to date, the vitamer pyridoxamine (PYR),
the vasodilating antihypertensive drugs hydralazine (HY) and
dihydralazine (di-HY), the iNOS inhibitor aminoguanidine (AG),
and the oral hypoglycemic agent metformin (MF) are the most
investigated. Although characterized by high reactivity toward
cytotoxic RCS, the clinical application for most of these com-
pounds is limited given their promiscuous activity and lack of
selectivity, the latter due to the cross-reactivity with physiologi-
cal aldehydes, such as pyridoxal (PYAL).[4, 10]


Reactive carbonyl species (RCS) are important cytotoxic media-
tors generated by lipid oxidation of polyunsaturated fatty
acids (PUFAs) and represent a novel drug target, as they are
presumed to play a pathogenic role in several diseases. l-Car-
nosine (l-CAR, b-alanyl-l-histidine) is a specific detoxifying
agent of RCS, but is rapidly hydrolyzed in human serum by car-
nosinase, a specific dipeptidase. Herein we describe the in sili-
co design, synthesis, and biological evaluation of carnosine de-
rivatives that are resistant to carnosinase and that have in-
creased quenching efficacy. Stability against carnosinase-medi-
ated turnover was achieved by isomerization of the histidine


residue, leading to d-carnosine (d-CAR, b-alanyl-d-histidine),
which maintains the same quenching activity of l-carnosine. A
molecular modeling approach was then used to design deriva-
tives characterized by an increased quenching efficacy. The
most promising candidates were synthesized, and their stabili-
ty and quenching activity were evaluated. This study describes
a set of aryl derivatives that are characterized by high stability
in human plasma and a quenching activity toward 4-hydroxy-
trans-2-nonenal (HNE), chosen as a model of RCS, up to three-
fold greater than d-carnosine.
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We recently found that l-carnosine (b-alanyl-l-histidine, l-
CAR), an endogenous dipeptide present at millimolar concen-
trations in some tissues, such as the skeletal muscle, is a selec-
tive quencher of a,b-unsaturated aldehydes both in vitro and
ex vivo conditions.[12] Despite these promising features, the
therapeutic use of l-CAR is limited because of its instability in
human plasma due to the presence of carnosinase, a specific
dipeptidase which catalyzes the hydrolytic cleavage of the di-
peptide (t1=2


of carnosine in human serum <5 min).[13] In addi-
tion, the RCS quenching potency of l-CAR is lower than that of
the reference RCS quenchers, such as PYR, AG, and HY. Several
carnosine derivatives have been proposed (see the review by
Guiotto et al.)[14] for their antioxidant activity. Regarding RCS-
sequestering activity, the CAR modifications reported to date
concern the substitution of b-alanine with aliphatic residues
(that is, valylhistidine, leucylhistidine)[14] and the modification
of the amino group of b-alanine with hydrazide and 1,2-diol
moieties.[15]


By considering the potential interest of l-CAR as a RCS
quencher and, in particular, its high selectivity due to the pecu-
liar quenching mechanism, we undertook a study aimed to ra-
tionally design l-CAR derivatives characterized by the following
features: 1) resistance to carnosinase; 2) selectivity toward cy-
totoxic RCS; 3) greater reactivity toward a,b-unsaturated alde-
hydes than l-CAR.


Among the various strategies to stabilize a peptidic bond,
we focused our attention on amino acid isomerization. In par-
ticular, the conversion of l- to d-histidine leads to a derivative
(b-alanyl-d-histidine, d-carnosine, d-CAR) not recognized by
the catalytic site of carnosinase, as rationalized by in silico anal-
ysis. d-CAR was found to be stable in human serum for at least
8 h, maintaining the same potency of l-CAR in quenching a,b-
unsaturated aldehydes, such as HNE and ACR.[16] Based on
these premises, the aim of the present study was the design,
synthesis, and evaluation of metabolically stable and selective
d-CAR derivatives characterized by an increased reactivity
toward a,b-unsaturated aldehydes relative to CAR, using HNE
as a prototype RCS.


Rational design of carnosine analogues


To optimize the activity of novel CAR derivatives without de-
creasing their selectivity, it is worth considering the particular
reaction mechanism of CAR with a,b-unsaturated aldehydes.
Previously, Zhou and Decker[17] hypothesized that an imidazole
group and a primary amine moiety, opportunely spaced, are
the minimum structural requirements for CAR reactivity toward
a,b-unsaturated aldehydes. The reaction mechanism was then
independently elucidated by Aldini et al.[18] and Liu et al.[19] It
involves the Schiff base formation between the b-alanine
amino group and the aldehyde function, which then catalyzes
the Michael adduct formation between the C3 of the aldehyde
and the Nt of the histidine group (Scheme 1) by approaching
the two reactive centers. The high selectivity of CAR, as dem-
onstrated for the first time to our knowledge in the study re-
ported herein, is easily explained on the basis of this mecha-
nism of reaction, which avoids cross-reactivity with physiologi-


cally relevant carbonyl compounds as a result of the reversibili-
ty of the Schiff base in aqueous solutions. Consequently, the
optimization of scavenging activity can be achieved by opti-
mizing both the reactions involved.


The modifications of carnosine structure to increase the re-
activity of the amino group and promote imine formation are
very tricky. Indeed, even considering that polarizability, (de)sta-
bilization of transition states, and solvent effects can abnormal-
ly modify the reactivity of an amino group, there is a clear rela-
tion between nucleophilicity and basicity.[20] This means that it
is virtually impossible to improve the reactivity of a nucleophil-
ic center without increasing its basicity. However, it is well
known that the formation of an imine group involves only a
fraction of the amine present in the unprotonated form. Para-
doxically, a useful approach to enhance the formation of the
imine would conversely involve the decrease in the basicity of
the amino group, irrespective of its nucleophilicity, even if a
marked decrease in basicity could impair the selectivity of
novel derivatives. Moreover, CAR derivatives, where the amino
group was modified by introducing the hydrazine moiety, have
already been described.[15] Hence, our attention was focused
on the optimization of the Michael condensation.


The considerations previously mentioned for the amino
group also apply to modulation of the reactivity of the imida-
zole ring. Thus, the imidazole represents a suitable compro-
mise between reactivity and basicity, providing an optimal se-
lectivity to CAR and its derivatives. Indeed, the histidine resi-
due alone is not able to yield the Michael adduct, as previously
demonstrated,[18] but requires the previous imine formation,
which approaches the imidazole ring to the reactive C3 atom.
This implies that the ability of the imine intermediate to
assume close conformations leading to Michael adduct is a
crucial factor in determining the scavenging activity of such
derivatives. Consequently, we focused our attention on the
possible modifications of the CAR structure to favor the pro-
ductive close conformations. Figure 1 summarizes the confor-
mational behavior of the l-CAR–HNE imine adduct, showing
that the extended conformers, which are in equilibrium with
the folded conformers, represent only half of all monitored ge-
ometries. This suggests that the conformational profile of the


Scheme 1. Proposed reaction mechanism of carnosine with 4-hydroxy-trans-
2,3-nonenal (HNE).
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imine intermediates can be largely optimized by suitable modi-
fication of the CAR structure to shift this equilibrium toward
the folded reactive conformations. Based on these premises, a
set of d-CAR derivatives containing aryl moieties substituted in
the b-alanine residue (a and b to the amino group) was pre-
pared on solid phase by means of an automatic synthesizer
(Table 1). Such modifications only slightly influence the basicity
of the amino group (thus avoiding a significant loss of selectiv-
ity) and concomitantly should approach the intermediate
Schiff base to the imidazole through p–p interactions, thus sta-
bilizing favorable close conformations.


Results


HNE quenching activity (reactivity)


The HNE quenching ability of CAR derivatives was first evaluat-
ed by measuring the aldehyde consumption using HPLC analy-
sis. Table 2 lists the quenching activities of the proposed deriv-
atives (normalized to the activity of CAR) relative to those of
the selected reference compounds AG, PYR, and HY. Notably,
despite the well-known reactivity of AG toward HNE (leading
to the formation of an imine adduct),[21] the quenching activity
of AG, as determined by HPLC analysis, was almost negligible.
The quenching activity was then tested by a direct infusion MS
approach, consisting of the evaluation of the quencher con-
sumption at pH 7.4, with respect to a blank incubated in the
absence of the target aldehyde. As, in these conditions, AG
was found to be effective, we can reasonably suppose that the
acidic mobile phase, by catalyzing the Schiff base decomposi-
tion, would be responsible for the negative results obtained


working with the HPLC method. The MS method was then ex-
tended to all the tested compounds. Unlike AG, the order of
potency for CAR derivatives in both the HPLC and MS ap-
proaches was found to be the same, as confirmed by the satis-
factory linearity between the two sets of data (correlation coef-
ficient r2 = 0.95). This is not surprising considering the structure
of the reaction products of CAR derivatives with HNE (Michael
adducts, see below), which are stable under the acidic condi-
tions required for HPLC analysis. These results also emphasize
the role of MS as an alternative technique to HPLC for in vitro
evaluation of the RCS-quenching ability of compounds forming
acid-sensitive adducts.


Table 2 clearly shows that some designed modifications to
the CAR structure markedly improve the quenching activity rel-
ative to the parent compound. In particular, all the derivatives
of b3 homophenylalanine and b3 homotyrosine (A-1, A-5, and
A-10) showed enhanced activities, the derivatives of b2 and b3
homophenylglycine (A-4, A-6, A-9, and A-11) afforded diverse
quenching effects possibly depending on stereoelectronic fac-
tors, whereas the derivative of b3 homoalanine (A-2) yielded
very modest activity.


Figure 1. Conformational profile of the imine adduct CAR–HNE, illustrating
the equilibrium between folded reactive and extended unreactive conform-
ers. The percentages are computed considering a cutoff distance of 8 �.


Table 1. Structures of the carnosine derivatives studied, along with AG,
HY, and PYR, chosen as reference compounds.


Compd R R’


d-CAR H H


A-1 H


A-5 OH


A-7 H


A-10 H


A-6 H


A-9 H


A-4 H Ph
A-2 CH3 H


A-11 H


aminoguanidine (AG)


hydralazine (HY)


pyridoxamine (PYR)
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The quenching activity of both novel derivatives and refer-
ence compounds was further studied by identifying the reac-
tion products by direct infusion MS analysis in full scan mode.
The method was first applied to identify and characterize the
reaction products of HNE with AG, PYR, and HY which are sum-
marized in Scheme 2.


Reference compounds–HNE adducts


The mass spectrum of AG solution was characterized by the
[M+H]+ at m/z 75 (base peak) (data not shown). The incuba-
tion with HNE for 3 h induced the formation of the ions at m/z
213 (base peak) and at m/z 231 (relative abundance 10 %), cor-
responding to the Schiff base and Michael adduct, respectively
(Scheme 2 a and figure S1A, Supporting Information). After
24 h of incubation, the ion at m/z 213 was still the base peak,
and the ion at m/z 231 increased by almost 20 %. Attribution
of the Schiff base was confirmed by MS–MS analysis (fig-
ure S1B, Supporting Information).


The mass spectrum relative to HY incubated for 3 h and
spiked with Tyr-His as internal standard (IS) is characterized by
the [M+H]+ ion at m/z 319 and m/z 161 relative to that of the
IS and HY, respectively (data not shown). HNE incubation in-
duced, within three hours, the formation of two additional
ionic species at m/z 299 and m/z 317, with a relative abun-
dance of almost 40 %, and attributed to the Michael adduct
and Schiff base, respectively (Scheme 2 b and figure S2A, Sup-
porting Information). After 24 h incubation, the relative abun-
dance of HY was further decreased to 45 %, whereas the ion at
m/z 299 became the base peak (data not shown). The identity
of the adducts was confirmed by MS–MS analyses. The MS–MS
data of the ion at m/z 299 are characterized by the fragment
ions at m/z 146 [Hy+H�NH]+ , m/z 161 [Hy+H]+ , and m/z
170.9, the latter of which is due to the cleavage between the
phthaline nucleus and the hydrazine nitrogen (figure S2B, Sup-
porting Information). The tandem mass spectrum of the


adduct at m/z 317 was charac-
terized by the ions at m/z 161,
resulting from a retro-Michael re-
action (loss of 156), and at m/z
139 [HNE+H�H2O]+ (figure S2C,
Supporting Information).


The mass spectrum of the re-
action mixture containing PYR
and HNE (3 h incubation) con-
tains, in addition to the [M+H]+


relative to unreacted PYR (m/z
169.2), the ion at m/z 325 attrib-
uted to the [M+H]+ of the Mi-
chael adduct (Scheme 2 c and
figure S3A, Supporting Informa-
tion). The tandem mass spec-
trum is dominated by the ion at
m/z 169, due to a retro-Michael
reaction, and at m/z 152 (base
peak), resulting from the se-
quential loss of the amine


moiety (figure S3B, Supporting Information).


Table 2. Quenching activity, selectivity, and plasma stability of d-CAR, d-CAR derivatives, and reference com-
pounds.


Compd Quenching Activity[a] Selectivity [%][b] Plasma Stability [%][c]


HPLC MS


d-CAR 1 1 102.4�2.9 101.4�4.8
A-10 2.69�0.06 2.73�0.03 98.3�2.4 96.3�4.4
A-7 2.37�0.06 2.15�0.02 99.7�0.8 105.6�7.8
A-1 1.90�0.08 1.98�0.01 97.5�2.7 97.4�4.4
A-4 1.76�0.07 1.56�0.03 102.9�3.2 102.5�3.7
A-6 1.68�0.04 1.58�0.02 100.4�3.2 101.4�2.7
A-5 0.87�0.07 0.98�0.03 97.4�3.1 99.4�2.5
A-9 0.40�0.04 0.63�0.02 98.6�2.9 99.9�3.6
A-2 0.38�0.05 0.43�0.01 103.4�4.3 100.2�4.5


A-11 0.32�0.03 0.45�0.03 99.0�1.4 99.4�4.1
HY 4.66�0.14 4.78�0.09 0 ND
AG 0 3.45�0.08 0 ND
PYR 1.67�0.09 1.78�0.05 0[d] ND


[a] Results are normalized to the activity of carnosine. [b] Results are reported as the percentage of PYAL re-
maining relative to a blank incubated in the absence of tested compound. [c] Results are reported as the per-
centage of the tested compound remaining relative to a blank incubated in the absence of serum (60 min at
37 8C); ND: not determined. [d] Selectivity was determined by MS.


Scheme 2. Reaction products of a) AG, b) HY, and c) PYR with HNE and PYAL.
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Carnosine derivatives–HNE adducts


The mass spectrum of d-CAR solution was characterized by an
intense [M+H]+ ion at m/z 227, and by the corresponding
[M+Na]+ adduct at m/z 249. The spectrum did not change up
to 24 h incubation at 37 8C, indicating the stability of CAR
under these conditions. The same behavior was observed for
all the CAR derivatives. After incubation of d-CAR with HNE, an
intense ion at m/z 383 and the corresponding [M+Na]+


adduct at m/z 405 were evident, attributed to Michael adduct
in the hemiacetal form, as previously reported by us for l-CAR
(Scheme 1).[18]


The mass spectra of the CAR derivatives incubated with HNE
were all characterized by the presence of the [M+H]+ of the
parent compound, and of the corresponding [M+H+156]+


adduct ion, indicating Michael adduct formation, as further
confirmed by MS–MS analyses (Table 3). As an example,
Figure 2 reports the mass spectrum of compound A-10 before
(panel a) and after reaction with HNE (panel b) for 24 h.


Pyridoxal quenching activity (selectivity)


HPLC analyses indicated that AG and HY induce an almost
complete depletion of the physiological aldehyde within 3 h of
incubation (Table 2). This lack of selectivity was further con-
firmed by MS analysis of the incubates, whereby the disap-
pearance of the [M+H]+ signal relative to the quencher was
accompanied by the formation of the corresponding reaction
product. The mass spectrum of the pyridoxal–aminoguanidine
reaction mixture incubated for 24 h shows an abundant ionic
species at m/z 224 corresponding to the [M+H]+ of the Schiff
base between the amino moiety of AG and the carbonyl of
PYAL. The attribution was confirmed by the presence, in the
MS–MS data, of the fragment ion at m/z 165 (base peak), due
to the cleavage of the hydrazine moiety (figure S4A, Support-
ing Information). The mass spectrum of the reaction mixture
containing PYAL and HY shows a base peak at m/z 310 relative
to the [M+H]+ of the PYAL-HY adduct, attributed to the Schiff
base (theoretical m/z 310.16). The MS–MS data relative to the
ion at m/z 310 shows as main product ions those at m/z 165
(base peak), arising from the cleavage of the hydrazinic bond,
and at m/z 161 [HY+H]+ (figure S4B, Supporting Information),
confirming the structure assignment. The selectivity of PYR,
after incubation with PYAL and PYAL phosphate, was studied
by measuring the consumption of the quencher using only the
MS approach (HPLC analysis was not applicable because of the
co-elution of PYR and PYAL). The results were similar to those
obtained for AG and HY: a complete depletion of PYR was ob-
served in the presence of both PYAL and PYAL phosphate, indi-
cating the lack of selectivity of the tested compound. In con-
trast, all the designed CAR derivatives were found to be highly
selective. None of them induced a significant consumption of
PYAL during 3 h of incubation (HPLC assay), and none of them,
when analyzed by direct infusion MS, gave rise to the forma-
tion of additional ionic species. The mass spectra of the tested
compounds spiked with PYAL were found to be superimposa-
ble with those obtained in the absence of the target aldehyde,
up to 24 h of incubation (data not shown), thus excluding the
formation of any adduct.


Plasma stability


l-CAR incubated in human serum rapidly disappeared, being
undetectable after 5 min of incubation, the first time point
considered (data not shown). To measure the hydrolysis rate
experiments were also performed using suitably diluted serum
(1:20). Under these conditions, CAR consumption was signifi-
cantly decreased (t1=2


= 3 min), and the calculated hydrolysis
rate was 170 nmol mL�1 min�1. As shown in Table 2, d-CAR and
derivatives were found to be stable in undiluted human serum
up to 8 h, where the recovery was not significantly different
with respect to a blank incubated in the absence of serum.


Physicochemical profiling


For d-CAR and analogues, Table 4 shows the experimental pK
values, as determined by potentiometric titration, and the pre-


Table 3. Ionic species detected in the MS data.[a]


Compd Parent [M+H]+ Michael Adduct [M+H+156]+


d-CAR 227.1 383.1
A-10 347.4 503.4
A-7 333.3 489.3
A-1 317.3 473.3
A-4 303.3 459.3
A-6 303.1 459.2
A-5 333 489.3
A-9 333.3 489.3
A-2 240.3 396.3


A-11 346.3 502.3


[a] Recorded (direct infusion) after incubating each CAR derivative with
HNE for 24 h.


Figure 2. Characterization of the reaction product of A-10 with HNE. Shown
are the MS data for the reaction mixtures after 3 h incubation in the a) ab-
sence and b) presence of HNE.
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dicted log P values for the zwitterionic forms as computed by
the MLP approach.[22] All considered derivatives possess at
least three ionization constants (pK1 refers to the carboxylic
acidity, pK2 is due to the amino group basicity, and pK3 is for
the imidazole basicity) and A-7 also has a fourth constant
(pK4 = 9.98) attributable to the phenol acidity. The pK values
for d-CAR were in agreement with those already published for
l-CAR.[23]


The analysis of the ionization constants revealed that the de-
signed modifications significantly modify the pK2 values,
whereas pK1 and pK3 remain unchanged. In detail, all proposed
compounds showed a decrease in amino group basicity with
an increased fraction of unprotonated reactive amine and a fa-
vorable effect on imine formation. However, as this pK2 varia-
tion was shared by all considered CAR analogues, which show
a remarkable variability in their quenching activities, one can
conclude that the basicity of the amino group, albeit relevant,
does not play a key role and other possible factors must be
considered. The calculated log P values emphasized the
marked hydrophilicity of all d-CAR derivatives, even if all de-
signed modifications decrease the polarity relative to that of
d-CAR. There is a modest relation between lipophilicity and
quenching activity (r2 = 0.45), although this seems due to the
ability of log P values to indirectly encode the positive effects
of aryl rings rather than an intrinsic role of the lipophilicity
itself. Nonetheless, considering the nonpolar nature of HNE,
one can also suppose that less polar scavengers could better
approach the HNE molecules.


Conformational studies


The conformational profile of carnosine is characterized by five
rotatable bonds (Figure 2); the first two torsions (t1 and t2)
concern the backbone of b-alanine, t3 involves the histidine
backbone, whereas the last two torsions (t4 and t5) belong to
the side chain of histidine. The conformational profile of CAR
analogues alone appear clearly frozen by the intramolecular
ion pair, whereas the rotors are markedly more flexible in the


corresponding imine adducts with HNE. The histidine torsions
(t3, t4, and t5) show a marked flexibility in all considered com-
pounds and do not seem to be crucial in determining the
global conformation of the imine adducts. Conversely, the b-
alanine torsions (t1 and t2), which are somewhat tethered by
the neighboring peptide and imine bonds, play a key role in
defining the conformational profile of these adducts. Basically,
synclinal geometries in t1 and t2 favor a productive approach-
ing between the imidazole ring and the HNE C3 center, where-
as antiperiplanar conformations move the two reactive centers
away, yielding extended conformations which appear unsuited
for the Michael adduct formation.


To analyze the ability of such imine derivatives to assume
productive conformations (avoiding a systematic analysis of all
rotatable bonds) the distance between the imidazole barycen-
ter and the C3 reactive atom was calculated. For each deriva-
tive, Table 4 reports the percentage of conformations (as de-
rived by molecular dynamics (MD) runs) with monitored distan-
ces of <8 �, a value chosen as cutoff to discriminate between
reactive and unreactive conformations. Table 4 and Figure 2
reveal a noteworthy relation between the quenching activities
and the percentages of folded reactive conformations (r2 =


0.78). This result confirms that the approaching between imi-
dazole and the C3 atom plays a pivotal role in the bioactivity
of such carnosine derivatives and suggest that the conforma-
tional profile could be successfully exploited to predict the
scavenger activity of novel carnosine analogues.


Discussion


RCS generated by the oxidation of biomolecules are electro-
philic and cytotoxic compounds involved as pathogenic factors
in some human diseases, such as atherosclerosis and diabetic
related diseases. RCS and, in general, protein carbonylation are
now considered potential drug targets and promising pharma-
cological effects have been reported by using RCS-sequester-
ing agents; nucleophilic compounds able to detoxify RCS by
forming unreactive covalent adducts (an extensive review on
the chemistry and biological effects of this class of compounds
has been recently published[4]).


AG, HY, and PYR are the most studied RCS-sequestering
agents, and their pharmacological activity has already been
demonstrated in several animal models.[4] These compounds
are characterized by a broad spectrum of scavenging ability
toward different classes of reactive carbonyls, as in the case of
AG, which is an active scavenger of various a,b-dicarbonyls
such as GO, MGO, 3-deoxyglucosone, MDA, and a,b-unsaturat-
ed aldehydes.[21, 24] The RCS-sequestering activity for this class
of compounds is due to the presence of a nucleophilic center,
involved in the formation of both a stable Schiff base, by react-
ing with the aldehyde function, and a Michael adduct, by link-
ing the C3 of the unsaturated aldehyde. Herein, we provided a
full MS structure elucidation of the covalent adducts of AG and
HY with HNE which is the most abundant a,b-unsaturated al-
dehyde generated under oxidative stress conditions.[2] The
quenching mechanism involves both a Schiff base and Michael
adduct formation for HY and AG, and a Michael reaction for


Table 4. Physicochemical properties[a] and conformational profile[b] for d-
CAR and d-CAR derivatives.


Compd pK1
[c] pK2 pK3 log PMLP


[d] Folded
Conformers [%][e]


d-CAR 2.76 9.32 6.72 �4.08 49.8
A-10 2.66 8.78 6.71 �1.59 76.8
A-7 2.63 8.73 6.70 �2.43 62.5
A-1 2.61 8.71 6.71 �1.97 71.5
A-4 2.73 8.94 6.95 �2.53 55.2
A-6 2.74 8.27 6.82 �2.35 53.7
A-5 2.39 8.36 6.85 �2.73 46.4
A-9 2.52 8.47 6.89 �2.20 28.1
A-2 2.71 9.29 6.73 �3.35 43.5


A-11 2.73 8.41 6.86 �3.26 46.3


[a] Ionization constants and computed lipophilicity. [b] Percentage of
folded conformers. [c] Constants determined by potentiometric titration.
[d] Predicted log P values for zwitterionic forms. [e] Percentages derived
by MD simulations in water.
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PYR. The high nucleophilicity of the amino group of these
compounds, accompanied by a lower basicity which favors the
unprotonated form, confers a high reactivity toward a broad
range of RCS, but, at the same time, greatly decreases their se-
lectivity making them able to react with biogenic and physio-
logical aldehydes, such as pyridoxal phosphate. The ability of
AG, HY, and PYR to quench pyridoxal has been fully clarified,
providing elucidation of the structures of the corresponding
adducts. In particular, HY (containing a strong nucleophilic hy-
drazine group) and AG quench PYR by forming a stable Schiff
base. PYR is claimed to be selective (and therefore able to
spare the endogenous levels of pyridoxal phosphate) on the
basis of previous results obtained by HPLC measuring the con-
sumption of the aldehyde using an acid mobile phase.[25] How-
ever, by using an MS approach, we observed the depletion of
PYR when incubated in the presence of PYAL or PYAL phos-
phate. These conflicting results could be explained by suppos-
ing that a Schiff base is formed, which is unstable in the acidic
mobile phase, as we observed for the Schiff base of AG with
HNE. Unfortunately, no adducts between PYR and PYAL were
detected in the MS conditions we used, and hence further
studies are required to better understand PYR selectivity.


The lack of selectivity and the promiscuous activity of the
currently available RCS-sequestering compounds represent the
main limiting factors for their clinical application, making them
practically useless, especially in view of the fact that RCS-medi-
ated diseases are chronic states requiring prolonged treatment
for beneficial outcomes. For example, AG has proven to be un-
suitable for clinical use, not only because of its inhibitory effect
on inducible nitric oxide synthase, but also because of its abili-
ty to induce in vivo a significant decrease in the hepatic pyri-
doxal phosphate content.[26]


We recently found that l-CAR, an endogenous histidine di-
peptide, is a selective sequestering agent of a,b-unsaturated
aldehydes.[18] The carbonyl sequestering effect has been dem-
onstrated in vitro, in biological matrices, and in ex vivo experi-
ments, using Zucker rats as an animal model of in vivo oxida-
tive damage and protein carbonylation.[12] However, the poten-
tial clinical application for this peptide is poor, given the pres-
ence of serum carnosinase, a specific dipeptidase which cata-
lyzes the hydrolysis of the peptide. The conversion of l- to d-
histidine leads to a derivative (d-CAR) characterized by a high
serum stability and a quenching ability similar to that of l-CAR.
However, the reactivity of d-CAR is significantly lower than
that of the reference compounds, and hence there is an in-
creasing demand for more effective sequestering agents
toward a,b-unsaturated aldehydes, which maintains the same
selectivity as carnosine.


When discussing the factors that inspired the design of
more effective carnosine derivatives, we mainly considered
1) the basicity of amino groups that govern imine formation
and 2) the ability to assume folded conformers that promote
the Michael adduct reaction. The obtained results reveal a pre-
cise role for these factors. Thus, the basicity appears not to be
crucial in determining the quenching activity as there is no
correlation between bioactivities and pK2 values. Probably, the
high basicity contributes to the poor activity of b3 homoala-


nine derivative (A-2), but it does not seem to be a determinant
factor. Conversely, the conformational profile appears to be
key factor to enhance the quenching activity by promoting the
reaction between imidazole and the C3 atom as evidenced by
remarkable correlation between bioactivity and the percentage
of folded geometries (Figure 3).


The derivatives of b3 homophenylalanine (A-1, A-5, and A-
10) are all more potent than d-carnosine because they favor
the close conformation due to the p–p contacts between imi-
dazole and phenyl ring. This is also confirmed by the beneficial
effects of electron donor substituents. The different quenching
activities of derivatives of b2 and b3 homophenylglycine (A-4,
A-6, A-9, A-11) can be less easily rationalized because of, for
example, the modest activity of para-methoxy analogue (A-9).
Probably, the accessibility of the amino group plays a relevant
role in these derivatives as suggested by the very low activity
of A-11.


In summary, the aryl substitution of d-carnosine appears a
fertile strategy to develop efficient RCS quenchers character-
ized by 1) high selectivity toward physiological aldehydes and
2) plasma stability. Physicochemical profiling and modeling
studies underscore the important role of Michael adduct for-
mation and suggest that the abundance of folded conforma-
tions can be a successful descriptor to predict and rationalize
the activity of novel sequestering agents. For analogy with nat-
ural peptides and for synthetic accessibility, we considered
only the S isomers in the chiral b-alanine moieties in this first
study, but the promising results described herein has prompt-
ed us to explore the stereoselectivity effects on quenching ac-
tivity in subsequent studies.


Experimental Section


Synthesis


The synthesis of dipeptide compounds was performed on solid
phase by means of an automatic synthesizer. Fmoc-d-HisACHTUNGTRENNUNG(Trt)-OH is
produced by Flamma S.p.A., all the other building blocks are com-
mercially available as are the coupling agents. Process control and
HPLC analysis of the final compounds was performed on Agilent


Figure 3. The high correlation (r2 = 0.78) between quenching activity and
percentage of folded geometries.
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1100 equipment. 1H and 13C NMR were performed on a Bruker 300
Advance instrument.


General procedure for the solid-phase synthesis of the dipep-
tide derivatives : Fmoc-d-HisACHTUNGTRENNUNG(Trt)-OH (1.2 equiv) is coupled to a
chlorotrityl-polystyrene resin in N,N-dimethylformamide (DMF) in
the presence of N,N-diisopropylethylamine (DIPEA, 3 equiv). The
Fmoc group is removed by two treatments with a solution of pi-
peridine/DMF (25:75) for 15 min. A solution of the suitable Boc-
amino acid (2 equiv), PyBOP (2 equiv), and HOBT (2 equiv) in DMF
is then added to the reactor containing the resin, followed by
DIPEA (5 equiv). The completion of the reaction is monitored by
the Kaiser test. After suitable washing, the peptide is cleaved from
resin using a solution of trifluoroacetic acid containing 5 % H2O in
CH2Cl2. The crude peptide is recovered from the solution by precip-
itation using a suitable solvent, usually an ether. The crude peptide
is then purified by preparative HPLC using reversed-phase columns
and elution with mixtures of H2O and CH3CN. The fractions con-
taining the pure product are concentrated to remove CH3CN and
then freeze-dried to obtain the solid product. Following this proce-
dure, the following compounds have been prepared:


(3S)-3-Amino-4-(phenylbutanoyl)-d-histidine (A-1): 1H NMR
([D6]DMSO): d= 8.35 (bd, J = 7.8 Hz, 1 H), 7.58 (d, J = 1.2 Hz, 1 H),
5.34 (m, 5 H), 6.83 (d, J = 0.6 Hz, 1 H), 4.25 (m, 1 H), 3.65 (m, 1 H),
3.19–3.13 (dd, J = 3.9 Hz, 1 H), 3.00–2.90 (dd, J = 4.8 Hz, 1 H), 2.80
(m, 2 H), 2.42–2.38 (dd, J = 4.2 Hz, 1 H), 2.31–2.23 ppm (m, 1 H);
13C NMR ([D6]DMSO): d= 174.79, 172.55, 169.55, 137.49, 134.97,
129.91, 128.96, 127.12, 55.55, 50.83, 29.29, 21.65 ppm.


(3S)-3-(Aminobutanoyl)-d-histidine (A-2): 1H NMR (D2O): d= 8.38
(s, 1 H), 7.19 (s, 1 H), 4.48 (m, 1 H), 3.68 (m, 1 H), 3.25–3.20 (dd, J =
5.4 Hz, 1 H), 3.09–3.04 (dd, J = 5.1 Hz, 1 H), 2.69–2.52 (m, 2 H),
1.26 ppm (d, J = 8.7 Hz, 3 H); 13C NMR (D2O): d= 181.27, 176.65,
171.19, 133.67, 130.37, 116.83, 54.23, 44.87, 38.97, 27.47, 23.19,
17.52 ppm.


3-Amino-2-(S)-(phenylpropanoyl)-d-histidine (A-4): 1H NMR
([D6]DMSO): d= 8.80 (bs, 1 H), 7.72 (bm, 2 H), 7.32 (m, 5 H), 7.18 (bs,
1 H), 6.83 (s, 1 H), 4.51–4.70 (m, 1 H), 3.82 (m, 1 H), 3.35 (bm, 1 H),
3.18–3.05 (m, 2 H), 2.87 ppm (m, 1 H); MS: [M+H]+ m/z 303.2.ACHTUNGTRENNUNG(2R,3S)-3-Amino-2-hydroxy-4-(phenylbutanoyl)-d-histidine (A-5):
1H NMR ([D6]DMSO): d= 8.20–8.18 (d, J = 7.5 Hz, 1 H), 7.65 (s, 1 H),
7.40–7.28 (m, 5 H), 6.89 (s, 1 H), 4.38–4.32 (s, 1 H), 4.20–419 (d, J =
2.7 Hz, 1 H), 3.59 (bs, 1 H), 3.13–2.80 ppm (m, 4 H); 13C NMR
([D6]DMSO): d= 172.53, 170.88, 137.50, 135.14, 134.18, 129.93,
128.89, 127.05, 117.35, 71.19, 56.30, 54.04, 34.32, 28.95 ppm.


(3S)-3-Amino-3-(phenylpropanoyl)-d-histidine (A-6): 1H NMR
([D6]DMSO): d= 8.47–8.45 (d, J = 8.1 Hz, 1 H), 7.69 (s, 1 H), 7.55–7.41
(m, 5 H), 6.88 (s, 1 H), 4.69–4.65 (t, J = 7.2 Hz, 1 H), 4.38–4.34 (m,
1 H), 3.15–3.08 (dd, J = 4.2 Hz, 1 H), 2.90–2.73 ppm (m, 3 H); 13C NMR
([D6]DMSO): d= 172.54, 168.80, 138.27, 135.01, 134.08, 129.16,
128.96, 127.48, 117.13, 54.05, 52.22, 41.12, 29.30 ppm.


(3S)-3-Amino-4-(4-hydroxyphenyl)butanoyl-d-histidine (A-7):
1H NMR ([D6]DMSO): d= 8.37 (d, J = 7.8 Hz, 1 H), 7.63 (s, 1 H), 7.09
(d, J = 8.6 Hz, 2 H), 6.87 (s, 1 H), 6.80 (d, J = 8.6 Hz, 2 H), 4.37–4.30
(m, 1 H), 3.60–3.57 (m, 1 H), 3.16–3.10 (dd, J = 4.2 Hz, 1 H), 2.95–2.67
(m, 3 H), 2.47–2.41 (dd, J = 4.2 Hz, 1 H), 2.37–2.29 ppm (dd, J =
7.8 Hz, 1 H); 13C NMR ([D6]DMSO): d= 174.40, 172.50, 169.59,
156.75, 135.07, 134.37, 130.85, 126.83, 117.59, 115.85, 54.74, 50.81,
29.26, 21.60 ppm.


(3S)-3-Amino-3-(4-metoxyphenyl)propanoyl-d-histidine (A-9):
1H NMR (D2O): d= 7.81 (s, 1 H), 7.45 (d, J = 7.6 Hz, 2 H), 7.17 (d, J =


7.6 Hz, 2 H), 6.92 (s, 1 H), 4.67 (m, 1 H), 4.48 (m, 1 H), 4.02 (s, 3 H),
3.25–2.82 (m, 5 H), 1.48 ppm (d, J = 4.2 Hz, 1 H); MS: [M+H]+ m/z
333.1.


(3S)-3-Amino-4-(4-methoxyphenyl)butanoyl-d-histidine (A-10):
1H NMR ([D6]DMSO): d= 8.37 (d, J = 8.6 Hz, 1 H), 7.63 (s, 1 H), 7.19
(d, J = 8.5 Hz, 2 H), 6.87 (s, 1 H), 6.71 (d, J = 8.5 Hz, 2 H), 4.37–4.30
(m, 1 H), 3.98 (s, 3 H), 3.60–3.57 (m, 1 H), 3.14–3.08 (dd, J = 4.3 Hz,
1 H), 2.95–2.81 (m, 2 H), 2.75–2.67 (m, 1 H), 2.47–2.29 ppm (m, 2 H).


(3S)-3-Amino-3-(3,4-methylenedioxyphenyl)propanoyl-d-histi-
dine (A-11): 1H NMR ([D6]DMSO): d= 8.01 (s, 1 H), 7.59 (s, 1 H), 6.95
(s, 1 H), 6.89 (m, 2 H), 5.90 (dd, J = 1.2 Hz, 2 H), 4.98 (m, 1 H), 4.32
(m, 1 H), 3.15 (dd, J = 5.1 Hz, 1 H), 3.02 (dd, J = 5.0 Hz, 1 H), 2.95 (dd,
J = 9.2 Hz, 1 H), 2.83 ppm (dd, J = 9.1 Hz, 1 H).


Reactivity and selectivity


HPLC studies : The reactivity of each carbonyl quencher toward
HNE (quenching activity) was evaluated by measuring the HNE
consumption (50 mm in 10 mm PBS, pH 7.4) in the presence of the
tested compound (1 mm) at a fixed incubation time (60 min, T =
37 8C). The results are normalized to the activity of carnosine,
taking the value of 1 as the quenching efficacy afforded by carno-
sine. HNE consumption was determined by HPLC as reported in
the Supporting Information.


Selectivity after three hours of incubation was determined in a sim-
ilar manner with the exception that PYAL was used as target alde-
hyde. PYAL consumption was determined by HPLC using a fluori-
metric detector as previously reported.[25] The results are reported
as percentage of the free aldehyde remaining with respect to a
blank incubated in the absence of the tested compound. Structure
characterization of the adducts was determined by MS studies
after 24 h of incubation (see below).


MS studies : The solutions of each tested compound (final concen-
tration 800 mm in 1 mm phosphate buffer, pH 7.4) were mixed (1:1
v/v) with an equimolar concentration of the target aldehyde (HNE
or PYAL in 1 mm phosphate buffer, pH 7.4). After incubation at
37 8C for 3 h, the reaction mixtures were spiked with 33 mL of H-
Tyr-His-OH (internal standard, 12 mm in 1 mm PBS pH 7.4). An ali-
quot of the mixture was then diluted 1:4 (v/v) with H2O/CH3CN
(70:30 v/v) and analyzed by direct infusion MS as reported in the
Supporting Information. The quenching ability of each tested com-
pound (TC) toward HNE or pyridoxal was evaluated by measuring
the TC consumption with respect to a blank incubated in the ab-
sence of the target aldehyde and using the following equation:
quenching activity (%) = [(TC1�TC2)/TC1] � 100 for which TC1 and
TC2 are the ratio between the current ion intensity of the tested
compound and that of the IS in the samples incubated in the pres-
ence and absence of the target aldehyde, respectively. MS charac-
terization of the reaction products between PYAL and the tested
compound was carried out after 24 h incubation.


Serum stability : Serum stability was evaluated by incubating the
TC (50 mm final concentration) in human serum from healthy
donors (30–40 years) for 60 min at 37 8C. Aliquots of 100 mL were
withdrawn after 5 min and then every 10 min for 60 min, spiked
with the IS (Tyr-His, 50 mm final concentration), deprotonated by
perchloric acid (PCA, 700 mm final concentration), and centrifuged
at 18 000 rpm (30 000 g) for 10 min. The supernatants were then di-
luted 1:1 with mobile phase A (CH3CN/H2O/heptafluorobutyric acid
90:10:0.1 v/v/v), filtered through 0.2 mm filters, and then injected
into the LC–MS system. Experimental details are reported in the
Supporting Information. The results are reported as percentage re-
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maining of the tested compound with respect to a blank incubat-
ed in the absence of serum. The serum content of each carbonyl
quencher was determined by recording the single ion traces (SICs)
relative to the [M+H]+ in positive ion mode and using Tyr-His as
internal standard.


Reaction product identification by direct infusion MS and MS–
MS experiments : Reaction mixtures containing equimolar concen-
tration of the target aldehyde (HNE or pyridoxal) and of each TC
(800 mm in 1 mm PBS) were incubated for 24 h at 37 8C. An aliquot
(200 mL) of the mixture was then diluted 1:4 (v/v) with H2O/CH3CN
(70:30 v/v) and analyzed by direct infusion on a triple-quadrupole
(TQ) mass spectrometer (Finnigan TSQ Quantum Ultra, Thermo-
Quest, Milan, Italy) equipped with an electrospray ion max source,
in both positive and negative ion mode. Identification of the reac-
tion products was carried out in full scan mode (m/z 50–1500 scan
range) and MS–MS data were recorded by setting Q1 and Q3 at a
resolution of m/z 0.7, and by using the optimized collision energy
of 35 V.


Determination of ionization constants : The ionization constants
of CAR analogues were determined at 25 8C by potentiometric ti-
tration using a Sirius GlPKa apparatus (Sirius Analytical Instruments
Ltd. , Forest Row, East Sussex, UK). All experiments were carried out
under a slow N2 flow to avoid CO2 absorption. A weighted sample
(2–10 mg) was supplied manually; the diluent and all the other re-
agents were added automatically. In detail, the examined com-
pounds were solubilized in 0.15 m KCl (to adjust the ionic strength)
and acidified with 0.1 m HCl to pH 1.8. The solutions were then ti-
trated with standardized KOH to pH 12.2. Bjerrum difference plots
were deduced from each titration and used to calculate precise pK
values. The detailed experimental procedures, data analyses, and
the recommended apparatus standardization can be found else-
where.[27]


Molecular modeling : The imine adducts between HNE and the
CAR derivatives were built and minimized in their ionized form as
this is the most probable form at the physiological pH. Their con-
formational profile was explored by a Monte Carlo simulation, as
implemented in the VEGA program,[28] which generates 1000 con-
formers by randomly rotating the rotors. All geometries thus ob-
tained were optimized and clustered according to similarity to dis-
card redundant ones; in detail, two geometries were considered as
nonredundant if they differed by more than 608 in at least one tor-
sion angle. The lowest-energy conformer was then inserted in a
20 � radius cluster of water molecules. After a preliminary minimi-
zation to optimize the relative solvent positions, the obtained sys-
tems underwent 5 ns of MD simulations using the Namd pro-
gram.[29] The MD runs had the following characteristics : constant
temperature in the range of 300�25 K, integration of Newton’s
equation every 1 fs according to Verlet’s algorithm, spherical boun-
dary condition (radius = 20 �) applied to stabilize solvent clusters,
and frame stored every 5000 iterations (5.0 ps), yielding 6000
frames per trajectory. The MD were carried out in two phases: an
initial period of heating from 0 to 300 K over 6000 iterations (6 ps,
that is, 1 K per 20 iterations), and the monitored phase of simula-
tion of 5 ns. Only the frames memorized during this last phase
were considered. The same Monte Carlo procedure was also ex-
ploited to analyze the conformational profile of the considered de-
rivatives alone (that is, without imine adduct) in their zwitterionic
form.
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Design, Synthesis, and Evaluation of
Carnosine Derivatives as Selective and
Efficient Sequestering Agents of
Cytotoxic Reactive Carbonyl Species


Carnosine aryl derivatives as seques-
tering agents of RCS: Reactive carbonyl
species (RCS) are cytotoxic mediators
representing a novel drug target, as
they are presumed to play a pathogenic
role in several diseases. Carnosine is a
selective RCS-sequestering agent, but is
rapidly hydrolyzed by serum carnosi-
nase. Herein we describe the in silico
design, synthesis, and evaluation of a
set of carnosine aryl derivatives.
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Introduction


Diabetes mellitus is a universal health problem. The World
Health Organization (WHO) estimates that the present number
of 150 million people suffering from diabetes worldwide will
double by the year 2025. Prior to the introduction of insulin in
the diabetic therapy in 1921, ~60 % of the patients died of
coma caused by acidosis.[1] Today, at least in the well-devel-
oped countries, the expected mean life span has been success-
fully increased. Better control of hyperglycemia was achieved
through new forms of insulin and insulin delivery,[2] newer ther-
apeutic modalities (e.g. intensified insulin treatment)[3, 4] and
recommendations for improved prevention (e.g. medical nutri-
tion therapy, physical activity).[5]


Even though the blood-glucose level can be better con-
trolled, it is still impossible to completely prevent the occur-
rence of hyperglycemic events. Therefore, the problems and
challenges in diabetic therapy are increasingly shifted. Diabetes
patients suffer from long-term complications, manifested in
macrovascular and microvascular complications. Prevalence at
diagnosis for microvascular complications are: neuropathy
(9 %), retinopathy (20 %) and overt diabetes nephropathy
(�10 %),[6, 7] limiting the patients life quality tremendously. More-
over, approximately four million deaths worldwide are related to
diabetes mellitus, caused primarily by cardiovascular complica-
tions, representing the main macrovascular complications.


The new challenge in the treatment of diabetes is to further
improve the glycemic control and to prevent long-term com-
plications. A well-known major contribution to various long-
term complications is the sorbitol pathway (also known as the
polyol pathway). Aldose reductase catalyzes the first step of


the polyol pathway, reducing glucose to sorbitol, using NADPH
as a cofactor. Due to the comparably low affinity of glucose to
ALR2 under normoglycemia, most of the glucose is phosphory-
lated by hexokinase and only a small proportion of glucose
enters the polyol pathway. Under hyperglycemia the flux
through the polyol pathway increases to one third of the total
glucose turnover,[8, 9] leading to significant sorbitol accumula-
tion in cells that take up glucose in an insulin-independent
manner. This may cause tissue damage by an increasing intra-
cellular osmolarity, previously recognized as a main cause of
long-term complications.[10, 11] In more recent studies, other
polyol pathway-related metabolic alterations rather than sorbi-
tol accumulation were focused on, such as myo-inositol deple-
tion, increased oxidative stress, glycation or altered protein kin-
ase C activity.[12, 13, 14] As enhanced aldose reductase activity has
been shown to be involved in several of these imbalances, it is
a promising target for preventing long-term complications of
diabetes.


While a broad variety of compounds have been synthesized
or extracted from natural sources over the past few decades,
only a few drug candidates have reached clinical trials. Epalre-


Diabetes mellitus is a universal health problem. The World
Health Organization (WHO) estimates that 150 million people
suffer from diabetes mellitus worldwide in 2005. Long-term
complications are a serious problem in the treatment of diabe-
tes, manifesting in macrovascular and microvascular complica-
tions. Sorbitol accumulation has been proposed to be an im-
portant factor in the development of microvascular complica-
tions such as nephropathy, neuropathy, retinopathy or cataract.
Catalyzing the NADPH-dependent reduction of glucose to sor-
bitol, aldose reductase (ALR2) is an important target in the pre-
vention of these complications. The development of novel
aldose reductase inhibitors is expected to benefit strongly
from a structure-based design approach. A virtual screening


based on the ultrahigh-resolution crystal structure of the inhib-
itor IDD 594 in complex with human ALR2 identified two com-
pounds with IC50 values in the low micro- to submicromolar
range. Based on the known interactions between the ligands
and their binding pocket, we simplified the lead structures to
give the minimal structural requirements and developed syn-
thetic pathways from commercially available compounds. The
newly synthesized compounds were assayed for their inhibi-
tion of ALR2, showing inhibitory activities down to the nano-
molar range. Crystal structure analysis of the most potentACHTUNGTRENNUNGderivative of our series revealed insights into the binding
mode of the inhibitors.
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stat (Kinedak�) is the only available inhibitor on the market
(Japan), used to treat diabetic peripheral neuropathy, whereas
Tolrestat came to market but was withdrawn in 1996 due to its
suspected toxicity. However, some agents are in clinical trials
(Zenarestat,[15] Zopolrestat, phase III ; Minalrestat, AS-3201,
Japan, phase II, many others are in phase I clinical trials[16, 17]).
With the potential benefit of aldose reductase inhibitors in dia-
betes long-term complications, renewed efforts promise the
design of novel and efficient compounds.


The plethora of well-resolved crystal structures of aldose re-
ductase predestines this enzyme as a promising target for ra-
tional drug design. Human aldose reductase is a 36 kD TIM-
barrel-shaped aldo-keto reductase,[18] operating on a wide
range of structurally diverse substrates due to pronounced in-
duced fit adaptations.[19] Analyzing the various ALR2 crystal
structures reveals more details about the ALR2 binding pocket,
which is divided by Trp 111 into the catalytic subpocket and
the specificity pocket. The catalytic subpocket is deeply buried,
composed of residues presumably involved in the catalytic
mechanism (Tyr 48, Lys 77, His 110). Additionally, the nicotin-ACHTUNGTRENNUNGamide moiety of NADP+ and Trp 111 interact with the head
group of most described ligands. Hydrophobic contacts can be
formed by the side chains of Trp 20, Val 47, Trp 79, and
Trp 219. This catalytic subpocket is usually addressed by hydro-
philic, negatively charged anchor groups. Ligands decorated at
one end by appropriate hydrophobic groups induce, to vary-
ing extend, the opening of distinct pockets referred to as spe-
cificity pocket conformers. These pockets are formed by
Ala 299, Leu 300 and Phe 122 at the solvent-exposed face and
the side chain of Trp 111 oriented towards the center of the
TIM barrel.[20, 21, 22, 23]


Diffraction data of ALR2 in complex with the potent inhibitor
IDD 594 have been measured and refined to a resolution of
0.66 �. The crystal structure provides evidence for the protona-
tion states of the titratable and catalytically relevant residues
involved in inhibitor binding.[24] Based on this crystal structure
with experimentally assigned protonation states, a virtual
screening study has been performed. This screening resulted
in six new carboxylate-type lead compounds. Two of these
showed affinities in the low micro- to submicromolar range (1:
IC50 = 0.53 mm, 2 : IC50 = 4.1 mm).[25, 26]


Recently, the crystal structures of these ligands in complex
with ALR2 were determined in our laboratory.[26] Both ligands
contain a nitro-substituted terminal moiety linked to a 5-mem-
bered heterocycle connected via an alkyl spacer to the carbox-
ylic head group (Figure 1).


These characteristic features were used to create a first phar-
macophore model (Figure 2): a carboxylic anchor group should
occupy the anionic binding pocket, whereas, linked to this
head group via an alkyl spacer, a lipophilic biaryl moiety


should induce the opening of the specificity pocket between
Trp 111 and Leu 300.


As demonstrated by crystal structure analysis, several heter-
oatoms present in compounds 1 and 2 are not involved in
direct polar interactions with binding site residues. These
atoms are present without particular purpose, as these com-
pounds were not designed to bind to ALR2, but discovered as
hits by virtual screening from a large sample of commercially
available compounds. Polar ligand atoms that remain unsatis-
fied by corresponding counter groups in the protein will most
have a strong influence on an imbalanced polar contact inven-
tory. To avoid such effects that could be detrimental to high af-
finity binding, the original screening hits should profit from a
removal of the heteroatoms not involved in binding. For this
reason we designed and synthesized furan and thiophene de-
rivatives instead of the oxadiazole moiety present in the origi-
nal lead structures.


Finally, we established a synthesis for 3-(5-phenylfuran-2-yl)-
propanoic acid derivatives and the corresponding thiophene
derivatives. Furthermore, the 4-oxo-butanoic acids as well as
butanoic acids were prepared in good yields, starting from
commercially available compounds. Further modeling studies
with the ALR2–1 crystal structure led to the synthesis of 3-(2-
phenylthiazol-5-yl)propanoic acid regioisomers and 3-(5-pyri-
dylfuran-2-yl)propanoic acid regioisomers.


Results and Discussion


Chemical synthesis


Scheme 1 illustrates the synthesis of phenylfurylpropanoic
acids 7 and phenylthiophenepropanoic acids 8. Suzuki cou-
pling in aqueous solution with varying phenylboronic acid de-
rivatives and bromofurane carbaldehyde or bromothiophene


Figure 1. Structural features of compounds 1 and 2.


Figure 2. Basic pharmacophore model.


&2& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 12


�� These are not the final page numbers!


MED G. Klebe, M. Schlitzer, et al.



www.chemmedchem.org





carbaldehyde, respectively, catalyzed by palladium acetate pro-
vided the diverse biarylic aldehyde precursors 3 and 4. Knoeve-
nagel condensation with malonic acid in pyridine with catalytic
amounts of piperidine (Doebner modification) converted them
into the E-acrylic acids 5 and 6. Reduction of the double bond
by hydrogenation with palladium on charcoal (thiophene de-
rivatives) or palladium on strontium carbonate (furan deriva-
tives) yielded the propanoic acids 7 and 8 as final compounds.
The 3-amino derivative 7 e was prepared by hydrogenation of
the 3-nitro compound 5 h.


For the synthesis of the pyridine derivatives 7 i and 7 j
Suzuki coupling was carried out with the bromopyridine deriv-
ative and 5-formylfuran-2-boronic acid in a mixture of 1,2-di-
methoxyethane and aqueous sodium carbonate solution with
PdCl2ACHTUNGTRENNUNG(dppf) and Pd ACHTUNGTRENNUNG(PPh3)4 as catalysts. The following steps
were carried out as described above.


Nitro derivatives, sensitive to hydrogenation, were prepared
by reduction of the corresponding biarylic carbaldehyde 3 h
and 4 h with sodium borohydride to the corresponding alcohol
9 and 10, respectively. Treatment with thionyl chloride afford-
ed the chloromethyl derivative, which was reacted with dieth-
ylmalonate to yield 11 and 12, respectively. Acid-catalyzed
ester hydrolysis and decarboxylation furnished the acids 7 h
and 8 h (Scheme 2).


Compound 13 was synthesized by cyclization of thiobenza-
mide with 2-chloromalonedialdehyde in acetone. Synthesis of
compound 16 started from thiobenzamide and 1,3-dichloro-
acetone, resulting in the chloromethyl derivative. Finkelstein
reaction led to the iodomethyl compound, followed by treat-
ment with urotropine and paraformaldehyde yielding theACHTUNGTRENNUNGcarbaldehyde 16.


Knoevenagel condensation and hydrogenation yielded the
propanoic acids 15 (Scheme 3) and 18 (Scheme 4).


Scheme 5 describes the synthesis of 4-oxo-butanoic acids
20 a and 20 b and butanoic acids 21 a and 21 b. As described
above, the biaryl precursors were prepared by Suzuki coupling.
Subsequent Friedel–Crafts acylation provided the 4-oxo deriva-
tives. Finally, Wolf–Kishner reduction resulted in the butanoic
acids.


Scheme 1. Synthesis of phenylfurylpropanoic acids 7 and phenylthiophene-
propanoic acids 8. Reagents and conditions : a) K2CO3, (Bu)4NBr, Pd ACHTUNGTRENNUNG(OAc)2,
H2O/acetone, RT; b) malonic acid, pyridine/piperidine, reflux; c) Pd/SrCO3 or
Pd/C, H2, MeOH/EtOAc, RT.


Scheme 2. Synthesis of nitro substituted propanoic acids 7 h and 8 h.ACHTUNGTRENNUNGReagents and conditions : a) K2CO3, (Bu)4NBr, Pd ACHTUNGTRENNUNG(OAc)2, H2O or H2O/acetone,
RT; b) NaBH4, THF, 4 h, RT; c) SOCl2, CH2Cl2, RT; d) diethylmalonic acid, NaH,
RT; e) 6 m HCl, reflux.


Scheme 3. Synthesis of thiazol-5-yl derivative 15. Reagents and conditions :
a) 2-chloromalone dialdehyde, acetone, reflux; b) malonic acid, pyridine/
piperidine, reflux; c) Pd/charcoal, H2, MeOH/EtOAc, RT.


Scheme 4. Synthesis of thiazol-4-yl derivative 18. Reagents and conditions :
a) 1,3-dichloroacetone, acetone, RT; b) H2SO4, RT; c) KI, EtOH/H2O, reflux;
d) urotropine, paraformaldehyde, 50 % AcOH, reflux; e) malonic acid,ACHTUNGTRENNUNGpyridine/piperidine, reflux; f) Pd/charcoal, H2, MeOH/EtOAc, RT.
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Binding pocket


Crystal structure determination of compounds 1 and 2 in com-
plex with ALR2 provided insights into the binding geometry of
both lead compounds. In summary, the carboxylate groups of
both compounds 1 and 2 occupy the catalytic pocket of the
enzyme, whereas the aromatic portion induces the opening of
the specificity pocket located between Trp 111 and Leu 300.
Unexpectedly, the slightly longer alkyl spacer of 1, compared
with 2, enables the carboxylate to occupy the catalytic pocket
with a deviating interaction geometry compared to the one
known from other structures; whereas carboxylate-type inhibi-
tors usually directly interact with Tyr 48 OH, His 110 NE2 and
Trp 111 NE1, in the ALR2–1 complex the latter contact is medi-
ated via an interstitial water molecule. This water molecule is
not observed in the ALR2–2 complex, while the overall binding
characteristics of 2 are maintained. Based on this crystallo-
graphic analysis and evaluation of the affinity data collected
for compounds 1 and 2 we embarked on a synthesis program
to systematically vary the ligand composition and to thereby
identify structure–activity relationships.


Biological evaluation and structure–activity relationship


All compounds were tested for their inhibition of ALR2. Inhibi-
tion constants were determined using an absorbance assay
based on the fact that ALR2 catalyzes the reduction of alde-
hydes using NADPH with an accompanying decrease in ab-
sorbance at 340 nm. The results of the biological evaluation
are given in Table 1.


To identify preliminary structure–activity relationships, we re-
placed all polar core atoms not involved in binding to the pro-
tein (unless they were required for synthetic reasons) leading
to the propionic acid derivatives 7 a and 8 a (Table 1), as well
as to the butyric acid-type ligand 21 a (Table 2). Interestingly,
despite most of the heteroatoms having been replaced and
the nitro substituent omitted, all three derivatives exhibit a
similar affinity as observed for compound 2. This underlines
the hypothesis that the presence of these polar components


does not contribute significantly to the binding affinity. In ad-
dition, these three derivatives allow the influence of the alkyl
spacer length to be studied. Assuming similar binding geome-
tries for the compounds 1 and 21 a, as well as for compounds
2 and 7 a, 8 a, the affinity data suggest no evidence for a bene-


Scheme 5. Synthesis of 4-oxo butanoic acids 20 and butanoic acids 21.ACHTUNGTRENNUNGReagents and conditions : a) K2CO3, (Bu)4NBr, Pd ACHTUNGTRENNUNG(OAc)2, H2O or H2O/acetone,
RT; b) succinic anhydride, dichloroethane, AlCl3 ; �5 8C!RT; c) KOH,
NH2NH2·H2O, diethylene glycol, 180 8C.


Table 1. Inhibition of ALR2.


Compound R X IC50
[a] [mm]


5 h NO2 O 19�0.9
7 a H O 16�1.5
8 a H S 5.3�0.8
7 b CH3 O 5.7�0.9
8 b CH3 S 4.9�0.7
7 c OCH3 O 6.8�1.5
8 c OCH3 S 5.4�0.9
7 d CF3 O 2.0�0.27
8 d CF3 S 1.9�0.23
7 h NO2 O 0.26�0.05
8 h NO2 S 0.17�0.03
7 f COCH3 O 3.0�0.5
7 g SO2CH3 O 4.0�1.4
7 e NH2 O 16�3.6


7 i – 19�2.9


7 j – 31�3.8


15 – 14�2.1


18 – 22�3.9


Measurements were carried out at least in duplicate.


Table 2. Inhibition of ALR2.


R =


Rm Cmpd IC50
[a] [mm] Cmpd IC50


[a] [mm] Cmpd IC50
[a] [mm]


H 8 a 5.3�0.8 20 a 6.5�1.9 21 a 6.4�1.8
CH3 8 b 4.9�0.7 20 b 4.1�0.7 21 b 3.1�0.6


Measurements were carried out at least in duplicate.
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ficial contribution to binding affinity in case of the extended
alkyl chain. Variations of the substitution pattern have been
performed in the meta position of the terminal aromatic
moiety, as the ALR2–1 and ALR2–2 complexes suggested,
there is sufficient space available to accommodate additional
small substituents. Similarly to 7 a, 8 a and 21 a, a related trend
is observed for the methyl-substituted series 7 b, 8 b, 21 b and
the methoxy-substituted compounds 7 c and 8 c. Obviously,
the methoxy group originally introduced in order to address
putative H-bond donors within the specificity pocket (such as
Thr 113 OG or Leu 300 NH) does not lead to a significant im-
provement in affinity. In order to evaluate whether the puta-
tive beneficial character of such an H-bond acceptor might be
superseded by a detrimental contribution caused by decreas-
ing the strength of the p–p stacking between the Trp 111
indole moiety and the aromatic tail of the ligand when elec-
tron-donating groups are present, we replaced the methoxy
group with acetyl and methylsulfonyl substituents (7 f, 7 g).
Both derivatives only exhibit a marginal improvement in affini-
ty compared to 7 a-c and 8 a-c, respectively, possibly provoked
by increasing the p–p interactions upon introduction of elec-
tron-withdrawing groups in the aromatic tail. Consistently, in-
troduction of even more electron-donating groups such as an
amino function in 7 e leads to an unchanged or even poorer
affinity compared to compounds 7 a and 8 a. These results
prompted us to introduce a trifluoromethyl substituent with
even more electron-withdrawing properties at the correspond-
ing position resulting in ~2 mm affinity (7 d and 8 d). The
ALR2–1 complex suggested that the nitro group is involved in
an H bond to Leu 300 NH, and nonclassical polar interactions
with the aromatic CH groups of Tyr 309. As the nitro group
combines electron-withdrawing properties likely to enhance
the stacking interaction with the efficient formation of polar
contacts, the introduction of a nitro group, as present in the
lead structures, appeared promising. Indeed, both nitro-substi-
tuted derivatives 7 h and 8 h, containing either a furan or thio-
phene nucleus, exhibit a higher affinity than the more potent
lead compound 1. Remarkably, immobilization of the alkyl
spacer by introduction of an E double bond (5 h) parallels a
loss in affinity by approximately two orders of magnitude.


This provokes the question of whether replacement of the


substituted phenyl moiety by an electron deficient bioisosteric
system will enhance affinity. Two pyridine derivatives were syn-
thesized (7 i, 7 j) but both exhibit a decrease in affinity of at
least two orders of magnitude. Thus, the pyridine moiety is ob-
viously not able to mimic the interactions established by the
nitro phenyl portion in a comparable manner. A further optimi-
zation strategy is based on addressing the Leu 300 backbone
NH group with appropriate acceptors, as successfully demon-
strated by the enhanced affinity of fidarestat compared to sor-
binil. We attempted to achieve this interaction by the appro-
priate incorporation of a nitrogen atom into the scaffold of 8 b
leading to the derivatives 15 and 18. Similarly, as observed in
the complexes ALR2–1 and ALR2–2, where the heteroatoms of
the five-membered aromatic ring are too remote to efficiently
form H bonds, also for the two synthesized derivatives, noACHTUNGTRENNUNGimprovement of affinity was observed.


Crystal structure analysis


In order to determine whether the performed optimization
was accompanied by a change in binding mode with respect
to the target, we determined the crystal structure of aldoseACHTUNGTRENNUNGreductase in complex with derivative 8 h.


As expected, the overall binding geometry is maintained for
8 h and corresponds to that of 2 (Figure 3). The carboxylate
head occupies the catalytic pocket, whereas the hydrophobic


tail is located within the specificity pocket. The nonclassical
polar interactions between the nitro group and the aromatic
side chain of Tyr 309 seem to be stronger in the case of 8 h
compared with 2 as suggested by shorter distances between
donor and acceptor atoms. Unexpectedly, in ALR2–8 h, the car-
boxylate head group adopts a kinked conformation compared
to ALR2–2, where the ligand carboxylate is oriented coplanar
with respect to the nicotinamide moiety of the cofactor. The
orientation observed in ALR2–8 h prevents the formation of a
polar contact between the carboxylate and the Trp 111 NE1
donor group, whereas the H bonds to Tyr 48 OH and His 110


Figure 3. Crystal structure analysis of compound 8 h : a) Binding geometry of
8 h in the ALR2 binding pocket at 1.45 �. The 2Fo–Fc electron density at
1.5 s is shown in blue; b) Superposition of the complex structures observed
for 2 (cyan) and 8 h (yellow).
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NE2 are established as observed in ALR2–2. The origin of this
deviating geometry is difficult to explain. Putatively, the larger
van der Waals radius of the sulfur atom in 8 h compared with
the oxygen atom in compound 2 prevents a similar orientation
of the carboxylate. If no further compensating adaptations are
in operation, the carboxylate oxygen expected to interact with
Trp 111 NE1 would have to approach the sulfur atom at a dis-
tance as close as 2.2 � in order to adopt an identical position.
As this appears to be an unfavorably short contact, it mightACHTUNGTRENNUNGexplain the observed deviating positioning of the carboxylate
anchor in ALR2–8 h.


Conclusions


Due to the lack of optimal properties in aldose reductase in-
hibitors presently in clinical trials, the search for novel potent
ligands is of utmost importance. In our study, two similar lead
compounds with slightly deviating affinities were identified by
virtual screening. In drug development projects, the decision
to select the most promising candidate for further optimiza-
tion from a series of various putative leads is difficult, as the
final success of such a process largely depends on the most
appropriate choice of a development candidate. In a previous
study, we performed a structural characterization of our two
leads via X-ray crystallography.[26] This study suggested the re-
placement of several heteroatoms in the core skeleton that are
not involved in polar interactions with the binding site resi-
dues as a putative strategy for lead optimization. Obviously, in
the present case these heteroatoms influence the solvation/de-
solvation properties unfavorably. Following this strategy, we
developed efficient synthetic routes to obtain a series of ALR2
inhibitors. These ligands are derivatives of the original virtual
screening hits, however, they comprise reduced complexity
and therefore allow for a better understanding of the struc-
ture–activity relationships with respect to the parent inhibitor
scaffold. Admittedly, some of our optimization concepts failed
and resulted in partially comparable or even lower inhibitory
potency compared to the original leads. This might be caused
by the fact that the expected interactions, which guided our
design strategy, were not formed or were compensated for by
other effects. The series of derivatives confirms our results
from a previous study[26] emphasizing the significant contribu-
tion of the nitro group to binding affinity. The present study
provides deeper insights into the structure–activity relation-
ships and thereby paves the way for further structure-guided
design efforts.


Experimental Section


Biology


Enzymatic inhibition assay : The in vitro inhibitory activities of the
candidate molecules were determined by recording the decrease
in NADPH absorbance upon enzymatic reduction of xylitol. The ab-
sorbance at 340 nm was monitored at 25 8C with a BMG plate
reader. The assay was performed using a polypropylene plate with
250 mL of reaction mixture: sodium phosphate buffer (100 mm,
pH 6.2) containing NADPH (0.14 mm), d-xylose as substrate


(26.5 mm) and human ALR2 (0.28 mm). Test compounds were as-
sayed for inhibition at concentrations ranging from 0.8–20 nm. The
program GraFit75 (Version 4.0)[27] was used for fitting the IC50


values. All kinetic measurements were carried out at least in dupli-
cate. Given inhibition data and standard deviations have beenACHTUNGTRENNUNGobtained from data fitting and subsequent averaging.


Enzyme purification and crystallization : Cloning, expression, purifica-
tion and crystallization of ALR2 have already been described else-
where.[20–26] Prior to crystallization, ALR2 solutions were concentrat-
ed to 20 mg mL�1 in 50 mm diammonium hydrogen citrate at pH 5
and mixed with a solution of the cofactor in an oxidized state to
achieve a molar ratio of ALR2:NADP+ of 1:3. ALR2–inhibitor com-
plexes were obtained by cocrystallization with 8 h (5 mm) in the
protein solution. After an equilibration period of one week, micro-
seeding was performed. Crystals were grown at 293 K using the
hanging drop vapor diffusion method. Crystals were usuallyACHTUNGTRENNUNGobtained one to two days after microseeding.


Data collection : Data were collected at 100 K using a cryoprotec-
tant solution of 40 % (m/v) PEG 6000 in 50 mm diammonium hy-
drogen citrate at pH 5. The data sets were collected on a RIGAKU
copper rotating anode (Molecular Structure Cooperation) at 50 kV,
90 mA using a R-AXIS IV ++ image plate system. For each frame,
the exposure time and oscillation range were set to 5 min and
0.58, respectively. Data processing and scaling were performed
using the HKL2000 package.[28]


Structure determination and refinement


The coordinates of human ALR2 (PDB code 1L3) were used for ini-
tial rigid-body refinement of the protein atoms followed by repeat-
ed cycles of conjugate gradient energy minimization, simulated an-
nealing and B-factor refinement using the CNS program pack-
age.[29] Refinement at later stages was performed with the program
SHELXL.[30] Here, at least 20 cycles of conjugate gradient minimiza-
tion were performed with default restraints on bonding geometry
and B-values. Of all data, 5 % was used for Rfree calculation. Amino
acid side chains were fitted into sigma A-weighted 2Fo–Fc and Fo–
Fc electron density maps using the program O.[31] After the first re-
finement cycle, water molecules and subsequently cofactor and
ligand were located in the electron density and added to the
model. Restraints were applied to bond lengths and angles, chiral
volume, planarity of aromatic rings and van der Waals contacts.
Multiple side-chain conformations were built in case an appropri-
ate electron density was observed and maintained during the re-
finement, and if the minor populated side chain showed at least
10 % occupancy. During the last refinement cycle, riding H atoms
were introduced without using additional parameters. The final
models were validated using PROCHECK.[32] Data collection, unit
cell parameters and refinement statistics are given in the Support-
ing Information. Figures were prepared using Isis Draw (MDL, San
Leandro, USA) and Pymol.[33] The coordinates of the ALR2–8 h com-
plex have been deposited in the Protein Data Bank under the PDB
code 3DN5.


Chemistry


NMR spectra were recorded on a Jeol Eclipse Plus instrument
(1H NMR: 500 MHz or 400 MHz, chemical shifts (d) are reported in
ppm relative to the central residual solvent peak. Coupling con-
stants (J) are given in Hz. For purification purposes, flash column
chromatography (FC) was performed using silica gel (particle size
0.040–0.063 mm) supplied by Merck. Analytical thin-layer chroma-
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tography (TLC) was carried out on Merck silica gel 60 F254 plates.
High resolution mass spectra (EI) were performed with a JMS-
GCmate II spectrometer. Elemental analyses for C, H, and N are
within 0.4 % of the calculated values and were performed on anACHTUNGTRENNUNGElementar Vario EL.


5-Phenyl-furan-2-carbaldehyde (3 a), 5-(3-methoxyphenyl)furan-2-
carbaldehyde (3 c), 5-(3-methoxyphenyl)thiophene-2-carbaldehyde
(4 c), 5-phenylthiophene-2-carbaldehyde (4 a) were synthesized as
described by Bussolari and co-workers.[34] 2-Phenythiazole-5-carb-ACHTUNGTRENNUNGaldehyde (13) and 2-phenylthiazole-4-carbaldehyde (16) were syn-
thesized as described by Silberg.[35, 36] 5-(3-Nitrophenyl)furan-2-carb-ACHTUNGTRENNUNGaldehyde (3 h) and 5-phenylthiophene (19 a) were obtained from
Acros Organics. (E)-3-(5-Phenylfuran-2-yl)acrylic acid (5 a), (E)-3-(5-
(3-trifluormethyl)phenylfuran-2-yl)acrylic acid (5 d), (E)-3-(5-(3-nitro-
phenyl)furan-2-yl)acrylic acid (5 h) were synthesized as described
by Mitsch et al. carried out in our group.[37, 38]


General procedure 1: Preparation of biarylic carbaldehydes (3/4) via
Suzuki coupling.


5-Bromofuran-2-carbaldehyde (1.0–1.4 equiv), the phenyl boronic
acid component (1.0 equiv), (Bu)4NBr (1.0 equiv), K2CO3 (2.5 equiv)
and Pd ACHTUNGTRENNUNG(OAc)2 (5 mg mmol�1, minimum of 20 mg) were dissolved/
suspended in H2O and vigorously stirred for 2 h. Acetone was
added and the reaction was stirred further stirred for 1 h. The reac-
tion mixture was diluted with H2O and extracted with EtOAc
(� 2). The combined organic phases were stirred with charcoal
(~1 g mmol�1 of bromo component) and Na2SO4 for 30 min and
evaporated after filtration. The residue was purified by flash chro-
matography.


5-(3-Methylphenyl)furan-2-carbaldehyde (3 b): orange solid, yield:
87 %. FC: silica gel, n-hexane/EtOAc 4:1. 1H NMR (CDCl3, 500 MHz):
d= 2.41 (s, 3 H), 6.82 (m, 1 H), 7.20–7.21 (m, 1 H), 7.30–7.34 (m, 2 H),
7.60–7.62 (m, 1 H), 7.65–7.66 (m, 1 H), 9.4 (s, 1 H).


5-(3-Trifluormethylphenyl)furan-2-carbaldehyde (3 d): orange solid,
yield: 74 %. FC: silica gel, n-hexane/EtOAc 4:1. 1H NMR (CDCl3,
500 MHz): d= 6.93 (m, 1 H), 7.34 (m, 1 H), 7.57 (m, 1 H), 7.64 (m,
1 H), 7.99 (m, 1 H), 8.04 (s, 1 H), 9.68 ppm (s, 1 H).


5-(3-Acetylphenyl)furan-2-carbaldehyde (3 f): pale orange solid,
yield: 63 %. FC: silica gel, n-hexane/EtOAc 4:1. 1H NMR (CDCl3,
500 MHz): d= 2.67 (s, 3 H), 6.94 (m, 1 H), 7.34 (m, 1 H), 7.56 (m, 1 H),
7.96–7.98 (m, 1 H), 8.01–8.03 (m, 1 H), 8.36–8.37 (m, 1 H), 9.69 ppm
(s, 1 H).


5-(3-Methylsulfonylphenyl)furan-2-carbaldehyde (3 g): orange solid,
yield: 92 %. FC: silica gel, EtOAc/isohexane 3:2. 1H NMR (CDCl3,
400 MHz): d= 3.11 (s, 3 H), 6.98 (m, 1 H), 7.35 (m, 1 H), 7.67 (m, 1 H),
7.95 (m, 1 H), 8.10 (m, 1 H), 8.34 (m, 1 H), 9.70 ppm (s, 1 H).


5-(3-Methylphenyl)thiophene-2-carbaldehyde (4 b): brown-orange
solid, yield: 95 %. 1H NMR (CDCl3, 500 MHz): d= 2.41 (s, 3 H), 7.20
(m, 1 H), 7.31 (m, 1 H), 7.38 (m, 1 H, 7.45–7.49 (m, 2 H), 7.73 (m, 1 H),
9.88 ppm (s, 1 H).


5-(3-(Trifluormethyl)phenyl)thiophene-2-carbaldehyde (4 d): pale
orange solid, yield: 53 %, FC: silica gel, n-hexane/EtOAc 4:1.
1H NMR (CDCl3, 400 MHz): d= 7.46 (m, 1 H), 7.56 (m, 1 H), 7.64 (m,
1 H), 7.70 (m, 1 H), 7.83 (m, 1 H), 7.89 (m, 1 H), 9.91 ppm (s, 1 H).


5-(3-Nitrophenyl)thiophene-2-carbaldehyde (4 h): orange solid,
yield: 18 %, FC: silica gel, n-hexane/EtOAc 7:3. 1H NMR (CDCl3,
500 MHz): d= 7.54 (m, 1 H), 7.64 (m, 1 H), 7.80 (m, 1 H), 7.98 (m,
1 H), 8.25 (m, 1 H), 8.53 (m, 1 H), 9.94 ppm (s, 1 H).


5-(Pyridine-2-yl)furan-2-carbaldehyde (3 i): ochre solid, yield: 44 %.
1H NMR (CDCl3, 500 MHz): d= 7.25 (m, 1 H), 7.28 (m, 1 H), 7.35 (m,
1 H), 7.78 (m, 1 H), 7.92 (m, 1 H), 8.65 (m, 1 H), 9.71 ppm (s, 1 H).
13C NMR (CDCl3, 125 MHz): d= 110.7, 120.1, 123.0, 123.9, 137.0,
147.9, 150.0, 152.7, 158.4, 177.7 ppm.


5-(Pyridine-3-yl)furan-2-carbaldehyde (3 j): ochre solid, yield: 65 %.
1H NMR (CDCl3, 500 MHz): d= 6.95–6.97 (m, 1 H), 7.34–7.35 (m, 1 H),
7.42–7.45 (m, 1 H), 8.16 (m, 1 H), 8.62–8.63 (m, 1 H), 9.06 (s, 1 H),
9.70 ppm (s, 1 H). 13C NMR (CDCl3, 100 MHz) d= 108.7, 123.1, 123.8,
125.2, 132.2, 146.6, 150.3, 152.6, 156.3, 177.4 ppm.


General procedure 2: Formation of biarylacrylic acids (5/6) via Knoe-
venagel condensation.


The aromatic aldehyde was dissolved in a mixture of pyridine
(5 mL) and piperidine (0.2 mL). After addition of malonic acid
(125 mg per mmol ofaldehyde), the mixture was heated under
reflux for 2 h. After cooling, this mixture was poured into a mixture
of H2O (60 mL), ice (60 mL), and concd HCL (60 mL) to yield a solid
that was filtered and washed with n-pentane. In the case of com-
pounds 5 i and 5 j the mixture was not poured into HCl; the sol-
vent was removed into a liquid nitrogen cooled receiving flask.
The residue was washed with n-pentane and Et2O, dissolved in a
minimum amount of EtOAc and precipitated with n-pentane.


(E)-3-(5-Phenyl-furan-2-yl)acrylic acid (5 a): orange solid, yield: 83 %.
1H NMR ([D6]DMSO, 500 MHz): d= 6.33 (d, J = 15.7 Hz, 1 H), 7.03 (m,
1 H), 7.13 (m, 1 H), 7.36 (m, 1 H), 7.42 (d, J = 15.7 Hz, 1 H), 7.44–7.48
(m, 2 H,), 7.81–7.85 (m, 2H’), 12.39 ppm (s, 1 H). 13C NMR ([D6]DMSO,


125 MHz): d= 108.7, 115.9, 117.9, 124.1, 128.5, 129.0, 129.4, 130.5,
150.0, 155.2, 167.4 ppm. HRMS (EI): calcd for C13H10O3 : 214.0630;
found: 214.0636.


(E)-3-(5-(3-Methylphenyl)furan-2-yl)acrylic acid (5 b): orange solid,
yield: 76 %. 1H NMR (Acetone-d6, 400 MHz): d= 2.38 (s, 3 H), 6.40 (d,
J = 15.6 Hz, 1 H), 6.94 (m, 1 H), 7.00 (m, 1 H), 7.16–7.20 (m, 1 H), 7.33
(m, 1 H), 7.48 (d, J = 15.6 Hz, 1 H), 7.63–7.67 (m, 1 H), 7.68–7.71 (m,
1 H), 10.80 ppm (s, 1 H). 13C NMR (Acetone-d6, 100 MHz): d= 21.4,
108.9, 115.9, 118.5, 122.3, 125.6, 129.7, 130.1, 130.7, 131.8, 139.4,
151.1, 157.0, 167.8 ppm. HRMS (EI): calcd for C14H12O3 : 228.0787;
found: 228.0798.


(E)-3-(5-(3-Methoxyphenyl)furan-2-yl)acrylic acid (5 c): ochre solid,
yield: 77 %. 1H NMR (Acetone-d6, 500 MHz): d= 3.86 (s, 3 H), 6.41 (d,
J = 15.7 Hz, 1 H), 6.92 (m, 1 H), 6.95 (m, 1 H), 7.03 (m, 1 H), 7.36 (m,
1 H), 7.39 (m, 1 H), 7.41–7.45 (m, 1 H), 7.48 ppm (d, J = 15.7 Hz, 1 H).
13C NMR (Acetone-d6, 100 MHz): d= 55.7, 109.3, 110.3, 115.2, 116.2,
117.6, 118.4, 130.9, 131.8, 132.0, 151.3, 156.7, 161.2, 167.8 ppm.
HRMS (EI): calcd for C14H12O4: 244.0736; found: 244.0727.


(E)-3-(5-(3-(Trifluormethyl)phenyl)furan-2-yl)acrylic acid (5 d): orange
solid, yield: 47 %. 1H NMR (Acetone-d6, 400 MHz): d= 6.49 (d, J =
15.8 Hz, 1 H), 7.03 (m, 1 H), 7.25 (m, 1 H), 7.51 (d, J = 15.8 Hz, 1 H),
7.68–7.72 (m, 2 H), 8.14–8.19 (m, 2 H), 10.90 ppm (s, 1 H). 13C NMR
([D6]DMSO, 125 MHz) d= 109.6, 116.1, 117.0, 119.7 (q, JC�F = 3.8),
123.2 (q, JC�F = 272.1), 123.9 (q, JC�F = 3.8), 127.1, 129.2 (q, JC�F =
31.7), 129.41, 129.49, 129.54, 149.9, 152.6, 166.6 ppm. 19F NMR (Ace-
tone-d6, 470 MHz): d=�61.10 ppm. HRMS (EI): calcd for C14H9F3O3 :
282.0504; found: 282.0459.


(E)-3-(5-(3-Acetylphenyl)furan-2-yl)acrylic acid (5 f): red-brownish
solid, yield: 68 %. 1H NMR (Acetone-d6, 400 MHz): d= 2.66 (s, 3 H),
6.46 (d, J = 15.8 Hz, 1 H), 7.00 (m, 1 H), 7.18 (m, 1 H), 7.51 (d, J =
15.7 Hz, 1 H) 7.61 (m, 1 H), 7.96 (m, 1H 1 H), 8.10 (m, 1 H), 8.40 ppm
(m, 1 H). 13C NMR (Acetone-d6, 100 MHz): d= 26.8, 110.0, 116.6,
118.4, 124.6, 128.8, 129.2, 130.2, 131.2, 131.7, 138.9, 151.7, 155.8,
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167.7, 197.7 ppm. EI-HRMS: calcd for C15H12O4 : 256.0736; found:
256.0734.


(E)-3-(5-(3-(Methylsulfonyl)phenyl)furan-2-yl)acrylic acid (5 g): yellow
solid, yield: 55 %. 1H NMR ([D6]DMSO, 500 MHz): d= 3.31 (s, 3 H),
6.42 (d, J = 15.9 Hz), 7.08 (m, 1 H), 7.34 (m, 1 H), 7.44 (d, J = 15.9 Hz,
1 H), 7.73 (m, 1 H), 7.88 (m, 1 H), 8.17 (m, 1 H), 8.30 ppm (m, 1 H).
13C NMR ([D6]DMSO, 125 MHz): d= 43.3, 110.5, 117.0, 117.9, 122.1,
126.3, 128.8, 130.26, 130.29, 130.4, 141.9, 150.8, 153.2, 167.3 ppm.
HRMS (EI): calcd for C14H12O5S: 292.0405; found: 292.0423.


(E)-3-(5-(3-Nitrophenyl)furan-2-yl)acrylic acid (5 h): yellow-orange
solid, yield: 63 %. 1H NMR ([D6]DMSO, 400 MHz): d= 6.45 (d, J =
15.9 Hz, 1 H), 7.11 (m, 1 H), 7.44 (m, 1 H), 7.45 (d, J = 15.7 Hz, 1 H),
7.76 (m, 1 H), 8.18–8.21 (m, 1 H), 8.28–8.31 (m, 1 H), 8.59 (m, 1 H),
12.50 ppm (b, 1 H). 13C NMR ([D6]DMSO, 100 MHz): d= 111.0, 117.2,
117.8, 118.3, 122.7, 130.1, 130.2, 130.7, 130.9, 148.5, 151.0, 152.6,
167.2 ppm. HRMS (EI): calcd for C13H9NO5 : 259.048; found:
259.0467.


(E)-3-(5-(Pyridine-2-yl)furan-2-yl)acrylic acid (5 i): orange solid, yield:
87 %. 1H NMR ([D6]DMSO, 400 MHz) d= 6.41 (d, J = 15.7 Hz, 1 H),
6.95 (m, 1 H), 7.20 (m, 1 H), 7.27 (d, J = 15.7 Hz, 1 H), 7.31–7.35 (m,
1 H), 7.85–7.91 (m, 2 H), 8.59–8.62 ppm (m, 1 H). 13C NMR
([D6]DMSO, 125 MHz): dC (ppm) = 111.2, 116.5, 119.0, 119.8, 123.0,
128.8, 137.3, 147.8, 149.8, 151.5, 154.3, 168.1 ppm. HRMS (EI): calcd
for C12H9NO3 : 215.0582 found: 215.0581.


(E)-3-(5-(Pyridine-3-yl)furan-2-yl)acrylic acid (5 j): ochre solid, yield:
80 %. 1H NMR ([D6]DMSO, 500 MHz): d= 6.38 (d, J = 15.8 Hz, 1 H),
6.84 (m, 1 H), 7.14 (d, J = 15.8 Hz, 1 H), 7.21 (m, 1 H), 7.45–7.48 (m,
1 H), 8.14 (m, 1 H), 8.51 (m, 1 H), 9.01 ppm (m, 1 H). 13C NMR
([D6]DMSO, 125 MHz) dC (ppm) = 109.8, 115.6, 121.8, 124.0, 125.7,
127.4, 130.9, 145.2, 148.8, 151.5, 151.7, 168.8 ppm. HRMS (EI): calcd
for C12H9NO3 : 215.0582; found: 215.0577.


(E)-3-(5-Phenylthiophene-2-yl)acrylic acid (6 a): yellowish solid,
yield: 86 %. 1H NMR ([D6]DMSO, 500 MHz): d= 6.18 (d, J = 15.7 Hz,
1 H), 7.36 (m, 1 H), 7.45 (m, 2 H), 7.53 (m, 1 H), 7.57 (m, 1 H), 7.69–
7.71 (m, 2 H), 7.73 ppm (d, J = 15.9 Hz, 1 H). 13C NMR ([D6]DMSO,
125 MHz) d= 117.3, 124.9, 125.6, 128.5, 129.2, 133.0, 133.3, 136.6,
138.1, 146.1, 167.2 ppm. HRMS (EI): calcd for C13H10O2S: 230.0402;
found: 230.0390.


(E)-3-(5-(3-Methylphenyl)thiophene-2-yl)acrylic acid (6 b): ochre
solid, yield: 98 %. 1H NMR ([D6]DMSO, 500 MHz): d= 2.35 (s, 3 H),
6.17 (d, J = 15.7 Hz, 1 H), 7.18 (m, 1 H), 7.33 (m, 1 H), 7.49–7.54 (m,
4 H), 7.73 (d, J = 15.7 Hz, 1 H), 12.40 ppm (s, 1 H). 13C NMR
([D6]DMSO, 125 MHz) d= 21.0, 117.3, 122.8, 124.8, 126.1, 129.2,
129.3, 133.0, 133.4, 136.8, 138.0, 138.6, 146.4, 167.3 ppm. HRMS (EI):
calcd for C14H12O2S: 244.0558; found: 244.0508.


(E)-3-(5-(3-Methoxyphenyl)thiophene-2-yl)acrylic acid (6 c): red-
brownish solid, yield: 95 %. 1H NMR (Acetone-d6, 400 MHz): d= 3.86
(s, 3 H), 6.24 (d, J = 15.6 Hz, 1 H), 6.94 (m, 1 H), 7.24–7.30 (m, 2 H),
7.35 (m, 1 H), 7.45 (m, 1 H), 7.50 (m, 1 H), 7.79 ppm (d, J = 15.6 Hz,
1 H). 13C NMR (Acetone-d6, 100 MHz) d= 55.7, 112.0, 114.9, 117.5,
119.0, 125.6, 131.1, 133.8, 135.7, 138.0, 139.5, 147.7, 161.2,
166.5 ppm. HRMS (EI): calcd for C14H12O3S: 260.0507; found:
260.0533.


(E)-3-(5-(3-(Trifluormethyl)phenyl)thiophene-2-yl)acrylic acid (6 d):
orange solid, yield: 83 %. 1H NMR (Acetone-d6, 400 MHz): d= 6.29
(d, J = 15.6 Hz, 1 H) 7.51–7.53 (m, 1 H), 7.67–7.71 (m, 3 H), 7.81 (dd,
J1 = 15.6 Hz, J2 = 0.7 Hz, 1 H), 7.98–8.03 ppm (m, 2 H). 13C NMR (Ace-
tone-d6, 100 MHz): d= 118.3, 123.0, 123.4 (q, JC�F = 271.5 Hz), 125.7,
126.8, 130.4, 131.2, 131.8 (q, JC�F = 31.5 Hz) 133.8, 135.5, 137.8,


140.7, 145.5, 167.3 ppm. HRMS (EI): calcd for C14H9F3O2S: 298.0275;
found: 298.0280.


(E)-3-(2-Phenylthiazole-5-yl)acrylic acid (14): pale yellow solid, yield:
70 %. 1H NMR ([D6]DMSO, 500 MHz): d= 6.26 (d, J = 15.8 Hz, 1 H),
7.52–7.56 (m, 3 H), 7.84 (d, J = 15.8 Hz, 1 H), 7.96 �7.99 (m, 2 H),
8.26 (s, 1 H), 12.55 ppm (s, 1 H). 13C NMR ([D6]DMSO, 100 MHz): d=
120.9, 126.5, 129.4, 131.1, 132.6, 133.7, 134.7, 147.7, 166.9,
168.7 ppm. HRMS (EI): calcd for C12H9NO2S: 231.0354; found:
231.0339.


(E)-3-(2-Phenylthiazole-4-yl)acrylic acid (17): white solid, yield: 97 %.
1H NMR ([D6]DMSO, 500 MHz): d= 6.67 (s, J = 15.7 Hz, 1 H), 7.52–
7.55 (m, 3 H), 7.61 (d, J = 15.7 Hz, 1 H), 7.98–8.02 (m, 2 H), 8.13 (s,
1 H), 12.50 ppm (s, 1 H). 13C NMR ([D6]DMSO, 100 MHz) d= 120.9,
123.6, 126.4, 129.3, 130.8, 132.5, 136.2, 151.9, 167.5, 167.8 ppm.
HRMS (EI): calcd for C12H9NO2S: 231.0345; found: 231.0341.


General procedure 3: Preparation of biaryl propanoic acids (7/8) via
catalytic hydrogenation.


The biarylic precursor was dissolved in a mixture of MeOH and
EtOAc (10–20 mL, various ratios depending on solubility). The hy-
drogenation was carried out under a 1 atm pressure of H2 at RT.
The progress of the reaction was followed by the consumption of
H2. After the hydrogenation was completed the reaction was fil-
tered through a mixture of silica gel and celite, followed by evapo-
ration and purification by flash chromatography with silica gel.


3-(5-Phenylfuran-2-yl)propanoic acid (7 a): pale yellow solid, yield:
51 %. FC: silica gel, CH2Cl2/MeOH 95:5. 1H NMR (CDCl3, 400 MHz):
d= 2.78 (t, J = 7.7 Hz, 2 H), 3.04 (t, J = 7.7 Hz, 2 H), 6.12 (m, 1 H), 6.54
(m, 1 H), 7.22 (m, 1 H), 7.33–7.37 (m, 2 H), 7.60–7.62 ppm (m, 2 H).
13C NMR ([D6]DMSO, 100 MHz): d= 23.3, 32.5, 105.7, 107.7, 123.4,
127.0, 128.6, 130.9, 152.8, 153.4, 178.7 ppm. HRMS (EI): calcd for
C13H12O3 : 216.0787; found: 216.0789.


3-(5-(3-Methylphenyl)furan-2-yl)propanoic acid (7 b): white solid,
yield: 29 %. FC: silica gel, CH2Cl2/MeOH 95:5. 1H NMR ([D6]DMSO,
400 MHz): d= 2.33 (s, 3 H), 2.62 (t, J = 7.5 Hz, 2 H), 2.91 (t, J = 7.5 Hz,
2 H), 6.21 (m, 1 H), 6.79 (m, 1 H), 7.05–7.08 (m, 1 H), 7.28 (m, 1 H),
7.42–7.48 ppm (m, 2 H). 13C NMR ([D6]DMSO, 100 MHz): d= 21.0,
23.1, 31.9, 106.3, 107.4, 120.2, 123.3, 127.6, 128.6, 130.3, 137.9,
151.5, 154.2, 173.4 ppm. HRMS (EI): calcd for C14H14O3 : 230.0943;
found: 230.0947.


3-(5-(3-Methoxyphenyl)furan-2-yl)propanoic acid (7 c): pale orange
solid, yield: 69 %. FC: silica gel, CH2Cl2/MeOH 9:1. 1H NMR
([D6]DMSO, 400 MHz): d= 2.78 (t, J = 7.7 Hz, 2 H), 3.05 (t, J = 7.7 Hz,
2 H), 3.85 (s, 3 H), 6.13 (m, 1 H), 6.54 (m, 1 H), 6.75–6.81 (m, 1 H),
7.15–7.18 (m, 1 H), 7.19–7.23 (m, 1 H), 7.27 ppm (m, 1 H). 13C NMR
([D6]DMSO, 100 MHz): d= 23.2, 32.0, 55.1, 106.9, 107.6, 108.3, 112.7,
115.5, 130.0, 131.8, 151.3, 154.5, 159.6, 173.5 ppm. HRMS (EI): calcd
for C14H14O4 : 246.0892; found: 246.0891.


3-(5-(3-Trifluormethyl)phenylfuran-2-yl)propanoic acid (7 d): orange
solid, yield: 40 %. FC: silica gel, CH2Cl2/MeOH 9:1. 1H NMR (CDCl3,
400 MHz): d= 2.79 (t, J = 7.7 Hz, 2 H), 3.05 (t, J = 7.7 Hz, 2 H), 6.16
(m, 1 H), 6.63 (m, 1 H), 7.45–7.47 (m, 2 H), 7.75–7.79 (m, 1 H),
7.84 ppm (m, 1 H). 13C NMR (CDCl3, 100 MHz): d= 23.3, 32.3, 107.1,
108.0, 120.1 (q, JC�F = 3.8 Hz), 123.4 (q, JC�F = 3.8 Hz), 124.1 (q, JC�F =
272.5 Hz), 126.4 (q, JC�F = 1.5 Hz), 129.1, 131.1 (q, JC�F = 32.2 Hz),
131.5, 151.3, 154.3, 177.9 ppm. HRMS (EI): calcd for C14H11F3O3 :
284.0660; found: 284.0660.


3-(5-(3-Aminophenyl)furan-2-yl)propanoic acid (7 e): orange solid,
yield: 62 %. FC: silica gel, CH2Cl2/MeOH 92:8. 1H NMR ([D6]DMSO,
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500 MHz): d= 2.58 (t, J = 7.7 Hz, 2 H), 2.88 (t, J = 7.7 Hz, 2 H), 5.10 (s,
2 H), 6.17 (m, 1 H), 6.45 (m, 1 H), 6.60 (m, 1 H), 6.78–6.81, (m, 1 H),
6.86 (m, 1 H), 7.02 ppm (m, 1 H). 13C NMR ([D6]DMSO, 100 MHz): d=
23.5, 32.7, 105.5, 107.2, 108.3, 111.1, 112.9, 129.2, 131.0, 148.9,
152.2, 154.2, 174.1 ppm. HRMS (EI): calcd for C13H13NO§: 231.0895;
found: 231.0916.


3-(5-(3-Acetylphenyl)furan-2-yl)propanoic acid (7 f): pale yellow
solid, yield: 52 %. FC: silica gel, CH2Cl2/MeOH 9:1. 1H NMR (CDCl3,
500 MHz): d= 2.64 (s, 3 H), 2.78 (t, J = 7.7 Hz, 2 H), 3.06 (t, J = 7.7 Hz,
2 H), 6.16 (m, 1 H), 6.63 (m, 1 H), 7.45 (m, 1 H), 7.79 (m, 2 H),
8.18 ppm (m, 1 H). 13C NMR (CDCl3, 100 MHz): d= 23.3, 26.7, 32.3,
106.7, 107.9, 123.1, 126.8, 127.8, 128.9, 131.4, 137.5, 151.7, 154.1,
177.8, 198.1 ppm. HRMS (EI): calcd for C15H14O4 : 258.0892; found:
258.0879.


3-(5-(3-Methylsulfonyl)phenylfuran-2-yl)propanoic acid (7 g): orange
solid, yield: 42 %. 1H NMR (Acetone-d6, 400 MHz): d= 2.74 (t, J =
7.7 Hz, 2 H), 3.04 (t, J = 7.7 Hz, 2 H), 3.16 (s, 3 H), 6.29 (m, 1 H), 6.96
(m, 1 H), 7.66 (m, 1 H), 7.80 (m, 1 H), 7.99 (m, 1 H), 8.18 (m, 1 H),
10.80 ppm (s, 1 H). 13C NMR (Acetone-d6, 100 MHz): d= 24.2, 32.5,
44.2, 108.8, 109.1, 122.4, 126.1, 128.6, 130.8, 133.0, 143.1, 150.6,
156.8, 173.5 ppm. HRMS (FAB�): calcd for C14H13O5S: 293.0484;
found: 293.0452.


3-(5-Pyridine-3-yl-furan-2-yl)propanoic acid (7 i): orange-brown
solid, yield: 47 %. FC: silica gel, CH2Cl2/MeOH 95:5. 1H NMR
([D6]DMSO, 500 MHz): d= 2.44 (t, J = 7.7 Hz, 2 H), 2.88 (t, J = 7.7 Hz,
2 H), 6.24 (m, 1 H), 6.97 (m, 1 H), 7.41 (m, 1 H), 7.98 (m, 1 H), 8.43 (m,
1 H), 8.80 (m, 1 H), 12.25 ppm (s, 1 H). 13C NMR ([D6]DMSO,
125 MHz): d= 23.2, 31.9, 107.8, 108.2, 123.9, 126.5, 130.1, 144.4,
147.8, 148.8, 155.6, 173.5 ppm. HRMS (EI): calcd for C12H11NO3:
217.0739; found: 217.0717.


3-(5-Pyridine-2-yl-furan-2-yl)propanoic acid (7 j): orange-brown
solid, yield: 90 %. 1H NMR ([D6]DMSO, 500 MHz): d= 2.45 (t, J =
7.4 Hz, 2 H), 2.89 (t, J = 7.4 Hz, 2 H), 6.26 (m, 1 H), 6.97 (m, 1 H), 7.22
(m, 1 H), 7.64 (m, 1 H), 7.80 (m, 1 H), 8.52 ppm (m, 1 H). 13C NMR
([D6]DMSO, 125 MHz): d= 23.9, 33.3, 107.6, 109.6, 117.7, 121.8,
136.9, 148.6, 149.4, 151.4, 156.8, 174.9 ppm. HRMS (EI): calcd for
C12H11NO3 : 217.0739; found: 217.0778.


3-(5-Phenylthiophene-2-yl)propanoic acid (8 a): pale orange solid,
yield: 17 %. FC: silica gel, CH2Cl2/MeOH 9:1. H NMR ([D6]DMSO,
500 MHz): d= 2.61 (t, J = 7.4 Hz, 2 H), 3.03 (t, J = 7.4 Hz, 2 H), 6.88
(m, 1 H), 7.27 (m, 1 H), 7.31 (m, 1 H), 7.37–7.41 (m, 2 H), 7.57–7.60
(m, 2 H), 12.30 ppm (s, 1 H). 13C NMR ([D6]DMSO, 125 MHz): d= 25.0,
35.3, 123.3, 125.0, 126.0, 127.2, 129.1, 133.9, 141.0, 143.3,
173.3 ppm. HRMS (EI): calcd for C13H12O2S: 232.0558; found:
232.0565.


3-(5-(3-Methylphenyl)thiophene-2-yl)propanoic acid (8 b): pale
orange solid, yield: 60 %. 1H NMR ([D6]DMSO, 500 MHz): d= 2.32 (s,
3 H), 2.55 (t, J = 7.4 Hz, 2 H), 3.01 (t, J = 7.4 Hz, 2 H), 6.85 (m, 1 H),
7.08 (m, 1 H), 7.26 (m, 1 H), 7.28 (m, 1 H), 7.35–7.40 (m, 2 H),
12.60 ppm (b, 1 H). 13C NMR ([D6]DMSO, 100 MHz): d= 21.0, 25.3,
36.1, 122.2, 123.2, 125.5, 125.9, 128.0, 129.0, 133.9, 138.3, 141.1,
143.6, 174.4 ppm. HRMS (EI): calcd for C14H14O2S: 246.0715; found:
246.0701.


3-(5-(3-Methoxyphenyl)thiophene-2-yl)propanoic acid (8 c): orange
solid, yield: 72 %. FC: silica gel, CH2Cl2/MeOH 95:5. 1H NMR
([D6]DMSO, 500 MHz): d= 2.61 (t, J = 7.3 Hz, 2 H), 3.02 (t, J = 7.3 Hz,
2 H), 3.79 (s, 3 H), 6.83–6.89 (m, 2 H), 7.11 (m, 1 H), 7.14 (m, 1 H), 7.30
(m, 1 H), 7.33 (m, 1 H), 12.30 ppm (s, 1 H). 13C NMR ([D6]DMSO,
125 MHz): d= 24.8, 35.2, 55.0, 110.3, 112.8, 117.4, 123.6, 125.9,


130.1, 135.2, 140.8, 143.3, 159.6, 173.2 ppm. HRMS (EI): calcd for
C14H14O3S: 262.0664; found: 262.0678.


3-(5-(3-(Trifluormethyl)phenyl)thiophene-2-yl)propanoic acid (8 d):
pale yellowish solid, Yield: 45 %. FC: silica gel, CH2Cl2/MeOH 95:5.
1H NMR ([D6]DMSO, 500 MHz): d= 2.62 (t, J = 7.3 Hz, 2 H), 3.05 (t,
J = 7.3 Hz, 2 H), 6.93 (m, 1 H), 7.52 (m, 1 H), 7.61–7.65 (m, 2 H), 7.86–
7.90 (m, 2 H), 12.32 ppm (s, 1 H). 13C NMR ([D6]DMSO, 125 MHz): d=
24.9, 35.2, 121.0 (q, JCF = 3.8 Hz), 123.6 (q, JC�F = 1.9 Hz,), 124.0 (q,
JC�F = 272.5 Hz), 125.0, 126.4, 129.0, 129.9 (q, JC�F = 31.7 Hz), 130.3,
134.9 (q, JC�F = 1.9 Hz), 139.0, 144.7, 173.3 ppm. HRMS (EI): calcd for
C14H11F3O2S: 300.0432; found: 300.0432.


3-(2-Phenythiazole-5-yl)propanoic acid (15): ochre solid, yield: 51 %.
FC: silica gel, CH2Cl2/MeOH 95:5. 1H NMR ([D6]DMSO, 400 MHz): d=
2.62 (t, J = 7.3 Hz, 2 H), 3.09 (t, J = 7.3 Hz, 2 H), 7.43–7.52 (m, 3 H),
7.66 (m, 1 H), 7.85–7.90 ppm (m, 2 H). 13C NMR ([D6]DMSO,
125 MHz): d= 22.2, 36.2, 125.8, 132.2, 129.8, 133.4, 139.1, 141.1,
165.4, 174.2 ppm. HRMS (EI): calcd for C12H11NO2S: 233.0510;
found: 233.0538.


3-(2-Phenylthiazole-4-yl)propanoic acid (18): After hydrogenation,
the residue was heated to reflux for 1 h. The white residue was fil-
tered off and dried to give compound 18 as a white solid (69 %).
1H NMR ([D6]DMSO, 500 MHz): d= 2.55 (t, J = 7.6 Hz, 2 H), 2.99 (t,
J = 7.6 Hz, 2 H), 7.33 (s, 1 H), 7.44–7.51 (m, 3 H), 7.89–7.92 ppm (m,
2 H). 13C NMR ([D6]DMSO, 100 MHz): d= 27.7, 35.9, 114.0, 125.9,
129.2, 130.0, 133.2, 158.1, 166.1, 178.4 ppm. HRMS (EI): calcd for
C12H11NO2S: 233.0510; found: 233.0513.


5-(3-Nitrophenyl)furan-2-yl-methanol (9): 5-(3-Nitrophenyl)furan-2-yl
carboxaldehyde (870 mg, 4.00 mmol) was dissolved in THF. NaBH4


(113 mg, 3.0 mmol) was added and the mixture was stirred over-
night at RT. Water was added and the reaction was stirred for 1 h,
the mixture was extracted with Et2O (� 3). The combined organic
layers were dried (Na2SO4) and evaporated resulting in a yellow
solid (99 %). 1H NMR (CDCl3, 500 MHz): d= 1.80 (s, 1 H), 4.70 (s, 2 H),
6.44 (m, 1 H), 6.76 (m, 1 H), 7.54 (m, 1 H), 7.94–7.97 (m, 1 H), 8.09 (m,
1 H), 8.49 ppm (m, 1 H).


5-(3-Nitrophenyl)thiophene-2-yl-methanol (10): 5-(3-Nitrophenyl)
thiophene-2-yl carboxaldehyde (320 mg, 1.40 mmol) was dissolved
in THF. NaBH4 (38 mg, 1.0 mmol) was added and stirred overnight
at RT. After adding H2O and stirring for one hour, the mixture was
extracted with Et2O (� 3). The combined organic layers were dried
(Na2SO4) and evaporated resulting in a orange solid (83 %). 1H NMR
(CDCl3, 500 MHz) d= 1.81 (s, 1 H), 4.69 (s, 2 H), 6.93 (m, 1 H), 7.15
(m, 1 H), 7.55 (m, 1 H), 7.92–8.00 (m, 1 H), 8.08–8.13 (m, 1 H),
8.43 ppm (m, 1 H).


2-Chloromethyl-5-(3-nitrophenyl)furan: 5-(3-Nitrophenyl)furan-2-yl-
methanol (9) (1.0 equiv) was dissolved in CH2Cl2. The solution was
treated with SOCl2 (1.2 equiv) and then stirred for 1 h. The solvent
and excess SOCl2 were evaporated and the resulting residue was
immediately used for the following reaction without further purifi-
cation or characterization.


Diethyl-2-(5-(3-nitrophenyl)furan-2-yl-methyl) malonate (11): Under
an inert atmosphere, NaH (60 % suspension in paraffin oil ; 320 mg,
8.0 mmol) was suspended in dry THF and cooled in an ice bath. Di-
ethyl malonate (1.28 g, 8.0 mmol) was added dropwise. The mix-
ture was stirred, warming to RT until obtaining a clear solution. A
solution of 2-chloromethyl-5-(3-nitrophenyl)furan (930 mg,
3.90 mmol) in dry THF was added dropwise and the mixture was
stirred for 18 h. The solvent was evaporated and the residue was
dissolved in Et2O and washed with water (� 3). The organic layer
was dried (Na2SO4) and evaporated. The resulting material was sub-
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jected to flash chromatography (silica gel, isohexane/EtOAc, 4:1) to
afford the product as an orange oil (54 %). 1H NMR (Acetone-d6,
500 MHz): d= 1.21 (t, J = 7.1 Hz, 6 H), 3.32 (d, J = 7.7 Hz, 2 H), 3.88 (t,
J = 7.7 Hz, 1 H), 4.15–4.23 (m, 4 H), 6.35 (m, 1 H), 7.03 (m, 1 H), 7.70
(m, 1 H), 8.07–8.12 (m, 2 H), 8.44 ppm (m, 1 H).


2-Chloromethyl-5-(3-nitrophenyl)thiophene: 5-(3-Nitrophenyl)-thio-
phene-2-yl-methanol (10) (1.0 equiv) was dissolved in CH2Cl2. The
solution was treated with SOCl2 (1.2 equiv) and then stirred for 1 h.
The solvent and excess SOCl2 were evaporated and the resulting
residue was immediately used for the following reaction without
further purification or characterization.


Diethyl-2-(5-(3-nitrophenyl)thiophene-2-yl-methyl) malonate (12):
Under an inert atmosphere NaH (60 % suspension in paraffine oil ;
112 mg, 2.8 mmol) was suspended in dry THF and cooled in an ice
bath. Diethyl malonate (448 mg, 2.8 mmol) was added dropwise.
The mixture was stirred, warming to RT until a clear solution was
obtained. A solution of 2-chloromethyl-5-(3-nitrophenyl)furan
(355 mg, 1.40 mmol,) in dry THF was added dropwise and the mix-
ture was stirred for 18 h. The solvent was evaporated and the resi-
due was dissolved in Et2O and washed with water (� 3). The organ-
ic layer was dried (Na2SO4) and evaporated. The resulting material
was subjected to flash silica gel chromatography (isohexane/
EtOAc, 4:1) to afford the product as a yellow solid (49 %). 1H NMR
(CDCl3, 500 MHz): d= 1.23 (t, J = 7.1 Hz, 6 H), 3.44 (d, J = 7.6 Hz, 2 H),
3.69 (t, J = 7.6 Hz, 1 H), 4.18–4.26 (m, 4 H), 6.86 (m, 1 H), 7.23 (m,
1 H), 7.52 (m, 1 H), 7.80–7.84 (m, 1 H), 8.06–8.10 (m, 1 H), 8.37 ppm
(m, 1 H).


3-(5-(3-Nitrophenyl)furan-2-yl)propanoic acid (7 h): Diethyl-2-(5-(3-
nitrophenyl)furan-2-yl-methyl)malonate (11) (628 mg, 1.75 mmol)
was suspended in aq HCl (6 m) and heated at reflux for 6 h. After
cooling the mixture was extracted with EtOAc (� 3). The combined
organic layers were extracted with aq KOH (5 %). The aqueous
layer was then adjusted to pH 1 with aq HCl (20 %). The precipitate
was filtered off and washed with water to give 7 h as a yellow-
orange solid (51 %). 1H NMR (Acetone-d6, 500 MHz): d= 2.75 (t, J =
7.5 Hz, 2 H), 3.05 (t, J = 7.5 Hz, 2 H), 6.31 (m, 1 H), 7.04 (m, 1 H), 7.69
(m, 1 H), 8.09 (m, 2 H), 8.45 (m, 1 H), 10.20 ppm (s, 1 H). 13C NMR
(Acetone-d6, 100 MHz): d= 24.2, 32.4, 108.9, 109.6, 118.2, 122.0,
129.7, 131.1, 133.4, 149.8, 150.8), 157.1, 173.5 ppm. HRMS (EI): calcd
for C13H11NO5 : 261.0637; found: 261.0650.


3-(5-(3-Nitrophenyl)thiophene-2-yl)propanoic acid (8 h): Diethyl-2-
(5-(3-nitrophenyl)thiophene-2-yl-methyl)malonate (12) (249 mg,
0.66 mmol) was suspended in aq HCl (6 m) and heated at reflux for
6 h. After cooling down the mixture was extracted with EtOAc
(� 3). The combined organic layers were extracted with aq KOH
(5 %). The aqueous layer was then adjusted to pH 1 with aq HCl
(20 %). The precipitate was filtered off and washed with water to
give 8 h as an ochre solid (62 %). 1H NMR (Acetone-d6, 500 MHz):
d= 2.73 (t, J = 7.3 Hz, 2 H), 3.17 (t, J = 7.3 Hz, 2 H), 6.97 (m, 1 H), 7.50
(m, 1 H), 7.69 (m, 1 H), 8.03 (m, 1 H), 8.11 (m, 1 H), 8.38 (m, 1 H),
10.70 ppm (b, 1 H). 13C NMR (Acetone-d6, 100 MHz): d= 26.0, 35.8,
120.2, 122.4, 126.1, 127.4, 131.3, 131.0, 137.1, 140.0, 146.4, 149.8,
173.4 ppm. HRMS (EI): calcd for C13H11NO4S: 277.0411; found:
277.0411.


5-(3-Methylphenyl)thiophene (19 b) was prepared in the same
manner as described in the procedure for the preparation of car-
baldehydes by Suzuki coupling 3-methylphenylboronic acid
(1.20 g, 8.80 mmol) with 2-bromothiophene to give the product
after FC (isohexane/EtOAc, 9:1) as a yellow oil (790 mg, 57 %).
1H NMR (CDCl3, 500 MHz): d= 2.39 (s, 3 H), 7.07 (m, 1 H), 7.10 (m,
1 H), 7.25–7.28 (m, 2 H), 7.30 (m, 1 H), 7.40–7.44 ppm (m, 2 H).


General procedure 4: Preparation of the 4-oxobutanoic acids (20) via
Friedel–Crafts acylation.


The reaction was carried out under an inert atmosphere. The biaryl
component and powdered succinic anhydride (1.0 equiv) were dis-
solved in 1,2-dichloroethane. The mixture was cooled to 0 8C and
AlCl3 (2.2 equiv) was added. After stirring for 5 h at 0 8C the reac-
tion mixture was warmed to RT overnight. A solution of aq HCl
(10 %) was added and the mixture was stirred for a further 30 min.
After extracting with EtOAc, the combined organic layers were ex-
tracted with aq KOH (5 %). This layer was adjusted to pH 1 with aq
HCl (10 %). The resulting precipitation was filtered off, washed with
water and dried.


4-Oxo-4-(5-phenylthiophen-2-yl)butanoic acid (20 a): yellowish
solid, yield: 86 %. 1H NMR ([D6]DMSO, 500 MHz): d= 2.59 (t, J =
6.6 Hz, 2 H), 3.21 (t, J = 6.6 Hz, 2 H), 7.42 (m, 1 H), 7.47 (m, 2 H), 7.66
(m, 1 H), 7.77–7.80 (m, 2 H), 8.01 (m, 1 H), 12.20 ppm (s, 1 H).
13C NMR ([D6]DMSO, 125 MHz) d= 27.1, 32.4, 124.3, 125.3, 128.4,
128.6, 131.9, 133.7, 141.3, 150.3, 172.9, 190.7 ppm. HRMS (EI): calcd
for C14H12O3S: 260.0507; found: 260.0554.


4-Oxo-4-(5-(3-methylphenyl)thiophene-2-yl)butanoic acid (20 b):
dark orange solid, yield: 50 %. 1H NMR ([D6]DMSO, 500 MHz): d=


2.36 (s, 3 H), 2.58 (t, J = 5.7 Hz, 2 H), 3.20 (t, J = 5.7 Hz, 2 H), 7.24 (m,
1 H), 7.35 (m, 1 H), 7.56 (m, 1 H), 7.60 (s, 1 H), 7.63 (m, 1 H), 7.98 (m,
1 H), 12.20 (s, 1 H). 13C NMR ([D6]DMSO, 100 MHz): d= 20.9, 27.9,
33.1, 123.2, 124.9, 126.5, 129.2, 129.9 (Aryl-CH), 132.6 (qC-1’’), 134.4,
138.7, 141.9, 151.3, 173.7, 191.5 ppm. HRMS (EI): calcd for
C15H14O3S: 274.0664; found: 274.0686.


General procedure 5 : Preparation of butanoic acids (21) via Wolff–
Kishner reduction.


To a stirred solution of the 4-oxo-butanoic acid (1.0 equiv) in dieth-
ylene glycol (2 mL mmol�1 oxobutanoic acid), NH2NH2·H2O (4.0
equiv) and KOH (4.0 equiv) were added. The mixture was heated
to a temperature of 180 8C. After cooling, the mixture was diluted
with H2O (10 mL mmol�1 oxobutanoic acid). The mixture was ex-
tracted once with EtOAc and adjusted to pH 1 with aq HCl (10 %)
and again extracted with EtOAc (� 3). The combined organic layers
were extracted with aq KOH (5 %). The aqueous layer was adjusted
to pH 1. The precipitation was filtered off and washed with water
to give the butanoic acid derivative.


4-(5-Phenylthiophene-2-yl)butanoic acid (21 a): orange solid, yield:
53 %. 1H NMR (CDCl3, 500 MHz): d= 2.04 (tt, J1 = J2 = 7.5 Hz, 2 H),
2.45 (t, J = 7.5 Hz, 2 H), 2.90 (t, J = 7.5 Hz, 2 H), 6.77 (m, 1 H), 7.12 (m,
1 H), 7.22–7.27 (m, 1 H), 7.32–7.38 (m, 2 H), 7.53–7.57 ppm (m, 2 H).
HRMS (EI): calcd for C14H14O2S: 246.0715; found: 246.0749.


4-(5-(3-Methylphenyl)thiophene-2-yl)butanoic acid (21 b): orange
solid, yield: 47 %. 1H NMR ([D4]MeOH, 400 MHz): d= 1.97 (tt, J1 =
J2 = 7.5 Hz, 2 H), 2.35 (s, 3 H), 2.37 (t, J = 7.5 Hz, 2 H), 2.86 (t, J =
7.5 Hz, 2 H), 6.78 (m, 1 H), 7.06 (m, 1 H), 7.16 (m, 1 H), 7.22 (m, 1 H),
7.35 (m, 1 H), 7.39 ppm (s, 1 H). 13C NMR ([D4]MeOH, 125 MHz): d=
21.5, 28.1, 30.3, 34.0, 123.6, 123.8, 126.8, 127.0, 128.9, 129.8, 136.0,
139.7, 143.5, 145.1, 177.1 ppm. HRMS (EI): calcd for C15H16O2S:
260.0871; found: 260.0872.
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Structure-Based Optimization of
Aldose Reductase Inhibitors
Originating from Virtual Screening


Virtual screening discovered two pro-
spective hits as potential leads for
aldose reductase inhibition. Based on
their crystal structures with the enzyme,
a systematic optimization has been per-
formed to reveal a first structure–activi-
ty relationship. A central thiophen
moiety and a terminal nitro groupACHTUNGTRENNUNGexhibit the best binding properties.
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Heat shock protein 90 (Hsp90) is an ATP-dependent molecular
chaperone involved in the conformational maturation of nu-
merous client proteins implicated in diverse cellular func-
tions.[1] Moreover, Hsp90 plays a key role in the stress response
and protection of the cell against the effects of mutation.[2]


Many of the Hsp90 client proteins are overexpressed and/or
mutated in cancer (for example, ERBB2, CDK4, C-Raf, B-Raf, c-
Met, h-Tert), and are directly associated with cancer progres-
sion.[3] The inhibition of Hsp90 and subsequent loss of chaper-
one function causes client proteins to be degraded by the
ubiquitin proteasome pathway. Hsp90 inhibitors therefore offer
a concerted attack on the unrestricted proliferation and surviv-
al of cancer cells, leading to cell growth inhibition and apopto-
sis.


Hsp90 protein consists of three distinct domains[4] two of
which have been the focus of drug discovery efforts. The C-ter-
minal domain has been shown to interact with novobocin and
cisplatin, and it appears to have a role in the homodimerisa-
tion process.[5] The middle domain is involved in the ATPase
cycle and in the binding with co-chaperone and client pro-
teins.[6] Finally, the N-terminal ATP binding domain interacts
with natural product inhibitors (for example, geldanamycin
and radicicol) and a number of newly identified chemical enti-
ties.[7] This domain is a tractable target which is amenable to
structural biology approaches that facilitate structure-based in-
hibitor optimisation.[8]


Validation of Hsp90 as a protein target for drug discovery
comes from the results of clinical studies with 17-allylamino-


17-demethoxygeldanamycin (17-AAG)[9] or its closely related
“soluble” analogue 17-dimethylaminoethylgeldanamycin (17-
DMAG)[10] and the prodrug of 17-AAG, IPI-504.[11] However, the
inherent chemical complexity of the benzoquinone ansamycin
scaffold combined with limited solubility, hepatotoxicity, and
extended metabolism,[12] has led to significant efforts directed
towards the identification of novel small-molecule inhibitors of
Hsp90. Indeed a number of novel small-molecule inhibitors are
currently in clinical trials, for example, SNX-5422[13] and NVP-
AUY922.[14]


Fragment-based screening has rapidly become a proven
technique to identify novel chemical starting points in drug
discovery programs. Furthermore, the rapid optimisation of
fragment hits using structure-based design has established
fragment-based drug discovery (FBDD) as a valuable strategy
in the search for new drug molecules. Herein, we describe the
application of fragment-based drug discovery to the identifica-
tion of potent ligands for the N-terminal ATP binding domain
of Hsp90.


Our approach to fragment screening for Hsp90 was to use a
high concentration confocal fluorescence-based biochemical
assay whereby fragments were identified that displaced a
Tamra-labelled analogue of geldanamycin.[15] A proprietary li-
brary of 20 000 fragments was screened, and multiple frag-
ments that bound were identified. Promising hits were submit-
ted to co-crystallisation and soaking experiments with the N-
terminal domain of Hsp90.


Analysis of multiple crystal structures of diverse fragment
complexes of Hsp90 derived from the primary fragment screen
made evident the flexibility of Hsp90 and key conserved inter-
actions (manuscript in preparation). In particular Hsp90 was
found to adopt a helical conformation in the region of Asn105
to Ile110 in the presence of a subset of the fragments. The hel-
ical conformation of Hsp90 creates a compact and well defined
pocket adjacent to the adenosine binding site. Furthermore, a
significant number of the fragment hits were found to contain
the aminopyrimidine substructure, this motif has been consis-
tently found to bind in the ATP binding site of Hsp90.


Fragment 1 (IC50 (Hsp90): 15 mm), presented a novel nonpla-
nar bicyclic arrangement and was selected for further optimisa-
tion. In the crystal structure of the complex with 1 (Figure 1),
the key interaction with the protein was found to be with the
2-amino group and the Asp93 residue, located in the ATP bind-
ing site. Furthermore a network of hydrogen bonds with con-
served water molecules and the fragment were also observed.
In this structure the entrance to the helical pocket was closed.
However, structure-guided modifications of compound 1 were
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designed to reach this pocket and to exploit favourable inter-
actions within this region of the active site.


Substructure searches of fragment 1 were performed against
an in silico library of 3.8 million commercially available screen-
ing compounds. The hits from these searches were docked
into two crystal structures of Hsp90, one with the helical
pocket open and one with the helical pocket closed. Docking
was performed with GOLD v 3.0.1,[16] using the GOLD scoring
function. Docked poses were inspected visually to identify
compounds that both maintained the key interactions be-
tween the aminopyrimidine, Asp93, and the conserved waters
and accessed the helical pocket, or provided an appropriate
vector to access the helical pocket. A small set of compounds
was selected and purchased for biochemical evaluation. This
led to the discovery of tetrahydrobenzopyrimidines 2 and 3,
which, in addition to showing a modest improvement in po-
tency against Hsp90, were also considered more amenable for
further evolution (Figure 2).


Following a structure-guided approach, further analogues
were prepared focusing on the exploration of the substitution
of the phenyl ring and also of the 4- and 5-positions. Modified
literature conditions[17] were employed to prepare these com-


pounds. Their synthesis (Scheme 1), involved the preparation
of diversely substituted 3-phenylcyclohexan-1,3-diones 6.
These were then converted into their 2-aminopyrimidine scaf-
folds[18] and the 5-ketone position could be further functional-
ised to oxime derivatives.


A selection of initial structure–activity relationships (SAR) is
presented in Table 1. Introduction of a 4-methyl group (R2) was
in most cases beneficial to activity. This was partly attributed
to preferential formation of the more active antioxime isomer
because of the resulting steric hindrance. Compounds bearing
an oxime in the 5-position (R3) also showed enhanced activity
relative to their ketone counterparts. Furthermore, the pres-
ence of a fluorine substituent in the para position of the
phenyl group (R1) was beneficial. At this stage, however, these
initial compounds displayed negligible cellular activity.


Following modelling studies with this first round of com-
pounds it was suggested that the phenyl group in the 7-posi-
tion was triggering the opening of the helical pocket. It was
subsequently postulated that the introduction of an additional
aryl moiety (R4) at the ortho position of the first phenyl ring
could generate a potential p-stacking interaction with Phe138
of Hsp90. The additionally substituted phenyl analogues were
prepared (Scheme 2) using a Suzuki reaction to generate biaryl


Figure 2. Initial fragment hit and fragment evolution starting point.


Scheme 1. Reagents and conditions: a) acetone, NaOH (aq), 2 h at 65 8C,
96 %; b) CH2ACHTUNGTRENNUNG(CO2Et)2, NaOEt, EtOH, 1 h at 65 8C, then 2 m NaOH (aq), 1 h at
80 8C, then conc. HCl (aq), 1 h at 100–120 8C, 72 % over three steps;
c) 1 DMF–DMA, CHCl3, RT, 30 min, 81 %; 2 AcCl, DCE, Et3N, 2 h at RT, 66 %,
then KCN, Et3N, MeCN, 16 h, 88 %, then pyrrolidine, MS (4 �), CHCl3, 1 h at
RT, 100 %; d) guanidine carbonate, 1,4-dioxane, 16 h at 100 8C, 94 %;
e) NH2OH·HCl, pyridine, CHCl3, 16 h at 60 8C, 63 %


Table 1. Activity of monoaryl inhibitors.


Compd R1 R2 R3 IC50 [mm] Hsp90


2 H H O 8.2
3 H Me O 0.8
8 H H NOH 1.3
9 4-F H O 4


10 4-F Me O 0.8
11 4-F H NOH 1.1
12 4-F Me NOH 0.5[19]


Figure 1. Crystal structure of the complex of 1 and Hsp90 (PDB code: 3FT5).
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2-aminopyrimidines. The intermediate ketone derivatives were
then further functionalised to the corresponding oximes.


Our hypothesis was confirmed, and on addition of a second
phenyl ring, cellular activity was observed (Table 2). Investiga-
tion of the R4 substitution rapidly revealed that the 4-pyridyl


group was detrimental whereas the introduction of a 3-pyridyl
group maintained similar biochemical and cellular levels. Sub-
micromolar cellular activity was obtained with the 4-fluoro-3-
pyridyl system 19, on two different human cancer cell lines,
A549 (non-small-cell lung cancer) and HCT116 (colon carcino-
ma).


The analysis of the molecular signature of Hsp90 inhibition
on cells, comprising the induction of Hsp70 and the depletion
of a well-known Hsp90 client protein such as C-Raf was carried
out. The data reported in Figure 3, confirmed the ability of the
molecule to inhibit the target on cells in a concentration de-
pendent manner in both cell lines as determined by western
blotting.


The co-crystal structure of analogue 19 with Hsp90 was elu-
cidated and confirmed the predicted interactions (Figure 4).


The pyridyl ring not only undergoes p-stacking interactions
with Phe138 but is also involved in a hydrogen bond interac-
tion with a water molecule located in the helical pocket. Other
noteworthy interactions are observed with the oxime moiety
that is involved in a network of interactions with water mole-
cules.


In summary, through a high-throughput biochemical frag-
ment screen we have identified novel small molecules that are
potent Hsp90 inhibitors. The fragment hits were rapidly opti-
mised using a combination of in silico commercial analogue
selection and structure-based design. Further optimisation is
ongoing and will be reported in a subsequent publication.


Keywords: fragment-based screening · Hsp90 · oximes ·
structure-based drug design · tetrahydrobenzopyrimidine
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Figure 3. Western Blot of compound 19 on A549 and HCT116 cell lines.
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Fragment-based Identification of
Hsp90 Inhibitors


Heat shock protein 90 (Hsp90) plays a
key role in stress response and protec-
tion of the cell against the effects of
mutation. Herein we report the identifi-
cation of an Hsp90 inhibitor identified


by fragment screening using a high-
concentration biochemical assay, as well
as its optimisation by in silico searching
coupled with a structure-based drug
design (SBDD) approach.
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Mechanistic Insights into Cyclooxygenase Irreversible Inactivation by
Aspirin


Paolo Tosco* and Loretta Lazzarato[a]


Aspirin (acetylsalicylic acid) belongs to the broad class of non-
steroidal anti-inflammatory drugs (NSAIDs), whose therapeutic
effects are largely due to their inhibition of prostaglandin syn-


thesis by cyclooxygenase (COX). Aspirin is unique among
NSAIDs since it covalently modifies both isoforms of COX, thus
inactivating them irreversibly. Its major drawback is a signifi-
cant gastrotoxicity; symptoms may range from gastritis to
peptic ulcer and severe gastrointestinal haemorrhage.[1, 2] Our
research group has recently realized a series of nitric oxide
(NO)-releasing aspirin-like compounds aimed at reducing the
gastrotoxicity of the parent drug.[3] These hybrid compounds,
which combine the anti-inflammatory and antiaggregatory
properties of the lead with NO-mediated gastroprotective ef-
fects, have proven to be irreversible inactivators of both COX
isoforms; after in vitro incubation with the inhibitor, the en-
zymes do not recover their catalytic activity upon washing.[4]


The molecular basis of irreversible COX inhibition by aspirin is
the ability of the latter to selectively transfer the acetyl group
to Ser 530. While this residue is not directly involved in the cat-
alytic function of the enzyme, the increased bulk of the acylat-
ed side chain hinders proper binding of arachidonic acid in the
cyclooxygenase channel.[5, 6] Since our hybrids are nitrooxy-sub-
stituted higher homologues of aspirin, it seems reasonable to
hypothesize that they might act as COX acylating agents in
the same way. However, since other NSAIDs (e.g. , indometha-
cin) behave as time-dependent, irreversible inhibitors of COX
without forming any covalent bond within the active site,[7] we
decided to undertake a theoretical investigation to clarify


whether our compounds are actually covalent inactivators or
tightly binding noncovalent inhibitors. While site-directed mu-
tagenesis experiments and the X-ray structure of COX-2 inacti-
vated by bromoacetylsalicylic acid[6] leave no doubt about how
aspirin inhibits COX, they fail to elucidate the mechanism of
acyl transfer at a molecular level. Therefore, before studying
our hybrids, we needed a proof-of-concept on aspirin itself.
Herein, we present our preliminary results and propose a puta-
tive mechanism of Ser 530 transesterification by acetylsalicylic
acid.


Despite the low affinity of aspirin for COX (Ki = 20 mm), ace-
tylation of Ser 530 takes place very efficiently once aspirin is
bound in the active site, as indicated by the high values of
kinact.


[8] Both the selectivity and the efficiency of aspirin are
quite surprising, since no neighboring groups are present in
the vicinity of Ser 530 to enhance nucleophilicity, such as histi-
dine and glutamate in serine proteases.[9] Site-directed muta-
genesis experiments have underlined the importance of
Arg 120 and Tyr 385 for the biological activity of aspirin. Based
on the reduced potency on Arg 120 Gln mutants and the loss
of activity on Arg 120 Ala mutants, it has been suggested that
acetylsalicylate initially forms a charge-enhanced H bond with
Arg 120 through the carboxylate moiety, which puts the mole-
cule in the correct orientation to subsequently acetylate
Ser 530.[6, 10] The loss of activity in Tyr 385 Phe mutants has sug-
gested a crucial role of the Tyr 385 hydroxy group as a H bond
donor in orienting and polarizing the acetyl group of aspirin,
thus increasing its reactivity towards transesterification by
Ser 530. Tyr 385 might then be able to stabilize the incipient
negative charge of a putative tetrahedral intermediate, mim-
icking the oxyanion hole of serine proteases.[10]


This hypothesis is complemented by the finding that redox
cycling of the peroxidase, which involves formation of a radical
on Tyr 385, and consequent loss of H-bond-donating capabili-
ties, prevents COX acetylation by aspirin.[11] The salicylate struc-
ture itself appears to selectively target Ser 530; in fact, unlike
other acylating agents such as N-acetylimidazole, no other resi-
dues are acetylated.[12] The stability of the acetylated serine to
hydrolysis has been ascribed to the low probability of interac-
tion with bulk water due to the hydrophobic nature of the
COX channel.[6] The carboxylate-binding region represented by
Arg 120 and the target residue Ser 530 are often described as
very close in space, and ideally located to promote inactivation
of the enzyme by aspirin.[8, 9] Actually, as Loll and co-workers
pointed out,[6] acetylsalicylic acid, after its likely initial ion-pair-
ing with Arg 120, needs to diffuse 5 � upwards in the COX
channel to reach a position from which Ser 530 acetylation can
occur (Figure 1). Unfortunately, the precise sequence of events
can only be inferred, since the X-ray structure shows the inhibi-
tor–enzyme complex after acylation has already occurred.
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With this observation in mind, we first attempted to dockACHTUNGTRENNUNGaspirin in the active site of both COX-1 and COX-2 isozymes to
see how intact acetylsalicylate would bind. Among thoseACHTUNGTRENNUNGavailable in the Protein Data Bank,[13] the best resolved struc-
tures were chosen, namely 1Q4G for COX-1[14] and 1PXX for
COX-2.[15] The co-crystallized ligands were removed and flexible
docking of acetylsalicylate was accomplished with Auto-
Dock 4.0,[16] keeping the protein structure rigid. On both iso-
zymes a single cluster of binding poses, almost identical to
each other, was obtained, largely reminiscent of the experi-
mentally determined binding conformation of salicylate identi-
fied by Loll and co-workers. While this outcome was largely ex-
pected on the basis of mutagenesis data pinpointing the key
role of Arg 120, in these poses the acetyl carbon lies 5 � away
from the Ser 530 OH group, and therefore acylation cannot be
expected to occur. In order to find a reasonable starting con-
formation for a quantum mechanical/molecular mechanical
(QM/MM) study, we needed to simulate the outcome of the
upward diffusion following the initial binding as postulated by
Loll and co-workers.[6] For this purpose, a biased conformation-
al sampling was accomplished by molecular dynamics (MD) in
CHARMM.[17] The two isozymes were solvated in a octahedral
box of explicit water under periodic boundary conditions
(PBC), then ten complexes were generated with aspirin assum-
ing random orientations in the active site of each isoform, con-
straining the distance between the acetyl carbon and the
Ser 530 OH group as less than 3.5 �. After preliminary minimi-
zation and equilibration at 300 K, a simulated annealing (SA)
procedure by MD was carried out using a dual heat bath ther-
mostat, which allowed the ligand to be heated up to 1000 K
and then slowly cooled to 300 K, while the enzyme and bulk
water were maintained at 300 K. This procedure allowed thor-
ough sampling of aspirin conformations inside the cavity,
while preventing any distortion of the protein structure. Addi-


tionally, harmonic constraints of appropriate weight were set
on backbone and side-chain atoms. The whole SA cycle was re-
peated five times, removing the 3.5 � constraint on the acetyl
carbon–Ser 530 OH distance after the first run. This precaution
was taken since our goal was to set an initial bias in order to
sample only relevant conformations, avoiding waste of CPU
time on enzyme–inhibitor complexes that would never give
rise to Ser 530 acylation. However, we did not want to force
the protocol to find unreasonable, high-energy conformations
just because of the presence of a tight constraint throughout
all SA cycles. Performing four unconstrained SA runs prevents
finding fake minima, due to an artificial biasing potential. The
eight initial starting conformations gave only three different
final enzyme–inhibitor complexes (a–c), very similar for both
isoforms. Figure 2 shows those conformations obtained for
COX-1. While complexes b and c appear compatible with the
hypothesis of an initial ion pairing with Arg 120 through the
carboxylate group, followed by upward diffusion towards
Ser 530, complex a differs quite markedly from the X-ray struc-
ture pictured in Figure 1, since the carboxylate group is on the
opposite side, facing Ile 523 instead of Arg 120.


Once we obtained the initial inhibitor–enzyme complexes,
we switched from a pure MM potential to a hybrid QM/MM
Hamiltonian, using the semiempirical SCC-DFTB level of theory
as implemented in CHARMM[18] for the QM calculations. Since
our interest was focused on the region were acylation should
take place, all molecules that might potentially be involved in
the acylation mechanism, namely aspirin, residues Tyr 348,
Tyr 385, Ser 530, and nearby water molecules, were treated by
QM, while the rest of the protein, as well as the bulk water,
were treated by traditional molecular mechanics. The resulting
Hamiltonian can be expressed as:


H ¼ HQM þ HMM þ HQM=MM


where HQM is the Hamiltonian describing atoms treated by QM,
HMM the Hamiltonian of atoms treated by classic MM, and HQM/


MM represents the interactions between the MM and the QM
regions.[19] To further reduce the computational burden, we de-
cided to switch from PBC to stochastic boundary conditions
(SBC), cutting a 45 � radius water droplet containing the
whole enzyme–inhibitor complex out of the periodic system. A
16 � radius sphere centered on the acetyl carbon of aspirin
was defined as the region of interest, and left completely un-
constrained. Instead, to remove possible distortions taking
place at the periphery of the system under SBC, harmonic con-
straints derived from experimental B factors[20] were applied to
the residues lying in a 4 �-wide boundary region around the
region of interest, while all atoms beyond this region were
held fixed. The QM/MM approach, which takes into account
the electronic structure of molecules enclosed in the QM
region, allows bonds to be formed and broken in this region if
the appropriate conditions are met, making it possible to
study the feasibility of acetylation of Ser 530 by aspirin under
the simulation conditions. As soon as a preliminary minimiza-
tion of complex a was carried out on both COX-1 and COX-2
using the hybrid QM/MM potential, migration of the acetyl


Figure 1. The crystal structure of the COX-2 active site after inactivation by
bromoacetylsalicylic acid as obtained by Loll and co-workers.[6] All hydrogens
were missing in the original coordinate file. The distance between the phe-
nolic group of salicylate and the Ser 530 oxygen atom is represented as a
dotted line.


&2& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 7


�� These are not the final page numbers!


MED



www.chemmedchem.org





moiety from the phenol to the carboxyl group was observed,
giving rise to the corresponding anhydride (complex a’,
Figure 3). We were quite surprised by this outcome; while the
formation of an anhydride might be a reasonable explanation
for the unusual reactivity of aspirin in the COX active site, if ac-
tually aspirin behaved as a mechanism-based inhibitor, this
should result in peculiar inhibition kinetics,[21] which have
never been reported. In the literature, there are some early re-
ports about the “acid anhydride” character of aspirin,[22] con-
firmed by other authors who claimed the anhydride intermedi-


ate was involved in the mechanism of hydrolysis of aspirin to
acetic acid and salicylate.[23] However, later independent works
by Fersht,[24] Jencks[25] and Kemp[26] demonstrated through ele-
gant experiments that, while aspirin can actually exist in the
anhydride form, the latter is not involved in the mechanism of
solvolysis (either by water or alcohols), which instead proceeds
under intramolecular general base catalysis provided by the vi-
cinal carboxylate moiety (Scheme 1). The anhydride intermedi-
ate is thought not to play a role in solvolysis of aspirin because


the greater nucleophilicity of the phenoxide anion with respect
to solvent favors the intramolecular reaction reforming aspir-
in.[24]


Indeed, taking a closer look at complex a’ (Figure 3), it is evi-
dent that the phenoxide anion is in a much more favorable
position than the hydroxy group of Ser 530 to react with the
acetyl carbon to reform aspirin. To verify that this is actually
the case, 1 ns QM/MM MD simulations on complex a’ were ac-
complished at constant V and T. No acetylation occurred on
either isozyme; rather, the acetyl group was observed to mi-
grate smoothly from the phenol to the carboxyl group and
back, consistently with the experimental findings. Complex a
has therefore to be regarded as a pose from which aspirin is
not able to trigger acetylation of Ser 530. Moreover, as previ-
ously noted, the collocation of the carboxy group on the op-
posite side with respect to Arg 120 probably makes this bind-
ing mode rather unlikely. Complexes b and c, instead, appear
to have the correct geometry to undergo the general base cat-


Figure 2. The three aspirin–COX-1 complexes a, b, c obtained by simulated
annealing. Nonpolar hydrogens have been omitted for clarity.


Figure 3. Complex a’, created by acetyl migration following a simple energy
minimization using the hybrid QM/MM potential.


Scheme 1. Solvolysis of aspirin under general base catalysis conditions
(R = H, alkyl).
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alysis mechanism outlined in Scheme 1, since the hydroxy
proton of Ser 530 faces the carboxylate moiety of aspirin, while
the oxygen atom is within reach of the acetyl carbon. For both
complexes, 1 ns QM/MM MD simulations were carried out. We
were pleased to observe that after a few picoseconds these
two starting conformations were able to trigger acetylation of
Ser 530 both on COX-1 and on COX-2. In particular, complex b
first evolves to complex c, which appears to be a very effective
proacylating conformation; the first 250 ps of the MD trajecto-
ries of complex b on both isozymes are available in the Sup-
porting Information. Careful examination of MD trajectories
shows that acetylation needs the formation of a stable H bond
between the hydroxy group of Tyr 385 (donor) and the oxygen
atom of the acetyl moiety of aspirin (acceptor). Once this
H bond has been established, as soon as the Ser 530 O�H
bond and the Car�O(CO) bonds become parallel, a proton mi-
grates from the Ser 530 OH group to the aspirin carboxylate,
and immediately afterwards the acetyl moiety migrates from
aspirin to Ser 530, passing through a tetrahedral intermediate.


Very interestingly, after the transesterification has occurred,
the salicylate leaving group does not participate in a reverse
reaction on the acetylated Ser 530, which is consistent with the
experimental observation that COX inhibition is irreversible.
The role of the carboxylate in providing intramolecular general
base catalysis also gives a sound explanation to the stability of
acetylated Ser 530 to hydrolysis. A longer MD simulation would
probably be necessary to observe the salicylate leaving group
moving away from the reaction site; regardless, it is evident
from the experimental X-ray crystal structure[6] (Figure 1) that
after aspirin has acetylated Ser 530, salicylate is involved in an
electrostatic attraction with Arg 120. The only basic moiety has
left the reaction site and, in the absence of a specialized
proton relay system such as in esterases, water is not nucleo-
philic enough to regenerate the active enzyme.


Apart from the short simulation time, there is another
reason why the 5 � backward diffusion towards Arg 120 is not
observed in the trajectory. In fact, after the acetyl group has
been transferred from the aspirin phenol group to COX, the
proton abstracted from the Ser 530 side chain would be ex-
pected to migrate from the carboxylate group to the phenox-
ide anion on the basis of the higher basicity of the latter. How-
ever, this transfer does not take place in the time span covered
by the simulation. While this might well be considered an arte-
fact of the semiempirical SCC-DFTB QM method, it is worth
mentioning that the energy difference between the two tauto-
mers was shown to be quite small, both experimentally and by
ab initio QM.[27] Actually, after carrying out a QM minimization
on the two isolated salicylate tautomers with a DFT RB3LYP/6-
31G + (d) method, the phenoxide tautomer was 0.76 kcal mol�1


more stable than the carboxylate. When the same minimiza-
tion was accomplished with the SCC-DFTB method, the carbox-
ylate tautomer underwent spontaneous conversion to the
phenoxide tautomer, probably due to underestimation of the
interconversion energy barrier. During our MD simulations the
negative charge remained on the phenoxide anion, which
probably prevents salicylate from ion pairing with Arg 120
since a charge-enhanced H bond between the phenoxide


anion and Tyr 385 OH group prevails. Nonetheless, even if sali-
cylate does not move very far away from the reaction site,
acetyl-Ser 530 appears absolutely stable.


Using the MD trajectories as a guide, an adiabatic potential
energy surface (PES) describing the transesterification reaction
was built. Starting from the 3D coordinates of complex c, two
reaction coordinates x and y were defined as linear combina-
tions of distances between atoms involved in the breaking and
forming of covalent bonds (Figure 4). A series of sequential
QM/MM energy minimizations were carried out, one for each


pair of (x,y) values, using the same conditions as for MD (SBC,
harmonically-constrained boundary region, fixed outer region).
The region of interest was left completely free to relax, except
for the two reaction coordinates that were restrained with a
high-force constant (1000 kcal mol�1 ��2), in order to drive the
reaction from the initial to the final state along the path out-
lined by MD. The minimized geometries of the residues
making up the QM region were isolated, and two single-point
energy calculations were carried out, one with the semiempiri-
cal SCC-DFTB method, the other with a DFT method at the
RB3LYP/6-31G(d) level. Diffuse sp functions were not included
in the basis set since, when applied on a small test region of
the PES, they proved not to significantly affect calculated ener-
gies, while inducing a 16-fold increase in CPU time. The DFT
correction to the total QM/MM energy was accomplished as
previously described,[28] subtracting the SCC-DFTB contribution
for the QM region and adding the RB3LYP energy. The ob-
tained RB3LYP/6-31G(d)//SCC-DFTB-CHARMM22 PESs for acety-
lation of COX-1 and COX-2 are shown in Figure 5 a and b, re-
spectively, together with the plots of the potential energy and
the structure of the relevant intermediates along the minimum
energy reaction path (MERP).


A word of caution is needed when considering these data.
Firstly, they represent simple potential energies, and not free
energies. Secondly, they were obtained by sampling single
snapshots along the MERP rather than an ensemble of confor-
mations. For these reasons, it is probably safer to assume that
they provide a rough, qualitative estimate of the energetic pro-
file of the transesterification process in the COX active site.
Analysis of the PESs obtained on the two isozymes explains


Figure 4. Definition of reaction coordinates x and y.


&4& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 7


�� These are not the final page numbers!


MED



www.chemmedchem.org





why the acetylation of Ser 530 takes place so smoothly during
MD. In fact, the activation barrier to the transesterification is
quite low, while the products are definitely more stable than
the reagents, which explains why the backward reaction does
not take place. Interestingly, the first, well-shaped saddle point
corresponds to the structure of a complex where the tetrahe-
dral intermediate has not yet formed, while a proton has mi-
grated halfway between the Ser 530 OH and the carboxylate of
aspirin. The involvement of such an intermediate in intramolec-
ular general-base-catalyzed solvolysis of aspirin has been previ-
ously proposed by other investigators on the basis of experi-
mental evidence.[29] The unusual stability of this transition state
has been attributed to the formation of a particularly strong
intramolecular H bond, termed a “one-proton solvation
bridge”.[29] The fact that our QM/MM simulation is able to re-
produce this low-energy transition state gives robustness to
our results. A second, more ill-defined saddle point is present
corresponding to the tetrahedral intermediate, which forms
after the proton transfer from Ser 530 to aspirin is complete.
The structure of this tetrahedral intermediate is consistent with
the role played by Tyr 385 in stabilizing the negative charge as


proposed by Hochgesang and co-workers.[10] While the SCC-
DFTB method appears to underestimate the energy of the
transition states by ~5–7 kcal mol�1, the overall shape of the
PES is quite similar to the one obtained by applying the DFT
correction; the pure SCC-DFTB-CHARMM22 PESs and MERPs
are reported in the Supporting Information.


To further challenge our mechanistic hypothesis, we per-
formed a Tyr 385 Phe in silico mutation on both COX isoforms
in order to verify the true importance of this residue in the
transesterification mechanism. It is immediately evident from
the examination of the QM/MM MD trajectories (see Support-
ing Information) that, in the absence of the Tyr 385 OH group,
aspirin is no longer univocally oriented as in the wild-type en-
zymes. The ligand is able to assume a number of different con-
formations, but none of them is able to trigger acylation. Nota-
bly, migration of the acetyl from the phenol to the carboxylate
group does occur, however, as already mentioned, the anhy-
dride form is unable to trigger acylation of Ser 530.


In conclusion, our theoretical study has led to a reasonable
mechanistic hypothesis for acetylation of cyclooxygenase by
aspirin, which is consistent with previous experimental findings


Figure 5. RB3LYP/6-31G(d)//SCC-DFTB-CHARMM22 Potential energy surfaces for the transesterification of Ser 530 by aspirin according to the proposed mecha-
nism on a) COX-1 and b) COX-2. The potential energy of the system with respect to the initial state (DU) along the minimum energy reaction path (MERP) is
also reported together with the 3D structures of relevant intermediates.
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by other investigators. In particular, Ser 530 appears to be ace-
tylated under intramolecular general base catalysis provided
by the vicinal carboxylate group of aspirin; it is widely accept-
ed that solvolysis of acetylsalicylate both by water and alcohols
occurs by the same mechanism.[24–26] Moreover, a transition
state with the same geometry proposed by Minor and Scho-
wen[29] was found, and the key role of Tyr 385 was confirmed
by site-directed mutagenesis.[10] Future challenges include the
more precise determination of the reaction free energy profile
by extensive conformational sampling by QM/MM MD, possibly
using a higher level of QM theory. Also, an estimate of the en-
ergetic cost of the 5 � upward diffusion after the initial ion
pairing to Arg 120 to assume the pro-acylating starting confor-
mation found by simulated annealing should be made. Finally,
the adaptability of the protocol described herein to other irre-
versible COX inhibitors must be assessed.


Computational Methods


All molecular models were built using standard bond lengths and
angles with the MOE software package.[30] MM and QM/MM com-
putations were performed with CHARMM (version c33b1)[17] using
the CHARMM22 force field. Parameters for aspirin necessary for
pure MM calculations were derived from the GAFF force field[31]


using the CHARMMGEN facility included in the AMBER 10 suite.[32]


Electrostatic charges were fitted through the RESP approach[33] to
the ab initio HF/6-31G(d) electrostatic potential computed with
GAMESS-US.[34] 3D Coordinates for COX-1 and COX-2 were re-
trieved from the Protein Data Bank[13] (PDB codes 1Q4G and 1PXX,
respectively) ; hydrogen atoms were added in standard positions
and then minimized in CHARMM. All geometry optimizations were
carried out using a termination criterion based on gradient
(<0.01 kcal mol�1). Docking of aspirin in the active site was accom-
plished with AutoDock 4.0[16] using the Lamarckian genetic algo-
rithm (default parameters, 200 runs per isoform). Random enzyme–
aspirin complexes were generated with an in-house SVL script run-
ning in MOE, imposing a distance <3.5 � between the acetyl
carbon and the Ser 530 OH group. The complexes were solvated in
an octahedral periodic box under PBC, and a preliminary minimiza-
tion with harmonic constraints on backbone (10 kcal mol�1 ��2) and
side chain atoms (2.5 kcal mol�1 ��2) was carried out, while leaving
aspirin and hydrogen atoms unconstrained. Equilibration of water
was then accomplished, first with self-guided Langevin dynamics,
then at constant p,T (300 K) in order to achieve the correct density
in the solvated system, finally at constant V,T using a Nos�–Hoover
thermostat as implemented in CHARMM. A SA protocol was de-
signed where the ligand was heated to 1000 K and then slowly
cooled to 300 K in 100 K steps, allowing 5 ps sampling in each
temperature window, while protein and bulk water were main-
tained at 300 K. At the end of each SA run an energy minimization
was carried out, and the resulting geometry was used for the fol-
lowing SA cycle. QM/MM calculations were accomplished under
SBC at the SCC-DFTB level of theory as implemented in
CHARMM;[18] link atoms were used to fill empty valences at the
boundary between the MM and the QM regions. 1 ns QM/MM MD
were accomplished at constant V,T (300 K) with a Nos�–Hoover
thermostat. The PESs were computed setting sequential constraints
on two reaction coordinates while allowing the rest of the system
free to relax. The DFT corrections to the potential energy were cal-
culated using PC-GAMESS.[35]
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COMMUNICATIONS


P. Tosco,* L. Lazzarato
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Mechanistic Insights into
Cyclooxygenase Irreversible
Inactivation by Aspirin


A mechanistic hypothesis for the ace-
tylation of cyclooxygenase (COX) by as-
pirin is proposed on the basis of a QM/
MM study. This mechanism is consistent
with previous experimental findings by
other investigators. Ser 530 appears to


be acetylated under intramolecular gen-
eral base catalysis provided by the car-
boxylate moiety of aspirin, while Tyr 385
plays a crucial role in orienting and po-
larizing the acetyl group.
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Tricyclic Systems Characterised by a 2-(5-Phenyl-1H-pyrrol-
3-yl)-1,3,4-oxadiazole Moiety
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Lucrezia Solano,[a] and Stefania Villa*[a]


Introduction


Microtubules are protein polymers that are involved in many
physiological processes, especially mitosis and cell division,
and are formed by a-tubulin and b-tubulin heterodimers.[1] In-
terference with the dynamics of microtubules polymerisation
and depolymerisation, and consequently with cell division, has
been proven to be clinically useful for designing anticancer
agents. The antimitotic agents have been grouped in three dis-
tinct classes on the basis of their different mechanisms of
action and binding sites on tubulin. The vinca alkaloids (vincris-
tine, vinblastine, vindesine, and vinorelbine) are microtubule
polymerisation inhibitors or depolymerisers and are important
in the treatment of leukaemias, lymphomas, small-cell lung
cancer and other cancers.[1–3] The colchicines are microtubule
polymerisation inhibitors that are similar to the vinca alka-
loids,[4] but with a different binding site and depolymerisation
mechanism. Taxanes and epothilones[5] inhibit the microtubules
function by inducing their polymerisation. Paclitaxel and doce-
taxel, which belong to the latter class, are two of the most im-
portant anticancer drugs today and are widely used as compo-
nents of chemotherapies for ovarian and breast carcinomas. In
addition, they show efficacy against a large number of other
solid tumours including carcinomas of the lung, head, neck,
bladder and oesophagus.[6] The crystallographic structure of tu-
bulin[7] complexed with paclitaxel has allowed the characterisa-
tion of its binding site, which partially overlaps with that of
other compounds such as epothilones and eleutherobin.[8, 9] In
previous studies we discovered interesting antitumour activity
in a series of compounds that are characterised by the pres-
ence of a pyrrole oxadiazole system that was variously substi-
tuted. The compounds were tested in vitro by NCI against 60


tumour cell lines that were derived from nine cancer cell types.
The best activity was found for 2-phenyl-5-(5-phenyl-1H-pyrrol-
3-yl)-[1,3,4]oxadiazole (GI50 = 85.1 mm expressed as a mean),
which became our lead compound (A, Figure 1; unpublished
data). The insertion of a methyl group at position 3 on the pyr-
role ring of the lead compound A brought about a complete
loss of antiproliferative activity, possibly due to an unfavoura-
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Interesting antitumour activity was observed in a series of tri-
cyclic compounds characterised by the presence of a 2-(1H-
pyrrol-3-yl)-1,3,4-oxadiazole moiety that is variously substitut-
ed. Their synthesis and antiproliferative activity toward a panel
of human tumour cell lines is described. The two most interest-
ing compounds were selected for further evaluation to eluci-
date their possible mechanism of action. Analysis of cell cycle,
tubulin polymerisation, modulation of mitotic markers of the
M phase, and apoptosis showed that antimitotic activity is the


primary mechanism of the cytotoxic effects of these com-
pounds. Experiments performed on isolated tubulin confirmed
that the compounds act by inducing tubulin polymerisation,
like taxanes. The binding model against tubulin was also exam-
ined by molecular modelling and docking. The results support
the proposed binding model, which is able to explain the ac-
tivity of the oxadiazole derivatives on the basis of their dock-
ing energy.


Figure 1. Lead compound and structure optimisation concept.


ChemMedChem 0000, 00, 1 – 13 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim &1&


These are not the final page numbers! ��







ble orientation of the molecule with respect to the active site
of the receptor. To verify this hypothesis, we planned to tether
the configuration of the lead compound by inserting a carbon
bridge of different lengths between the phenyl and the pyrrole
moieties. In particular, five-, six-, and seven-membered rings
were considered, including a benzene ring (compounds 1–4,
Figure 1). The synthesis of derivatives that have the 2-position
of oxadiazole unsubstituted (R = H) or methyl substituted (R =


CH3) was also performed. All compounds were evaluated by
NCI for their in vitro cytotoxic activity against 60 human
tumour cell lines that are derived from nine cancer cell types.
The concentrations that inhibited cell growth by 50 % (GI50, in
mm) are reported in Table 1. Based on the preliminary results,
the most interesting compounds 1 c and 4 c were selected for
further evaluation to understand their possible mechanism of
action. In particular, analysis of cell cycle, tubulin polymeri-
sation, modulation of the mitotic markers of M phase, and
apoptosis showed that antimitotic activity is the primary mech-
anism of their cytotoxic effects. The experiment that was per-
formed on isolated tubulin confirmed that the compounds act
by inducing tubulin polymerisation, like taxanes. Moreover the
tubulin binding mode of oxadiazole derivatives is proposed by
molecular modelling and molecular docking investigations.


Results and Discussion


Chemistry


Compounds 7–9 were treated with hydrazine monohydrate to
give the corresponding hydrazides, which in turn were con-
densed with the appropriate orthoesters in DMF at reflux to
give the final compounds 1 a–c, 2 a–c and 3 a–c. Compounds
4 a–c were obtained by dehydrogenation of 2 a–c with 2,3-di-
chloro-5,6-dicyanobenzoquinone (DDQ) in dichloromethane. In


turn, esters 7–8 were prepared by dehalogenation of chlor-
oesters 5[10] and 6[10] with ammonium formate in presence of
10 % Pd/C in methanol. (Scheme 1). The higher homologue
benzocycloheptapyrrole 9 was prepared by a sigmatropic rear-
rangement of the benzosuberone oxime adduct by methylpro-
piolate.[10, 11]


Biological assays


Growth inhibition against a panel of 60 human cancer cell
lines


The compounds were evaluated by NCI for their in vitro cyto-
toxic activity against 60 human tumour cell lines that are de-
rived from nine cancer cell types. The concentrations that in-
hibited cell growth by 50 % (GI50, in mm) are reported in
Table 1. The lead compound A was used as reference. Com-
pounds 1 c and 4 c were found to be the most interesting of
the series, with 4 c being generally slightly more potent than
1 c. The best activity for the latter was observed in a colon


Table 1. Growth inhibition against a panel of 60 human cancer cell lines.[a]


GI50 [mm][b]


Cell Line A 1 a 1 b 1 c 2 a 2 b[c] 2 c[c] 3 a 3 b[d] 3 c 4 a 4 b[d] 4 c


leukaemia 64.5 79.7 81.3 1.82 26.3 NA NA 22.1 NT 14.1 44.6 NT 0.64
non-small cell lung cancer 100.0 57.8 93.3 3.39 21.8 NA NA 38.2 NT 15.8 22.3 NT 2.36
colon cancer 64.5 81.2 100.0 1.00 25.7 NA NA 30.1 NT 10.0 33.8 NT 0.70
CNS cancer 83.2 86.7 75.8 2.95 28.2 NA NA 36.3 NT 16.2 32.3 NT 1.21
melanoma 100.0 77.3 79.4 2.34 28.8 NA NA 42.7 NT 14.4 33.8 NT 2.71
ovarian cancer 100.0 81.2 30.2 4.57 28.2 NA NA 44.8 NT 19.4 38.9 NT 1.70
renal cancer 100.0 67.3 91.2 6.31 27.5 NA NA 34.9 NT 15.8 38.0 NT 2.04
prostate cancer 100.0 100.0 100.0 4.78 32.3 NA NA 59.5 NT 16.2 62.3 NT 1.28
breast cancer 81.3 73.2 77.6 3.16 27.5 NA NA 25.6 NT 14.7 40.2 NT 0.60


mean 85.1 74.1 75.8 2.9 26.3 NA NA 34.6 NT 14.7 35.4 NT 1.28


[a] These data were obtained from NCI’s in vitro disease-oriented tumour cell screen. [b] GI50 = drug concentration that elicits inhibition of cell growth by
50 %. [c] NA = Inactive in primary anticancer assays on a cell line panel consisting of MCF7 (breast), NCI-H460 (lung), and SF-268 (CNS) cells. [d] NT = Not
tested.


Scheme 1. Reagents and conditions: a) MeOH, HCOONH4, Pd/C 10 %;
b) NH2NH2 H2O 98 %; c) DMF, RC ACHTUNGTRENNUNG(OEt)3 ; d) DDQ, CH2Cl2.
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cancer cell line (GI50 = 1.00 mm) whereas 4 c was particularly
active against leukaemia, colon and breast cancer cell lines
(GI50<1.00 mm). In the same assays the reference compound A
was less active than 1 c and 4 c in all tumour cell lines. The
most interesting compounds 1 c and 4 c were selected for fur-
ther evaluation to understand their possible mechanism of
action. The results of the experiments discussed below are pre-
dictive of a microtubule-stabilising activity.


In vitro cell growth inhibition


The antiproliferative activity of 1 c and 4 c against a panel of
human tumour cell lines, including IGROV-1 and IGROV-1/Pt1
(ovarian carcinoma cell lines), JR8 (a melanoma cell line), HT29
and HT29/MIT (colon carcinoma cell lines), was determined
after 72 h of drug exposure in comparison with paclitaxel (PTX)
as a reference compound. The IC50 values are reported in
Table 2. Under our experimental conditions 1 c was more
potent than 4 c in the examined cell lines (ovarian and colon
carcinomas and melanoma). The IGROV-1/Pt1 subline, which is
characterised by a p53 mutation, was more sensitive than
IGROV-1 to the antiproliferative effects of the two drugs, as is
expected for antimicrotubule agents. Although 1 c and 4 c


were less potent than paclitaxel, their behaviour is typical of
compounds that act by promoting tubulin polymerisation.
Also in JR8, another cell line expressing a mutated p53, both
drugs exhibited marked growth-inhibitory effects. As shown in
Table 2, the cell lines carrying mutated p53 were sensitive to
paclitaxel (IC50 range: 0.013–0.004 mm).


Cell cycle analysis and evaluation of nuclear morphology


Because induction of mitotic arrest is a hallmark of microtubule
inhibition, we examined the cell cycle perturbations of IGROV-
1, IGROV-1/Pt1, HT29, HT29/MIT and JR8 cells that were ex-
posed to 1 c, 4 c and paclitaxel at an indicative concentration
of IC80. In all of the tested cell lines after 24 h exposure at a
concentration corresponding to IC80, 1 c and 4 c induced a
more marked and persistent accumulation of cells in G2/M
phase than the control (Table 3 and Figure 2 a). In IGROV-1 and
IGROV-1/Pt1 cells this effect was more evident after paclitaxel
treatment, which resulted in about 90 % of cells in G2/M


phases (Table 3 and Figure 2 b).
A marked sub-G1 peak was al-
ready found at 24 h and in-
creased at 48–72 h for 1 c and
4 c (Figure 2 a). The analysis of
morphological features of treat-
ed cells, after PI staining of
nuclei, indicated a dose-depen-
dent induction of aberrant mito-
sis by 1 c or 4 c treatment similar
to that of paclitaxel exposure
with respect to untreated cells.
(Table 4)


Modulation of biochemical markers of mitotic arrest


To confirm the mitotic arrest that was observed by cell cycle
and morphology analysis, we investigated the biochemical
modulation of markers of M phase in IGROV-1 and in IGROV-1/
Pt1 cells that were exposed to the IC80 and IC50 of 1 c or 4 c for
24 h. A hyperphosphorylated state of Raf-1 and Bcl-2 family
members is a biochemical hallmark of the cellular response to
microtubule inhibitors.[13, 14] In both cell lines drug treatment in-
duced a parallel mobility shift of Bcl-2 and Raf-1 in SDS-PAGE,
thereby indicating a drug-induced phosphorylation of the two
proteins (Figure 3). Moreover, as illustrated in Figure 3, Western
blot analysis detected a slower migrating band that was evi-
denced by the shift in the electrophoretic mobility in both of
the treated cells (corresponding to phosphorylated form of
cdc25C phosphatase) and an up-regulation of cyclin B1, there-
by indicating an accumulation of mitosis-promoting factors. In
addition, mitotic arrest was further confirmed by the increased


Table 2. In vitro antiproliferative effect of 1 c, 4 c, and paclitaxel (PTX) on various tumour cell lines.


Cell Line Histotype p53 IC50 [mm][a]


1 c 4 c PTX


IGROV-1 ovarian carcinoma wild-type 1.5�0.2 3.42�1.73 0.15�0.03
IGROV-1/Pt1[b] ovarian carcinoma mut 0.63�0.01 2.01�1.31 0.013�0.004
HT29 colon carcinoma mut 1.30�0.09 19.5�1.9 0.0057�0.0011
HT29/MIT[c] colon carcinoma mut 0.4�0.1 0.8�0.1 0.0045�0.0021
JR8 melanoma mut 0.39�0.03 3.99�1.3 –


[a] IC50 values (�SD) represent the mean of least three independent experiments. [b] The cisplatin-resistant cell
subline was selected by exposure to increasing cisplatin concentrations.[12] [c] The mitoxantrone-resistant cell
subline was selected by exposure to increasing drug concentrations of up to 0.3 mg mL�1.


Table 3. Percentage of cells in G1, S, and G2/M phases[a] after 24 h expo-
sure to 1 c, 4 c, or paclitaxel (PTX) at a concentration corresponding to
the IC80 value for each cell line.[b]


Cell Line Compound G1 S G2/M


IGROV-1 untreated 54.36 33.54 12.11
1 c 27.42 12.35 60.23
4 c 49.07 11.25 39.68


PTX 5.32 5.32 94.68
IGROV-1/Pt1 untreated 36.79 30.98 32.33


1 c 20.01 2.01 77.78
4 c 38.01 10.63 51.36


PTX 4.18 3.02 92.80
HT29 untreated 49.37 40.72 9.92


1 c 24.23 14.55 61.23
4 c 37.09 27.84 35.07


HT29/MIT untreated 49.16 39.54 11.29
1 c 6.33 2.01 91.66
4 c 31.61 15.90 52.49


JR8 untreated 41.78 48.25 9.98
1 c 15.45 16.77 67.78
4 c 29.73 33.10 37.18


[a] Cell cycle distribution was calculated by ModFit software (Becton Dick-
inson). Percentages refer to the profiles shown in Figure 2. Data are the
results of a single experiment carried out in duplicate. [b] The same con-
centrations were used for both the analysis of cell cycle distribution and
that of mitosis.
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reactivity of cell lysates to the MPM-2 antibody, which recog-
nises several mitosis-specific epitopes. Because spindle
damage induces up-regulation of p53 in cell lines that express
the wild-type form,[15, 16] we investigated the expression level of
p53 24 h after drug treatment. As shown in Figure 3, both 1 c
and 4 c showed a marked increase of p53 expression in IGROV-
1 cells.


Evaluation of microtubule organisation by immunofluores-
cence analysis


To investigate the drug effect on microtubule organisation as a
consequence of the interaction with tubulin, we performed im-
munofluorescence analyses on IGROV-1, HT29 and HT29/MIT


after 24 h of treatment with a concentration corresponding to
IC80 (Figure 4). In every cell line, b-tubulin had a widespread
distribution in the cytosol of untreated cells. On the contrary,
the presence of b-tubulin assembly could be detected in cells
with condensed chromatin (mitotic cells) after 24 h of treat-
ment with both 1 c or 4 c. Such an effect is comparable with
that induced by equitoxic concentrations of paclitaxel
(Figure 4). In contrast, vinorelbine caused an apparent decrease
of b-tubulin expression in the cytoplasm.


Evaluation of acetylated tubulin by Western blot analysis


Because tubulin acetylation is known to reflect microtubule
stabilisation during the mitotic phase of proliferating paclitax-


Figure 2. a) Cell cycle distribution of IGROV-1, IGROV-1/Pt1, HT29, HT29/MIT, and JR8 cells that were treated with 1 c, 4 c or b) paclitaxel (PTX, only for IGROV-1
and IGROV-1/Pt1 cells) at the indicated concentration (IC80) ; profiles were obtained by flow cytometry analysis of PI-stained cells at 24, 48, or 72 h treatment
as indicated. b) Cell cycle analysis of PTX-treated cells was performed 24 h after treatment. Data represent a single experiment carried out in duplicate.
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el-treated cells,[17] we analyzed the acetylation status of cells
that were treated with different concentrations of 1 c and 4 c
(Figure 5).


As expected, both 1 c and 4 c caused an increase of acetylat-
ed tubulin in IGROV-1 and IGROV-1/Pt1 cells following 24 h ex-
posure (Figure 5 a). Accordingly, identical results were obtained
with paclitaxel (Figure 5 b). On the contrary, no modulation in
the expression of the tubulin acetylation was observed after vi-
norelbine exposure (Figure 5 b). The presence of b-tubulin as-
sembly and the increase of acetylated tubulin in treated cells
suggest that these compounds belong to the class of polymer-
ising agents.


Apoptosis induction


To investigate the drugs’ ability to induce apoptosis, the
amount of apoptotic cells was determined by a TUNEL assay
(Figure 6). Equitoxic concentrations (IC80) of 1 c and 4 c pro-
duced a comparable level of apoptosis (ranging from 30 % to


48 %); 1 c was somewhat more effective than 4 c in IGROV-1/
Pt1 cells.


Table 4. Induction of mitotic cells after 24 h exposure to 1 c, 4 c, or pacli-
taxel (PTX) at a concentration corresponding to the IC80 value for each
cell line.[a]


Compound Cell Line
IGROV-1 IGROV-1/Pt1 HT29 HT29/MIT JR8


1 c 30�4 45�12 45�5 45�12 40�2
4 c 32�6 40�10 27�3 40�10 42�6


PTX 45�5 55�3 50�4 62�4


[a] The same concentrations were used for both the analysis of cell cycle
distribution and that of mitosis. The results, expressed as a percentage of
the total cell population, are the mean of at least two independent ex-
periments.


Figure 3. Biochemical effects of 1 c or 4 c (IC50 or IC80) on IGROV-1 and
IGROV-1/Pt1 cells after 24 h treatment. Modulation of p53, MPM-2 epitopes,
and proteins that are involved in the G2/M phase transition was analyzed by
Western blot analysis. ’P’ indicates phosphorylated proteins; b-tubulin is
shown as a control of protein loading.


Figure 4. Immunofluorescence staining of b-tubulin in a) IGROV-1 and HT29
and b) HT29/MIT cells. Upper panel : red b-tubulin staining; lower panel :
DNA counterstained blue with Hoechst 33342. Cells were treated for 24 h
with solvent, paclitaxel (PTX), vinorelbine (VIN), 1 c or 4 c at the indicated
concentration corresponding to their IC80 values. Arrows indicate cells with
b-tubulin assembly and condensed chromatin (mitotic catastrophe).


Figure 5. Effects of a) 1 c and 4 c and b) paclitaxel (PTX) and vinorelbine
(VIN) on the acetylation of tubulin in IGROV-1 and IGROV-1/Pt1 cells. Cells
were treated with 1 c and 4 c at both IC80 and IC50 values; paclitaxel and vi-
norelbine at IC80. Whole-cell extracts were prepared and analyzed by West-
ern blot analysis. b-Tubulin is shown as a control of protein loading.
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In vitro tubulin polymerisation


Finally, to verify that the compounds directly target tubulin,
we evaluated their activity in a tubulin-assembly assay by
using pure bovine tubulin. The results showed that com-
pounds 1 c and 4 c are effective on tubulin polymerisation. The
concentrations that decreased the unpolymerised fraction of
tubulin by 50 % are reported in Table 5; this indicates that 1 c
and 4 c, although less active than paclitaxel, induce the poly-
merisation of tubulin at micromolar concentrations. Taken to-
gether, data from cultured cell tests and in vitro assay demon-
strate that 1 c and 4 c act as antiproliferative and antimicrotu-
bule drugs.


Molecular modelling and docking


The studied compounds can be divided into four series (from
1 to 4) on the basis of their structure (Figure 1): the tricyclic
head can be a 1,4-dihydroindeno ACHTUNGTRENNUNG[1,2-b]pyrrole (1 a–c), a 4,5-di-
hydro-1H-benzo[g]indole (2 a–c), a 1,4,5,6-tetrahydro-benzo-ACHTUNGTRENNUNG[6,7]cyclohepta ACHTUNGTRENNUNG[1,2-b]pyrrole (3 a–c), or an 1H-benzo[g]indole
(4 a–c). Each series can be further split into three sub-series (a,
b and c), depending on the nature of the side chain on the ox-
adiazole ring. The conformational analysis shows that each of
the analysed compounds can exist in two conformations that


differ for the orientation of the oxadiazole ring with respect to
the pyrrole ring and present only a small energy difference
(usually lower than 2 kcal mol�1). The only exception is repre-
sented by the 1,4,5,6-tetrahydro-benzoACHTUNGTRENNUNG[6,7]cyclohepta ACHTUNGTRENNUNG[1,2-
b]pyrrole derivatives (3 a–c), which contain a more flexible
seven-membered ring and present four different conforma-
tions that are derived from the two possible puckered confor-
mations of the seven-membered ring. Compounds belonging
to the 1 and 4 series are completely planar molecules, whereas
the series 2 and 3 deviate from planarity by 118 and 258, re-
spectively (see t1 values in Table 6).


Therefore, because both geometrical and electronic features,
such as planarity, HOMO–LUMO energy, nitrogen–nitrogen and
nitrogen–oxygen atom distances do not seem to be easily as-
sociable with activity, the first step that we characterised in
detail was the binding site of the oxadiazole derivatives. Crys-
tallographic data that was retrieved from the Protein Data
Bank (entry 1SA1[7]) contain a dimer of a- and b-tubulin in
complex with podophyllotoxin. The docking process was per-
formed in two steps by using the docking program Auto-
Dock.[18–21] In the first step, a procedure resembling the so-
called “blind docking” approach was used to obtain an approx-
imate binding mode between the two most active ligand (1 c
and 4 c) and tubulin.[22, 23] The resulting conformations were
clustered and most of them (up to 67 % of the docking solu-
tions) were found to be located at the interface between the
a- and b-tubulin subunits. The most important residues (within
5 � of the ligand) form this binding site (site 1) and correspond
mainly to Gln176, Ser178 and Thr179 (a-subunit), Gln247,
Leu248, Asp329, Leu333, Lys352, and Thr353 (b-subunit). Up to
30 % of the remaining docking solutions were found within
the a-tubulin subunit (site 2), which is constituted by Gln11,
Asp69, Ala99, Ala100, Asn101, Gly143, Gly144, Thr145, Ile171,
Pro173, Ala174, Ser178, Asn206, and Tyr224.


Figure 6. Apoptosis in IGROV-1 and IGROV-1/Pt1 cells treated for 72 h at the
IC80 value of 1 c or 4 c. Apoptosis was assessed by FACScan analysis on
TUNEL-stained cells. The percentage of TUNEL-positive cells are indicated in
each panel. Results from at least two independent experiments are shown.


Table 5. Effect of 1 c, 4 c, and paclitaxel (PTX) on tubulin assembly.


Compound EC50 [mm][a]


PTX 3.5�0.5
1 c 16.4�1.9
4 c 9.7�0.7


[a] EC50 = drug concentration required for 50 % decrease in unpolymerised
tubulin following incubation for 30 min; compounds were assayed three
times, and the values reported are the mean �SEM.


Table 6. Torsion angles (t [8]) of the studied oxadiazole systems obtained
through conformational analysis (CA) and molecular docking.


Compd GI50 CA Site 1 Site 2
t1 t2 t1 t2 t1 t2


1 a 74.1 0 180.0 0 �67.6 0 �101.0
1 b 75.8 0 180.0 0 103.9 0 112.1
1 c 2.90 0 180.0 0 105.3 0 65.8
2 a 26.6 11.4 �178.7 �8.9 �77.4 �8.9 116.1
2 b NA 11.4 �178.7 �8.9 �71.8 �8.9 124.5
2 c NA 11.4 �178.7 �8.8 �75.5 �8.8 97.3
3 a 34.6 �25.3 �178.5 2.8 100.7 2.8 123.4
3 b NT �25.3 �178.5 �2.9 �85.5 �2.9 124.2
3 c 14.7 �25.4 0.6 �3.1 �84.0 �3.1 126.5
4 a 35.4 0 180.0 0 �68.8 0 112.6
4 b NT 0 180.0 0 �74.2 0 120.2
4 c 1.28 0 180.0 0 �78.3 0 �104.6
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The comparison between the podophyllotoxin binding site
and site 1 reveals a different amino acidic composition. For po-
dophyllotoxin (and partially for colchicine), the pharmacophore
model that was obtained by analysing its interaction with tu-
bulin, the binding site is surrounded by Val238, Cys241,
Leu242, Ala250, Leu255, Met259, Ala316, Val318, Lys352, and
Ile378, which all belong to the tubulin b-subunit. In the case of
site 1, it is delimited by Gln176, Ser178 and Thr179 (a-subunit),
Gln247, Leu248, Asp329, Leu333, Lys352, and Thr353 (b-subu-
nit). The only residue that is shared between the two binding
sites is Lys352, a residue that makes hydrophobic contacts only
through its carbon chain in the podophyllotoxin model, but in
our interaction model this residue is important (together with
Thr353) in the modulation of the binding affinity. The approxi-
mate location of these binding sites was then used as the
starting point for the second “refined docking” run. The oxa-
diazole derivatives were docked in each of the putative sites
and the complexes were again minimised. The first binding-
site region (site 1) is characterised by the formation of at least
two hydrogen bonds between the oxadiazole nitrogen atoms
and NThr353 of the b-tubulin subunit, whereas in site 2, the
studied ligands link mainly to OTyr224 and OThr179 of a-tubu-
lin, with different hydrogen bonds. The main difference be-
tween the two binding sites is represented by the capacity of
site 1 to accommodate all the oxadiazole derivatives (Figure 7).


This result is confirmed by the values of the calculated free
energy; these values are favourable to site 2 only for com-
pounds 1 b, 3 b and 2–4 a, which have the oxadiazole ring
either unsubstituted or substituted by a methyl group. For
these reasons, the subsequent analysis of the docking results
was concentrated on the first binding site (site 1). The oxadia-
zole substituents pointed toward a hydrophobic region that is
located near the opening of the cavity and constituted princi-
pally by the lateral chains of Leu333 (see Figure 8). Although
this protein region is characterised by the absence of hydro-
gen bond interactions, the presence of the phenyl ring seems
to have a great impact on the activity (Table 1), probably due
to the optimal occupancy of the binding site by the aromatic
moieties (compounds 1–4 c).


In this orientation, the oxadiazole ring of both 1 c and 4 c
(the most-active derivatives in the series) is located in the
middle of the binding region with the two heterocyclic nitro-
gen atoms oriented toward NThr353 and Og1Thr353; this gives


rise to the formation of three hydrogen bonds (two with
NThr353 and one with Og1Thr353) that allow for the stabilisa-
tion of the complex. The importance of these hydrogen bond
interactions for the tubulin binding is supported by consider-
ing that the three hydrogen bonds are retained in nearly all of
the compounds studied (except for 1 a, 2 a, and 3 b).


The tricyclic moiety of all the studied compounds is located
inside a narrow hydrophobic region that is delimited mainly by
the side chains of the residues Thr198, Leu248, Ala256, Val260,
Pro261, Phe262, and Pro263 (from b-tubulin subunit). The ori-
entation of the tricyclic moiety is almost the same for all the li-
gands, with the exceptions of 1 b, 1 c and 3 a, which are locat-
ed in the same hydrophobic region but with a different orien-
tation of their tricyclic moiety. The comparison of the torsion
angle values t1 of the best conformations in water with those
resulting from the molecular docking runs shows that for both
sites the compounds are placed in the binding site in a confor-
mation that permits hydrogen bonding without a severe modi-
fication of the planarity of the A–C ring system (Table 6). The
same is not true for the t2 torsion angle, with some meaning-
ful differences between the best conformations in water and
those that were obtained by docking. It is important to note
how the different tricyclic ring structure is implicated in the
binding affinity variations, because of the presence of a
number of bad contacts, mainly with the side chain of Lys352
and Thr353. In this respect, the 4 c and 1 c tricyclic moiety can


interact with this narrow hydro-
phobic region by assuming an
efficient planar conformation
and by decreasing the number
of bad contacts with the residue
side chains.


A similar conformation cannot
be assumed by 2 a–c and 3 a–c
derivatives, and the resulting
“bad” interactions could be re-
sponsible for the highest GI50


values observed; this assump-
tion was also confirmed by the
analysis of the correlation coeffi-


Figure 7. Superposition of the ligands docked into a) site 1 and b) site 2. In binding site 1, all of the ligands are
oriented similarly (with the exception of 3 a, in grey), whereas for site 2, varying orientations for 1 c, 2 c, 3 c, and
4 c were observed with respect to the other ligands.


Figure 8. Detail of the three hydrogen bonds (greed dashed lines) located
between the bioactive orientation of 4 c (rendered in stick and coloured by
atom type) and Og1Thr353 and NThr353.
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cients that were obtained be-
tween the calculated docking
energies and the GI50 values
(Table 7). Indeed, the correlation
coefficients that were calculated
between GI50 and the interaction
and van der Waals energy values
support the importance of the
steric effects in the oxadiazole
derivatives’ binding to tubulin.
The van der Waals energy de-
scriptor is the most statistically
significant element for the quali-
ty assessment of this binding
model, with a correlation coeffi-
cient up to �0.90 for site 1;
these results point out that the
proposed binding model would
be able to explain the biological
data for all compounds on the
basis of their docking energies.


Conclusions


We have identified a novel series of antimicrotubule agents
that are characterised by a tricyclic system with 1,3,4-oxadia-
zol-2-yl-pyrrole moiety. The cytotoxic activity of several new
compounds was better than that of the lead compound A (A :
GI50 = 85.1 mm, 1 c : GI50 = 2.9 mm, 4 c : GI50 = 1.28 mm). We also
demonstrated with a series of experiments (analysis of cell
cycle, tubulin polymerisation, modulation of mitotic markers of
M phase and apoptosis) that the antimitotic activity is the pri-
mary mechanism of their cytotoxic effects. The experiment
that were performed on isolated tubulin confirm that com-
pounds 1 c and 4 c exhibited a mechanism of action that is
similar to that of taxanes, which promote tubulin polymeri-
sation. The proposed mechanism of action was consistent with
molecular modelling and docking studies. According to model-
ling studies, the potency is probably related to the planarity of
the condensed system. In particular, series 2 a–c and 3 a–c,
which lack planarity are either poorly active or inactive. These
findings have encouraged us to explore novel analogues with
various substituents to improve their solubility and investigate
their in vivo efficacy as antitumour agents.


Experimental Section


General procedures


Unless otherwise noted, all materials were obtained from commer-
cial suppliers and used without purification. Flash chromatography
was performed by using Merck Silica gel 60 (230–400 mesh ASTM).
Thin-layer chromatography (TLC) was performed with Polygram�
SIL N-HR-/HV254 pre-coated plastic sheet (0.2 mm). 1H and
13C NMR spectra were determined in CDCl3 with a superconducting
FT-NMR by using a XL-200 Varian apparatus at 200 MHz. Chemical
shifts are expressed in d (ppm) downfield from internal TMS and
coupling constants are expressed in Hz. 1H NMR spectroscopic data


are reported in the following order: multiplicity (s, singlet; br s,
broad singlet; d, doublet ; dd, doublet of doublets; t, triplet ; q,
quartet; m, multiplet), coupling constants in Hz, number of pro-
tons, and the assignment. IR spectra were recorded as thin films or
Nujol mulls on NaCl plates with a PerkinElmer 781 IR spectropho-
tometer and are expressed in ñ (cm�1). Melting points were deter-
mined on a Thomas Hoover capillary melting point apparatus and
are uncorrected. All compounds were crystallised from EtOH. Ele-
mental analyses are within �0.4 % of the theoretical values. Start-
ing products 5, 6 and 9 were prepared as previously described.[10]


General procedure I : Synthesis of tricyclic esters 7 and 8. 10 % Pd/C
(0.18 g) was added to a solution of chloro ester (5, 6 ; 2.72 mmol)
and HCOONH4 (13.6 mmol) in MeOH (22 mL). The mixture was
stirred under N2 for 3–4 h, then filtered through Celite, and the so-
lution was evaporated under vacuum. The residue was purified by
flash chromatography by eluting with petroleum ether (PE)/EtOAc
(8:2) to give the desired products 7, 8.


Ethyl 1,4-dihydro-indeno ACHTUNGTRENNUNG[1,2-b]pyrrole-3-carboxylate (7). General
procedure I was used to convert 5 into the title compound 7.
Yield: 77 %; Rf = 0.32 (PE/EtOAc, 8:2) ; mp: 176–178 8C; 1H NMR
[300 MHz CDCl3]: d= 1.39 (t, 3 H, CH3), 3.70 (s, 2 H, CH2), 4.35 (q, 2 H,
CH2), 7.14 (d, 1 H, CH), 7.23 (s, 1 H, CH), 7.32 (t, 1 H, CH), 7.48 (s, 1 H,
CH), 7.51 (d, 1 H, CH), 8.82 ppm (br s, 1 H, NH exchanged with D2O);
IR (KBr): ñ= 1670 (C=O), 3240 cm�1 (NH).


Ethyl 4,5-dihydro-1H-benzo[g]indole-3-carboxylate (8). General
procedure I was used to convert 5 into the title compound 8.
Yield: 72 %; Rf = 0.26 (PE/EtOAc, 8:2) ; mp: 140–142 8C; 1H NMR
[300 MHz CDCl3]: d= 1.36 (t, 3 H, CH3), 2.98 (t, 2 H, CH2), 3.04 (t, 2 H,
CH2), 4.32 (q, 2 H, CH2), 7.14–7.25 (m, 4 H, CH), 7.43 (d, 1 H, CH),
8.65 ppm (br s, 1 H, NH exchanged with D2O); IR (KBr): ñ= 1660 (C=
O), 3250 cm�1 (NH).


General procedure II : Synthesis of carbohydrazides 10, 11, and 12.
A mixture of ester 7, 8, 9 (2 mmol), and hydrazine hydrate
(1.94 mL, 40 mmol) was held at reflux for 0.5 h and then poured
onto ice. The solid precipitate was filtered and washed with H2O to
give a crude product that was purified by trituration with EtOH.


1,4-Dihydro-indeno ACHTUNGTRENNUNG[1,2-b]pyrrole-3-carbohydrazide (10). General
procedure II was used to convert 7 and hydrazine hydrate 98 % in
H2O into the title compound 10. Yield: 80 %; Rf = 0.46 (CHCl3/


Table 7. Calculated values for the number of torsions, interaction energy (Ei) and van der Waals energy (EvdW) of
the oxadiazole derivatives in their docked conformations to both sites 1 and 2.


Compound Site 1 Site 2
GI50


[a] No. Torsion Ei [kcal mol�1] EvdW [kcal mol�1] Ei [kcal mol�1] EvdW [kcal mol�1]


1 a 74.1 1 �100.98 23.71 �94.52 23.95
1 b 75.8 1 �122.14 23.53 �98.34 23.49
1 c 2.90 2 �137.90 50.61 �124.45 47.93
2 a 26.6 1 �123.36 38.38 �98.61 38.41
2 b NA 1 �130.92 38.15 �104.77 38.16
2 c NA 2 �146.01 62.56 �131.11 62.63
3 a 34.6 1 �119.09 31.70 �99.06 31.55
3 b NT 1 �133.46 31.41 �108.18 31.27
3 c 14.7 2 �129.80 56.28 �134.29 55.55
4 a 35.4 1 �123.70 44.76 �99.53 44.94
4 b NT 1 �131.127 44.50 �105.07 44.53
4 c 1.28 2 �137.52 68.90 �131.62 68.73


correlation coefficients: 0.84 �0.90 0.78 �0.88


[a] NA = Inactive; NT = Not tested.
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CH3OH, 9:1) ; mp: 254–256 8C; 1H NMR [300 MHz CDCl3 + DMSO]:
d= 3.65 (s, 2 H, CH2), 7.06 (t, 1 H, CH), 7.42 (d, 2 H, 2 � CH), 7.88 (s,
1 H, CH), 8.68 (br s, 1 H, NH exchanged with D2O), 11.44 ppm (br s,
1 H, NH exchanged with D2O); IR (KBr): ñ= 1650 (C=O), 3190–
3270 cm�1 (NH2).


4,5-Dihydro-1H-benzo[g]indole-3-carbohydrazide (11). General
procedure II was used to convert 8 and hydrazine hydrate 98 % in
H2O into the title compound 11. Yield: 80 %: Rf = 0.71 (CHCl3/
CH3OH, 9:1) ; mp: 268–270 8C; 1H NMR [300 MHz CDCl3 + DMSO]:
d= 2.66 (t, 2 H, CH2), 2.84 (t, 2H, CH2), 4.30 (br s, 1 H, NH2 exchanged
with D2O), 6.66 (s, 1 H, CH), 7.08 (d, 1 H, CH), 7.17 (t, 2 H, 2 � CH),
7.80 (d, 1 H, CH), 9.25 (br s, 1 H, NH exchanged with D2O),
11.68 ppm (br s, 1 H, NH exchanged with D2O); IR (KBr): ñ= 1655
(C=O), 3140–3240 (NH2), 3300 cm�1 (NH).


4,5-Dihydro-1H-benzo[g]indole-3-carbohydrazide (12). General
procedure II was used to convert 9 and hydrazine hydrate 98 % in
H2O into the title compound 12. Yield: 82 %; Rf = 0.81 (CHCl3/
CH3OH, 9:1) ; mp: 302–304 8C; 1H NMR [300 MHz CDCl3 + DMSO]:
d= 1.97–2.05 (m, 2 H, CH2), 2.70–2.83 (m, 4 H, 2 � CH2), 6.72 (s, 1 H,
CH), 7.12–7.27 (m, 3 H, 3 � CH), 7.64 (d, 1 H, CH), 9.30 (br s, 1 H, NH
exchanged with D2O), 10.66 (br s, 1 H, NH exchanged with D2O); IR
(KBr): ñ= 1625 (C=O), 3320–3360 (NH2), 3350 cm�1 (NH).


General procedure III : Synthesis of 1,3,4-oxadiazoles 1 a–c, 2 a–c,
and 3 a–c. A mixture of hydrazide 10, 11, 12 (2.5 mmol) and appro-
priate orthoesters (2.7 mmol) was held at reflux for 8 h and then
poured onto ice. The solid precipitate was filtered and washed
with H2O to give a crude product that was purified by trituration
with EtOH.


3-[1,3,4-Oxadiazol-2-yl]-1,4-dihydroindeno ACHTUNGTRENNUNG[1,2-b]pyrrole (1 a).
General procedure III was used to convert 10 and ethyl orthofor-
mate into the title compound 1 a. Yield: 75 %; Rf = 0.54 (CHCl3/
CH3OH, 9:1); mp: 275–278 8C; 1H NMR [300 MHz DMSO]: d= 3.68 (s,
2 H, CH2), 7.14 (t, 1 H, CH), 7.31 (t, 1 H, CH), 7.51 (d, 1 H, CH), 7.54 (d,
1 H, CH), 7.68 (s, 1 H, CH), 9.16 (s, 1 H, CH), 12.12 (br s, 1 H, NH ex-
changed with D2O); IR (KBr): ñ= 1605 (C=N), 3180 cm�1 (NH); Anal.
calcd (%) for C13H9N3O: C 69.94, H 4.06, N 18.82, found: C 70.24, H
4.46, N 19.00.


3-[1,3,4-Oxadiazol-5-methyl-2-yl]-1,4-dihydroindeno ACHTUNGTRENNUNG[1,2-b]pyr-
role (1 b). General procedure III was used to convert 10 and ethyl
orthoacetate into the title compound 1 b. Yield: 82 %; Rf = 0.81
(CHCl3/CH3OH, 9:1) ; mp: 302–304 8C; 1H NMR [300 MHz DMSO]: d=
2.55 (s, 3 H, CH3), 3.67 (s, 2 H, CH2), 7.10 (t, 1 H, CH), 7.26 (t, 1 H, CH),
7.45–7.50 (d, 3 H, 3 � CH), 11.83 (br s, 1 H, NH exchanged with D2O);
IR (KBr): ñ= 1620 cm�1 (C=N); Anal. calcd (%) for C14H11N3O: C
70.87, H 4.67, N 17.71, found: C 70.48, H 4.29, N 17.53.


3-[1,3,4-Oxadiazol-5-phenyl-2-yl]-1,4-dihydroindeno ACHTUNGTRENNUNG[1,2-b]pyr-
role (1 c). General procedure III was used to convert 10 and ethyl
orthobenzoate into the title compound 1 c. Yield: 82 %; Rf = 0.83
(CHCl3/CH3OH, 9:1) ; mp: 350 8C (dec); 1H NMR [300 MHz CF3COOD]:
d= 3.82 (s, 2 H, CH2), 7.20–7.40 (m, 2 H, 2 � CH), 7.52 (t, 2 H, 2 � CH),
7.68–7.96 (m, 4 H, 4 � CH), 8.16–8.20 (d, 2 H, CH2), 11.60 (br s, 1 H,
NH exchanged with D2O); IR (KBr): ñ= 1610 cm�1 (C=N); Anal. calcd
(%) for C19H13N3O: C 76.24, H 4.37, N 14.03, found: C 76.44, H 4.42,
N 14.19.


3-[1,3,4-Oxadiazol-2-yl]-4,5-dihydro-1H-benzo[g]indole (2 a). Gen-
eral procedure III was used to convert 11 and ethylorthoformate
into the title compound 2 a. Yield: 93 %; Rf = 0.65 (CHCl3/CH3OH,
9:1) ; mp: 198–200 8C; 1H NMR [300 MHz CDCl3 + DMSO]: d= 2.84 (t,
2 H, CH2), 2.91 (t, 2 H, CH2), 7.26–7.38 (m, 3 H, 3 � CH), 7.45 (s, 1 H,
CH), 7.57 (d, 1 H, CH), 8.56 (d, 1 H, CH), 11.12 (br s, 1 H, NH ex-


changed with D2O); IR (KBr): ñ= 1600 (C=N), 3170 cm�1 (NH); Anal.
calcd (%) for C14H11N3O: C 70.87, H 4.67, N 17.71, found: C 70.52, H
4.31, N 17.52.


3-[1,3,4-Oxadiazol-5-methyl-2-yl]-4,5-dihydro-1H-benzo[g]indole
(2 b). General procedure III was used to convert 10 and ethyl or-
thoacetate into the title compound 2 b. Yield: 96 %; Rf = 0.67
(CHCl3/CH3OH, 9:1); mp: 201–203 8C; 1H NMR [300 MHz CDCl3 +
DMSO]: d= 2.57 (s, 3 H, CH3), 2.96 (t, 2 H, CH2), 3.05 (t, 2 H, CH2),
7.08–7.24 (m, 3 H, 3 � CH), 7.35–7.45 (m, 2 H, 2 � CH), 10.95 (br s, 1 H,
NH exchanged with D2O); IR (KBr): ñ= 1620 (C=N), 3250 cm�1 (NH)
Anal. calcd (%) for C15H13N3O: C 71.69, H 5.21, N 16.72, found: C
72.01, H 5.28, N 16.97.


3-[1,3,4-Oxadiazol-5-phenyl-2-yl]-4,5-dihydro-1H-benzo[g]indole
(2 c). General procedure III was used to convert 10 and ethyl ortho-
benzoate into the title compound 2 c. Yield: 95 %; Rf = 0.77 (CHCl3/
CH3OH, 9:1) ; mp: 297–298 8C; 1H NMR [300 MHz CDCl3 + DMSO]:
d= 3.01 (t, 2 H, CH2), 3.13 (t, 2 H, CH2), 7.09–7.25 (m, 3 H, 3 � CH),
7.49–7.57 (m, 5 H, 5 � CH), 8.06–8.11 (m, 2 H, 2 � CH), 11.65 (br s, 1 H,
NH exchanged with D2O); IR (KBr): ñ= 1640 (C=N), 3170 cm�1 (NH)
Anal. calcd (%) for C20H15N3O: C 76.66, H 4.82, N 13.41, found: C
76.85, H 5.20, N 13.54.


3-[1,3,4-Oxadiazol-2-yl]-1,4,5,6-tetrahydrobenzo ACHTUNGTRENNUNG[6,7]cyclohepta-ACHTUNGTRENNUNG[1,2-b]pyrrole (3 a). General procedure III was used to convert 10
and ethylorthoformate into the title compound 3 a. Yield: 86 %;
Rf = 0.89 (CHCl3/CH3OH, 9:1) ; mp: 238–240 8C; 1H NMR [300 MHz
CDCl3 + DMSO]: d= 2.23–2.33 (t, 2 H, CH2), 2.57–2.64 (t, 2 H, CH2),
2.79–2.86 (m, 2 H, CH2),7.16–7.45 (m, 5 H, 5 � CH), 8.28 (s, 1 H, CH),
9.99 (br s, 1 H, NH exchanged with D2O); IR (KBr): ñ= 1630 cm�1 (C=
N); Anal. calcd (%) for C15H13N3O: C 71.69, H 5.21, N 16.72, found: C
72.00, H 5.58, N 16.88.


3-[1,3,4-Oxadiazol-5-metyl-2-yl]-1,4,5,6-tetrahydrobenzo-ACHTUNGTRENNUNG[6,7]cyclohepta ACHTUNGTRENNUNG[1,2-b]pyrrole (3 b). General procedure III was used
to convert 10 and ethyl orthoacetate into the title compound 3 b.
Yield: 45 %; Rf = 0.94 (CHCl3/CH3OH, 9:1) ; mp: 195–198 8C; 1H NMR
[300 MHz CDCl3 + DMSO]: d= 1.99–2.18 (m, 2 H, CH2), 2.57 (s, 3H
CH3), 2.79–2.90 (m, 4 H, 2 � CH2), 7.17–7.30 (m, 4 H, 4 � CH), 7.52 (d,
1 H, CH), 9.56 (br s, 1 H, NH exchanged with D2O); IR (KBr): ñ=
1625 cm�1 (C=N); Anal. calcd (%) for C16H15N3O: C 72.43, H 5.69, N
15.84, found: C 72.05, H 5.32, N 15.67.


3-[1,3,4-Oxadiazol-5-phenyl-2-yl]-1,4,5,6-tetrahydrobenzo-ACHTUNGTRENNUNG[6,7]cyclohepta ACHTUNGTRENNUNG[1,2-b]pyrrole (3 c). General procedure III was used
to convert 10 and ethyl orthobenzoate into the title compound
3 c. Yield: 50 %; Rf = 0.72 (CHCl3/CH3OH, 9:1) ; mp: 170–172 8C;
1H NMR [300 MHz CDCl3 + DMSO]: d= 1.98–2.15 (m, 2 H, CH2), 2.80–
2.92 (m, 4 H, 2 � CH2), 6.87 (s, 1 H CH), 7.15–7.25 (m, 4 H, 4 � CH),
7.38–7.58 (m, 3 H, 3 � CH), 7.63–7.73 (m, 2 H, 2 � CH), 9.48 (br s, 1 H,
NH exchanged with D2O); IR (KBr): ñ= 1620 cm�1 (C=N), 3175 (NH);
Anal. calcd (%) for C21H17N3O: C 77.04, H 5.23, N 12.83, found: C
77.88, H 4.90, N 12.70.


General procedure IV: Synthesis of 1,3,4-oxadiazoles 4 a–c. DDQ
(7.98 mmol) was added to a solution of 2 a–c (2.66 mmol) in CH2Cl2


(10 mL). The mixture was stirred for 5 min. The solvent was evapo-
rated, and the residue was purified by flash chromatography by
eluting with CH2Cl2/MeOH (8:2).


3-[1,3,4-Oxadiazol-2-yl]-1H-benzo[g]indole (4 a). General proce-
dure IV was used to convert 2 a into the title compound 4 a. Yield:
64 %; Rf = 0.65 (CHCl3/CH3OH, 9:1) ; mp: 277–278 8C; 1H NMR
[300 MHz CDCl3 + DMSO]: d= 7.41–7.55 (m, 3 H, 3 � CH), 7.62 (d,
1 H, CH), 7.88 (d, J = 6.4 Hz, 1 H, CH), 8.23 (d, 1 H, CH), 8.30 (d, J =
6.4 Hz, 1 H, CH), 8.34 (d, 1 H, CH), 12.10 (br s, 1 H, NH exchanged
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with D2O); IR (KBr): ñ= 1615 (C=N), 3180 cm�1 (NH); Anal. calcd (%)
for C14H9N3O: C 71.48, H 3.85, N 17.86, found: C 71.34, H 4.23, N
18.03.


3-[1,3,4-Oxadiazol-5-methyl-2-yl]-1H-benzo[g]indole (4 b). Gener-
al procedure IV was used to convert 2 b into the title compound
4 b. Yield: 91 %; Rf = 0.67 (CHCl3/CH3OH, 9:1); mp: 326–328 8C;
1H NMR [300 MHz CDCl3 + DMSO]: d= 2.64 (s, 3 H, CH3), 7.44 (s, 1 H,
CH), 7.45–7.61 (m, 2 H, 2 � CH), 7.67 (d, 1 H, CH J = 8.8 Hz), 7.93 (d,
1 H, CH), 8.32 (d, J = 8.8 Hz, 1 H, CH), 8.38 (d, 1 H, CH), 12.03 (br s,
1 H, NH exchanged with D2O); IR (KBr): ñ= 1620 cm�1 (C=N); Anal.
calcd (%) for C15H11N3O: C 72.27, H 4.45, N 16.85, found: C 71.94, H
4.06, N 16.68.


3-[1,3,4-Oxadiazol-5-phenyl-2-yl]-1H-benzo[g]indole (4 c). General
procedure IV was used to convert 2 c into the title compound 4 c.
Yield: 38 %; Rf = 0.77 (CHCl3/CH3OH, 9:1) ; mp: 328–329 8C; 1H NMR
[300 MHz CDCl3 + DMSO]: d= 7.48–7.61 (m, 5 H, 5 � CH), 7.62 (s, 1 H,
CH), 7.68 (d, J = 8.8 Hz, 1 H, CH), 7.96 (d, 1 H, CH), 8.11 (d, 1 H, CH),
8.15 (d, 1 H, CH), 8.26 (d, J = 8.8 Hz, 1 H, CH), 8.44 (d, 1 H, CH), 13.42
(br s, 1 H, NH exchanged with D2O); IR (KBr): ñ= 1630 (C=N),
3160 cm�1 (NH); Anal. calcd (%) for C20H13N3O: C 77.15, H 4.20, N
13.49, found: C 77.54, H 4.52, N 13.62.


Antibodies


Anti-cyclin B1, anti-cdc25C, and anti-Raf-1 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The mitotic pro-
tein monoclonal-2 (MPM-2) was from Upstate Biotechnology (Lake
Placid, NY, USA). The monoclonal antibody against p53 or Bcl-2
was from Dako (Glostrup, Denmark). A mouse anti-b tubulin and a
mouse anti-acetylated tubulin antibody were from Sigma (St. Louis,
MO, USA).


Cell lines and cellular sensitivity studies


The human ovarian carcinoma cell line IGROV-1 and the cisplatin-
resistant subline IGROV-1/Pt1, which was selected by exposure to
increasing drug concentrations,[12] were maintained in RPMI-1640
(Lonza, Verviers, Belgium) supplemented with 10 % foetal calf
serum (FCS; Life Technologies, Inc. , Gaithersburg, MD, USA). Cells
from the human melanoma cell line JR8 were maintained in the
same conditions. The colon cancer cell line HT29 and the mitoxan-
trone-resistant subline HT29/MIT, which was selected for resistance
to mitoxantrone and overexpressing BCRP[24] were maintained in
McCoy’s 5A medium (Lonza) that was supplemented with 10 %
FCS (Life Technologies). Cellular sensitivity to drugs was assessed
by a growth–inhibition assay. Cells in the logarithmic phase of
growth were seeded in duplicates into 12-well plates and, 24 h
later, exposed to drug for 72 h. Cells were counted by a Coulter
counter (Coulter Electronics, Luton, UK) and the IC50 values were
calculated from the dose–response curves and were defined as
drug concentration required for 50 % growth inhibition of treated
cells over untreated control.


Cell cycle analysis and the evaluation of nuclear morphology


Following drug exposure for 24 h, floating and adherent cells were
collected and fixed in 70 % ice-cold EtOH. Thereafter, samples were
incubated with a solution of propidium iodide (PI, 10 mg mL�1;
Sigma) and RNAse (66 U mL�1; Sigma) in phosphate-buffered saline
(PBS). Cell cycle distribution was analysed on at least 40 000 cells
by a FACScan flow cytometer that was equipped with an argon


laser (Becton Dickinson, Mountain View, CA, USA) and then quanti-
fied by ModFit software. Cells with a mitotic morphology (i.e. , char-
acterised by a regular distribution of intense chromatin regions)
were counted by fluorescence microscopy. At least 200 cells in two
different smears were examined.


Western blot analysis


Cells were exposed to the drug at the indicated concentrations for
24 h. Floating and adherent cells, were collected, and whole-cell
extracts were prepared as previously described.[25] Equal amounts
of proteins were fractionated by SDS-PAGE and transferred onto ni-
trocellulose membranes. The filters were incubated with primary
antibodies and then with anti-mouse or anti-rabbit horseradish-
peroxidase-conjugated secondary antibodies. Immunoreactive
bands were visualised by the Amersham chemiluminescence
system (Amersham, Little Chalfont, UK).


Immunofluorescence staining of b-tubulin


IGROV-1, HT29 and HT29/MIT were exposed to the drug (IC80) for
24 h. At the end of treatment, cells were fixed in 4 % paraformalde-
hyde in PBS for 30 min, washed in PBS and permeabilised in 100 %
MeOH at �20 8C for 20 min. Cells were attached on slides and
blocked with PBS that contained 1 % bovine serum albumin (PBA)
for 15 min. Then, samples were incubated with anti-b-tubulin
mouse monoclonal (Sigma) for 1 h, followed by AlexaFluor 594-
conjugated goat anti-mouse antibody (Molecular Probes, Eugene,
OR) for 1 h. Slides were then washed in PBA, incubated with
0.5 mg mL�1 Hoechst 33341 (Sigma) for 5 min, mounted with
Mowiol and examined by fluorescence microscopy (Leica).


Detection of apoptosis


Apoptosis was detected by terminal deoxynucleotidyl-transferase-
mediated deoxyuridine triphosphate nick-end labelling (TUNEL
assay). Cells were fixed in 4 % paraformaldehyde for 45 min, at
room temperature and processed according to the manufacturer’s
instructions of the in situ Cell Death Detection Kit Fluorescein
(Roche, Mannheim, Germany) and the sample were analysed by
flow cytometer (Becton Dickinson).


Tubulin assembly assay


Tubulin was purified from bovine brain that was purchased from a
local slaughterhouse; the tubulin was conserved before use in ice-
cold Pipes buffer (100 mm K-Pipes, pH 6.9, 2 mm EGTA, and 1 mm


MgCl2) and was used as soon as possible. Pure tubulin was ob-
tained by two cycles of polymerisation–depolymerisation in a high-
molarity buffer.[26] Stock solutions of compounds were prepared by
dissolving the powders at a concentration of 2 mm in dimethyl
sulfoxide. To assess the effect of the compounds on tubulin assem-
bly in vitro, tubulin (2 mg mL�1) was mixed with the compounds
(0.1–100 mm) or vehicle in an assembly buffer (80 mm K-Pipes,
pH 6.9, 2 mm EGTA, 1 mm MgCl2,1 mm GTP and 10 % glycerol) and
incubated at 37 8C for 30 min. At the end of polymerisation, unpo-
lymerised and polymerised fractions of tubulin were separated by
centrifugation at 30 000 g for 30 min at 30 8C. The relative amount
of unpolymerised tubulin was 60�4 % of the total tubulin. The
EC50 was defined as the compound concentration that resulted in
a 50 % decrease in protein in the unpolymerised fraction relative to
control reaction mixtures without the compound.[27] Protein con-
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centration was determined by MicroBCA assay kit (Pierce, Rockford,
IL, USA).


Computational details


Molecular modelling studies were conducted on a quad-Xeon
workstation that was running Linux. The tubulin–substrate com-
plex was constructed by docking the ligands into the equilibrated
tubulin structure by using Autodock 3.0. Then the system was
equilibrated with a series of minimisations interspersed by short
molecular dynamics simulations. The resulting structure was used
as the starting model for the 1 ns molecular dynamics simulation,
and the structure that was obtained from molecular dynamics sim-
ulation was then optimised by using an AMBER force field.[28]


Conformational analysis and ligand preparation


The oxadiazole derivatives were submitted to a modelling study
through theoretical calculations. The starting conformations of the
ligands were optimised with quantum mechanical calculations by
using Gaussian 03[29] (6-31g* base set[30]). The conformational space
was explored by using the molecular dynamics module of
TINKER.[31–33] Simulation in explicit water were performed at 298 K
by using the AMBER force field in a 30 � 30 � 30 box of standard
TIP3P-equilibrated water models,[34–36] with a minimum solvent–
solute distance of 2.3 �, at constant temperature and pressure (Be-
rendsen scheme,[37] bath relaxation constant 0.2). A 50 ps simula-
tion at 1200 K was then used to generate 100 random structures
that were subsequently subjected to a 20 ps restrained MD with a
50 % scaled force field at the same temperature, followed by 20 ps
at 1200 K with full restraints. The resulting molecular conforma-
tions were then optimised with respect to all the torsion angles,
and convergence was assumed when the energy changes in two
subsequent cycles of the minimisation procedure was <0.01 kcal
mol�1. For all compounds the resulting geometries of the thus-lo-
cated minimum energy conformations were re-optimised by using
the default scheme in Gaussian 03 at the B2LYP/6-31G(d) level of
theory.[30] The solvation energy was calculated with continuum sol-
vent models (C-PCM) to take into account the strong influence of
water on the behaviour of these compounds. The structures that
showed the lowest internal energy and the least number of viola-
tions of the experimental data were selected and analyzed. All li-
gands atomic charges were assigned by using the Gasteiger–Marsi-
li formation, which is the type of atomic charges that are used in
calibrating the AutoDock empirical free energy function.[38]


Preparation of the tubulin system


The starting model of the three-dimensional tubulin structure (PDB
code: 1SA1) was obtained from the Protein Data Bank[39] and
checked through DeepView[40] to guarantee the system conformity
with the molecular modelling programs (in particular, the names of
the side chains that must be congruent with the used force field).
The amino acid chain of the tubulin model was terminated with
COO� and NH3+ groups in their zwitterionic form, and the polar hy-
drogen atoms were added in their calculated positions. The proto-
nation state for all the ionisable residues was set to the normal
ionisation state at pH 7.0, and both the topology and connectivity
of the molecule were created. The system was then fully optimised
up to an energy gradient that was lower than 10�4 kcal mol�1 �.
The preferred conformations that were adopted in water solution
were used as the starting structure for the oxadiazole derivatives,


whereas that of podophyllotoxin was obtained from the original
model (PDB code: 1SA1).


Molecular docking


To test the ability of the AutoDock[18–21] program to replicate the
ligand binding to tubulin, the podophyllotoxin molecule was ini-
tially docked, and the orientation of the resulting lowest-energy
structure was compared with the crystallographic structure. A near
perfect superposition (RMSD: 0.60 �) was obtained; this result
demonstrated AutoDock’s ability to locate the podophyllotoxin
binding site in tubulin. To find binding regions of the oxadiazole
derivatives into the tubulin structure, an automated docking simu-
lation was implemented with the program AutoDock version 3.0.
Atomic solvation parameters and fragmental volumes were as-
signed to the protein atoms by using the AutoDock utility, AddSol.
All ligand atoms but no protein atoms were allowed to move
during the docking simulation, and the rotatable bonds in the
ligand were defined by using another AutoDock utility, AutoTors.
The interaction energy between ligand and protein was evaluated
by using atom affinity potentials that were precalculated on a grid.
Because of the absence of information on the binding region for
the ligands, the docking process was performed by using a two-
step approach. In the first step, the docking procedure was applied
to the whole a,b-tubulin dimer, without imposing any binding site,
by using the so-called “blind docking” approach.[22, 23] A grid map
of 30 � in each x, y and z direction that was centred at the middle
of the podophyllotoxin binding site was used. The resulting
docked conformations were clustered into families of similar bind-
ing modes, with an RMSD clustering tolerance of 2 �. In the
second step, we docked the oxadiazole ligands in the binding sites
that were found in the first step (“refined docking”). This time, a
grid map of 7 � in each x, y, and z direction was considered, with a
grid resolution of 0.375 �. The grid maps were calculated by using
AutoGrid. Docking was performed by using the Lamarckian genetic
algorithm in AutoDock 3.0. Each docking experiment was per-
formed 100 times to yield 100 docked conformations. The parame-
ters that were used for the docking were as follows: population
size of 50; random starting position and conformation; maximal
mutation of 2 � in translation and 50 degrees in rotations; elitism
of 1; mutation rate of 0.02 and crossover rate of 0.8; and local
search rate of 0.06. Simulations were performed with a maximum
of 1.5 � 106 energy evaluations and a maximum of 27 000 genera-
tions. The pseudo-Solis and Wets local search method was includ-
ed with the default parameters. The final docked conformations
were clustered by using a tolerance of 1 � RMSD. The lowest dock-
ing-energy conformations were equilibrated for 1 ns by unrestrain-
ed MD. The simulations were performed by working at constant
temperature and pressure (NPT ensemble) in a periodic cubic box
of TIP3P water molecules. The bond distances and bond angles of
water were constrained by using the SETTLE algorithm,[41] and the
bond lengths within the protein were constrained with the LINCS
algorithm.[42] The coupling time was set to 1.0 ps and the isother-
mal compressibility was set to 4.6 � 10�5 bar�1. The tubulin, ligands
and solvent were independently coupled to a temperature of
298 K with a coupling time of 0.1 ps and the pressure was held at
1 bar, with a coupling time of 0.2 ps by using a Berendsen thermo-
stat to maintain the constant temperature and pressure. The time
step that was used was 1.0 fs. Snapshots of the tubulin–substrate
system were saved every 0.2 ps, and a total of 6000 snapshots
were saved. Hydrogen bonds and contacts were automatically
identified using contact module of CCP4,[43] while the other interac-
tions were identified visually.
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Properties of Tricyclic Systems
Characterised by a 2-(5-Phenyl-1H-
pyrrol-3-yl)-1,3,4-oxadiazole Moiety


Antitumour activity was observed in a
series of tricyclic compounds character-
ised by a 2-(1H-pyrrol-3-yl)-1,3,4-oxadia-
zole moiety with various substitutions.
Their synthesis and antiproliferative ac-
tivity toward a panel of human tumour
cell lines is described. The most interest-
ing compounds 1 c and 4 c were select-
ed for further evaluation to elucidate
their possible mechanism of action.
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Structure-Based Optimization of Benzoic Acids as Inhibitors of Protein
Tyrosine Phosphatase 1B and Low Molecular Weight Protein Tyrosine
Phosphatase


Rosanna Maccari,*[a] Rosaria Ottan�,[a] Rosella Ciurleo,[a] Paolo Paoli,[b] Giampaolo Manao,[b] Guido Camici,[b, e]


Christian Laggner,[c] and Thierry Langer[d]


Protein tyrosine phosphorylation plays a key role in the regula-
tion of signal transduction, which underlies many fundamental
cellular functions. The cellular level of protein tyrosine phos-
phorylation is the result of the concerted activities of protein
tyrosine kinases (PTKs) and protein tyrosine phosphatases
(PTPs). PTPs comprise a large family of more than 100 en-
zymes, which can function both as positive and negative mod-
ulators in specific signaling pathways, thus playing complex
and crucial physiological roles in most mammalian cells.[1]


As observed with PTKs, the defective or inappropriate func-
tioning of PTPs has been recognized as being linked to the de-
velopment of many human pathologies, including diabetes,
obesity, and cancer. Thus, PTPs have become the focus of in-
creasing interest as novel molecular targets in drug design.[2]


PTP1B is an intracellular PTP which acts as a major negative
regulator of both insulin and leptin signaling pathways.[3–5]


Low molecular weight PTP (LMW-PTP) also acts as a negative
regulator of insulin mediated mitotic and metabolic signaling
by producing effects which are distinct and independent of
those of PTP1B.[6–8] There is compelling evidence that PTP1B
aberrant expression or dysfunction is linked to the develop-
ment of insulin resistance, which is the biochemical defect un-
derlying related, even co-morbid, metabolic pathologies, such
as type 2 diabetes (DM2), obesity, and metabolic syndrome,
and currently available therapeutic treatments are not ade-
quate to fight insulin resistance.[9, 10] PTP1B knockout mice ex-
hibit increased insulin and leptin sensitivity with resistance to
diet-induced obesity and are otherwise normal.[4, 11] It has also
been demonstrated that knocking down PTP1B or LMW-PTP


by means of antisense oligonucleotides increases insulin sensi-
tivity in animal models and humans.[8, 12] Thus, PTP1B has
emerged as a tried and tested molecular target for the devel-
opment of novel insulin-sensitizer agents addressing both
DM2 and obesity.[13–16] Inhibitors of both PTP1B and LMW-PTP
could also show promise by counteracting insulin resistance
through distinct signaling pathways.


PTP1B and LMW-PTP have also been implicated in oncogen-
esis and are recognized as positive factors in the progression
of some types of human cancer. Therefore, they can also be at-
tractive targets for the development of novel antitumor
drugs.[17–20]


The identification of selective, safe, and orally available
small-molecule PTP inhibitors has proven challenging. This is
due to the highly conserved and charged nature of the PTP
active site that can affect both selectivity and bioavailability.
However, the presence of unique features in the loops border-
ing the catalytic site of each PTP can be used for the structure-
based design of selective inhibitors. In PTP1B, the catalytic
domain is completed by two loops which converge around it ;
the flexible WPD loop (residues 179–189) and the YRD loop
(residues 46–48). These are both implicated in substrate and
inhibitor affinity and specificity.[1e, 13–15, 21] A secondary, noncata-
lytic, arylphosphate binding site located close to the PTP1B
active site has been identified and this is lined by Tyr20, Arg24,
Ala27, Phe52, Arg254, Met258, and Gly259. It is not present in
all PTPs, thus providing a structural basis for the targeted
design of selective bidentate inhibitors that can simultaneously
occupy both the active site and the nearby noncatalytic
site.[1e, 13, 15, 21, 22] Human LMW-PTP possesses a catalytic phos-
phate binding site that can be structurally superimposed on
that of PTP1B and it is expressed in two isoforms (IF1 and IF2)
which differ only in the 40–73 sequence. This “variable loop”
surrounds the catalytic site and appears to be important for
the specific binding to the two isoenzymes.[1e, 23, 24]


Recently, we reported a series of 4-[(5-arylidene-2,4-dioxo-
thiazolidin-3-yl)methyl]benzoic acids 1 designed as small-mole-
cule nonphosphorous PTP1B and LMW-PTP inhibitors in which
the p-methylbenzoic acid residue attached to N3 can act as a
phosphotyrosine (pTyr) mimic by replicating the interactions of
pTyr with the catalytic site of the enzyme.[25] In fact, inserting
monoanionic pTyr mimics into optimal templates is considered
to be a valid method to obtain inhibitors with low polari-
ty.[2c, 14, 26] Compounds 1 were found to be effective PTP inhibi-
tors with an appreciable selectivity toward human PTP1B and
the IF1 isoform of human LMW-PTP. A 5-arylidene moiety con-
taining two aromatic rings promoted their inhibitory activity,
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particularly toward PTP1B and
IF1.[25] Replacing the carbonyl
group in position 2 of the thia-
zolidinedione scaffold with a
phenylimino moiety provided
an appreciable gain in potency
in some cases.[27]


Compounds 1 a and 1 b were
found to be potent inhibitors of
both human PTP1B and IF1 and,
to the best of our knowledge,
1 a is the most effective in vitro
inhibitor of human LMW-PTP
(IC50 = 0.9 mm toward IF1) report-
ed to date.[25] Moreover, in
agreement with our in vitro in-
hibition data, molecular docking
experiments into the PTP1B
active site indicated that 1 a and
1 b can act as dual site PTP1B in-
hibitors as their 5-arylidene moi-
eties fit the noncatalytic aryl-
phosphate binding site very
well.[25]


In pursuing our research, we
designed structural modifica-
tions of the 5-arylidene moiety
aimed to enhance both the po-
tency and selectivity of these
PTP1B/LMW-PTP inhibitors. We decided to maintain the benzyl-ACHTUNGTRENNUNGoxybenzylidene moiety, which proved to be related to high in-
hibition levels, and to insert substituents onto it to improve
the interaction with amino acid residues flanking the PTP1B
and LMW-PTP catalytic sites. In particular, the introduction of a
second pTyr mimic group could enhance the affinity of these
bidentate inhibitors for the secondary noncatalytic pocket of
PTP1B.


Compounds 2 c–h and 5 c–f were prepared following the
synthetic routes depicted in Schemes 1 and 2. The microwave-
assisted N/O-alkylation of 5-(3/4-hydroxybenzylidene)-2,4-thia-
zolidinediones with 4-(bromomethyl)benzoic acid led to deriva-
tives 2 c and 2 d. Analogously, the O-alkylation of 1 d and 1 e[25]


with 3-(bromomethyl)benzoic acid produced 2 g and 2 h
(Scheme 1). The preparation of acids 2 e and 2 f started from
the synthesis of the appropriate aldehydes which were con-
densed with commercial 2,4-thiazolidinedione, followed by N-
alkylation with 4-(bromomethyl)benzoic acid (Scheme 1). The


synthesis of analogues 5 was accomplished starting from the
preparation of thiourea 3, which reacted with chloroacetyl
chloride to provide acid 4. The subsequent microwave-assisted
condensation of 4 with suitable aromatic aldehydes provided
compounds 5 a, 5 b, and 5 f. The O-alkylation of 5 a and 5 b led
to derivatives 5 c–e (Scheme 2).


Benzoic acids 2 c–h and 5 c–f were tested for their in vitro in-
hibitory activity against recombinant human PTP1B, IF1 and
IF2 isoforms of human LMW-PTP, and the LMW-PTP from S. cer-


evisiae (Ltp1). Compounds 5 c and 5 d were also evaluated for
other PTPs (YopH, LAR, PTPb).


All the new derivatives were shown to be potent PTP1B in-
hibitors with low-micromolar or sub-micromolar IC50 values
(Table 1). The introduction of a carboxy group in the para posi-
tion of the benzyloxy moiety in 2 c, 2 d and 5 c, 5 d provided a
significant gain in potency with respect to the parent com-
pounds (1 b, 1 c and 6 b, 6 c), which was particularly marked for
2 c (sevenfold) and 5 d (17-fold). The displacement of the car-
boxy group of compounds 2 c and 2 d to the meta position
(analogues 2 g and 2 h) produced a 7–12-fold decrease in the
inhibitory effect (Table 1). Replacing the carboxylate in the
para position of compounds 2 c, 2 d and 5 c, 5 d with a nonio-
nizable hydroxymethyl group resulted in less active derivatives
(2 e, 2 f and 5 e, 5 f) which, however, maintained appreciable
low-micromolar IC50 values (Table 1). Comparing the activity of
2,4-thiazolidinediones 2 with corresponding analogues 5 also
highlighted that the replacement of the carbonyl group in


Scheme 1. Synthesis of 5-arylidene-2,4-thiazolidinediones 2 c–h. Reagents and conditions: a) 1) 4-BrCH2C6H4COOH,
DMF, NaH, MW 125 8C, 30 min, 2) HCl, 45–70 %; b) 4-ClCH2C6H4CH2OH, DMF, NaH, MW 125 8C, 15 min, 30–47 %;
c) 2,4-thiazolidinedione, C5H11N, EtOH, D, 21–30 %; d) 1) 4-BrCH2C6H4COOH, K2CO3, acetone, D, 2) HCl, 52–85 %;
e) 1) 3-BrCH2C6H4COOH, DMF, NaH, MW 125 8C, 30 min, 2) HCl, 30–61 %.
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position 2 of the five-membered heterocyclic scaf-
fold with a phenylimino moiety can result in differ-
ent effects on PTP1B inhibitory potency. Compounds
2 c and 2 f were in fact shown to be two- to three-
fold more potent inhibitors than analogues 5 c and
5 f. In contrast, 5 d was threefold more effective than
2 d, whereas 2 e and 5 e displayed very similar activi-
ty levels.


The most effective inhibitors (2 c, 2 d and 5 c, 5 d)
were assayed for reversibility (Figure 1) and inhibi-
tion type (see Supporting Information). Compounds
2 c and 5 d are mixed-type inhibitors, whereas 2 d
and 5 c are competitive inhibitors; however, all are
reversible inhibitors.


The results of the evaluation of compounds 2 c–h
and 5 c–f as LMW-PTP inhibitors (Figure 2) showed
that compounds 2 c, 5 c, and 5 d greatly decrease IF1
enzyme activity, but are less effective toward IF2 and
Lpt1. Panels B) and C) (IF2 and Ltp1, Figure 2) refer
to assays performed at inhibitor doses 20-fold
higher than those used for IF1, clearly displaying the
selectivity of our inhibitors toward IF1 over IF2 and
Ltp1. This was particularly noticeable for compound
5 d, which proved to be 55-fold more effective


against IF1 than against IF2
(Table 2). As observed for PTP1B,
the shift of the carboxy group
from the para to the meta posi-
tion or its replacement with a
hydroxymethyl group led to a
generally significant decrease in
IF1 inhibition levels. Another
point to note is that attaching a
2-phenylimino moiety to the 4-
thiazolidinone ring (5 c, 5 d) en-
hanced the activity toward IF1
with respect to analogues 2 c,
2 d (Figure 2).


Compounds 5 c and 5 d were
also tested against YopH, LAR,
and PTPb (Table 2). Both of
them proved to be potent inhib-
itors of human PTPb, which is


emerging as a possible biologi-
cal target in the design of new
cardiovascular and antitumor
drugs.[28] However, compounds
5 c and 5 d are less active
toward LAR and YopH.


Our inhibition data suggested
that, as expected, the p-methyl-
benzoic acid residue attached to
the 5-phenoxymethylidene
moiety of 2 c, 2 d and 5 c, 5 d
could act as a pTyr mimic. It is
also likely that residues of the
secondary noncatalytic pocket


Scheme 2. Synthesis of 5-arylidene-2-phenyilimino-4-thiazolidinones 5 c–f. Reagents
and conditions: a) EtOH, D, 24 h, 100 %; b) ClCH2COCl, Et3N, EtOH, D, 24 h, 70 %; c) 3- or
4-hydroxybenzaldehyde, C5H11N, EtOH, MW 140 8C, 6 h, 62–67 %; d) 4-BrCH2C6H4COOH
or 4-ClCH2C6H4CH2OH, DMF, NaH, MW 125 8C, 30 min, 30–48 %; e) 3-{[4-(hydroxymethyl)-ACHTUNGTRENNUNGphenyl]methoxy}benzaldehyde, C5H11N, EtOH, MW 140 8C, 6 h, 35 %.


Table 1. In vitro inhibitory activity of compounds 2 c–h and 5 c–f against human PTP1B.


Ar Compd IC50 [mm][a] Compd IC50 [mm][a]


2 c 0.24�0.07 5 c 0.55�0.01


2 d 0.63�0.15 5 d 0.22�0.01


2 e 2.83�0.16 5 e 3.18�0.67


2 f 1.34�0.43 5 f 4.26�0.28


2 g 2.90�0.10 – –


2 h 4.30�0.20 – –


1 b[b] 1.6�0.2 6 b[c] 1.1�0.1


1 c[b] 1.1�0.1 6 c[c] 3.8�0.1


[a] IC50 values were determined by regression analyses and are expressed as the mean �SE of three replicates.
[b] Ref. [25]. [c] Ref. [27] .
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could be significantly involved in the enhanced affinity of
these inhibitors toward PTP1B.


To verify this hypothesis, compounds 2 c and 5 d, which ex-
hibited the highest affinity toward PTP1B, and a less active an-


alogue 2 g, which contains a m-methylbenzoic acid residue on
its 5-arylidene moiety, were selected for our docking studies.
PDB structures 1G7G[29] and 1XBO[26] were selected as tem-
plates for human PTP1B. Multiple and varied poses were ob-
tained for our compounds, with different preferences for the
two protein templates. The molecules in which the distance
between the two carboxylic groups is greater (2 c and 5 d)
showed some interactions with Arg24 and Arg254 in the sec-
ondary phosphate site, although the carboxylic acid group on
the 5-arylidene moiety was usually not located between them.
Interactions with a third acid-group binding location at Lys41
and Arg47 were also frequently detected. Moreover, because
of the similar chemical environment around the two carboxylic
acids, either carboxylic group can occupy the catalytic phos-
phate binding site, leading to the possibility of flipped binding
modes (Figure 3). Different though they may be, most of the
obtained poses look reasonable. In fact, experimental evidence
exist for both types of interactions of a second acidic ligand
residue: either with the secondary aryl phosphate binding
site[21, 30, 31] or with the third acidic-group binding site.[29, 32] The
highest-ranked binding pose obtained for 2 g in 1G7G shows
that it is only through a strong bend in the molecule that the
interactions with Arg24 and Arg254 can be made (Figure 3).


In summary, our optimization efforts led to the identification
of new benzoic acids that are active as inhibitors of both
human PTP1B and LMW-PTP, by exhibiting improved activity
with respect to their parent analogues. Compound 5 d proved
to be the most potent PTP1B/LMW-PTP inhibitor, with sub-mi-
cromolar IC50 values against both human PTP1B and IF1. Mo-
lecular docking experiments into the PTP1B active site high-
lighted that these derivatives can interact with amino acid resi-
dues critically involved in the affinity and selectivity of inhibi-
tors toward this enzyme, such as Arg24, Arg254, and Arg47,
which is an important result for the future design of new ana-
logues.


Experimental Section


Experimental details including synthesis and workup procedures
and conditions, reagent grades, instrument details, molecular mod-
eling procedures, protein preparation and purification, enzyme
assays, as well as kinetic analyses are available in the Supporting
Information.
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Figure 2. In vitro inhibitory activity of compounds 2 c–h and 5 c–f against
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periments (C) were carried out using DMSO. All tests were performed in trip-
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Figure 3. Highest scored docking poses received for A) 2 c (docked into PDB 1XBO),[26] B) 2 g (PDB 1G7G),[29] and C) 5 d (1G7G). Left : 3D representation, right:
2D representation. Pharmacophoric interactions were automatically detected by LigandScout.[33] Yellow spheres: hydrophobic feature, red arrows: hydrogen
bond acceptor, red stars: negative ionizable feature. All 3D poses are presented from the same point of view, but the representation of 5 d is shifted toward
the left.
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Structure-Based Optimization of
Benzoic Acids as Inhibitors of Protein
Tyrosine Phosphatase 1B and Low
Molecular Weight Protein Tyrosine
Phosphatase


We have optimized previously discov-
ered benzoic acids 1, which are active
as inhibitors of PTP1B and LMW-PTP,
two protein tyrosine phosphatases that
have emerged as attractive targets for
the development of novel therapeutic


agents for the treatment of diabetes,
obesity, and cancer. Our efforts led to
the identification of new and more
potent analogues with appreciable se-
lectivity toward human PTP1B and the
IF1 isoform of human LMW-PTP.
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2-Phenylquinolones as Inhibitors of the HIV-1 Tat–TAR Interaction


Barbara Gatto,*[a] Oriana Tabarrini,*[b] Serena Massari,[b] Giulia Giaretta,[a] Stefano Sabatini,[b]


Claudia Del Vecchio,[c] Cristina Parolin,[d] Arnaldo Fravolini,[b] Manlio Palumbo,[a] and Violetta Cecchetti[b]


Tat (transactivator of transcription) is a regulatory protein es-
sential for viral gene expression, replication, and pathogenesis
and represents an attractive target in anti-HIV-1 drug develop-
ment.[1] Tat interacts with the RNA structure TAR (transactiva-
tion responsive region), a short stem-loop located in the long
terminal repeat (LTR) region at the 5’ end of all nascent HIV-1
transcripts.[2] The Tat–TAR interaction results in an exponential
increase of viral transcript production and expression of all
proteins necessary to complete the HIV life cycle.[3, 4]


Small molecules able to interfere with TAR and compete for
Tat binding have been reported (see references [1] and [5] for
recent reviews). We recently designed the first series of 2-phe-
nylquinolones (2-PQs, Figure 1) on the basis of the structural


requirements that are known to ensure efficient Tat–TAR recog-
nition.[5–7] In these compounds, a quinolone ring lacking the C3
carboxyl group serves as a stacking moiety between base pairs
of the nucleic acid and as a scaffold for a phenyl ring bearing
one or two protonatable side chains intended to electrostati-
cally bind the phosphate backbone of TAR.[8]


By using a fluorescence quenching assay (FQA), we show
that these novel quinolones lacking the 4-keto-3-carboxyl func-


tionality can efficiently interfere with the Tat–TAR complex.[8]


Moreover, structure–activity relationship (SAR) studies of the
phenyl ring requirements have evidenced that, in sharp con-
trast to previously reported biaryl-heterocyclic derivatives di-
rectly related to our compounds,[6] 2-PQs require only a single
cationic residue for efficient Tat–TAR inhibition, thus decreasing
the overall charge density and molecular mass of the molecule.
From these indications, we have expanded our analysis by syn-
thesizing and testing an enlarged series of analogues (com-
pounds 3–14, Table 1) with the aim of improving Tat–TAR com-
plex inhibition, delineating the SAR, and increasing cellular
penetration.


Lead compounds for the expanded series were the piperi-
dinyl (1) and piperazinyl (2) derivatives (Table 1), whose Ki


values in the Tat–TAR competition assay were in the low micro-
molar range.[8] The newest 2-PQs are characterized by a mono-
alkyl side chain, and further structural modifications involved
either the quinolone nucleus or the protonatable side chain.
Modifications of the quinolone nucleus were carried out to
verify whether variation of the stacking moiety could affect in-
hibition of the TAR complex with Tat. An initial modification,
the deletion of the N1-alkyl substituent, yielded 3 and 4. In
these analogues, tautomeric equilibria allow formation of a 4-
hydroxy group which is potentially involved in a hydrogen
bond with the vicinal 5-methoxy group, thus affecting lipophi-
licity, cellular permeation, and activity of the derivatives. Other
modifications involved the 5,7-dimethoxy substituents, while
retaining a methyl group at the N1 position. For 5 and 6, both
C5 and C7 are unsubstituted, while replacement of the C5 me-
thoxy group with a hydroxy group yielded 7 and 8. The 5,7-di-
hydroxy analogues were also planned as part of the extended
SAR study but could not be obtained due to instability.


In regards to the protonatable side chain, various head
groups were explored by the addition of pyrrolidine, thiomor-
pholine, and morpholine, as in compounds 11, 12, and 13. To
determine the optimal length of the O-propyl side chain for
Tat–TAR recognition, the spacing n-propyl chain was length-
ened to obtain the n-butyl (9) and n-pentyl (10) congeners,
while maintaining the piperidinyl moiety as the cationic head.
Finally, for the purpose of bioisosteric substitution, the oxygen
atom bridging the 2-phenyl ring to the protonatable side
chain was replaced by a sulfur atom (compound 14).


The synthesis of target compounds 3–6 (Scheme 1) included
the preparation of amide intermediates 16 and 17. Condensa-
tion of 3,5-dimethoxyaniline with 4-chloro-3-nitrobenzoyl chlo-
ride yielded 15, which, upon Friedel–Crafts acylation using
SnCl4 as a catalyst, afforded the desired regioisomer, 16. In
contrast, 17 was prepared directly by condensation of 1-[2-
(methylamino)phenyl]ethanone with 4-chloro-3-nitrobenzoyl
chloride. The subsequent basic cyclization of 16 and 17 with


Figure 1. General structure of the first series of 2-phenylquinolones (2-PQs).
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NaH and tBuOK, respectively, yielded 18 and 19, which in turn
afforded the 2-phenylquinolone scaffolds 22 and 23 after treat-
ment with KOH at 90 8C, followed by catalytic reduction of the
nitro group.


N1-hydrogen-O-alkyl derivatives 3, 4 and N1-methyl-O-alkyl
derivatives 5, 6 were prepared by reacting synthons 22 and 23
with the protonatable side chains 1-(3-chloropropyl)piperi-
dine[9] and 1-(3-chloropropyl)-4-methylpiperazine[10] in the pres-
ence of Cs2CO3. Analogously, the reaction of 24[8] (Scheme 2)
with 1-(3-chloropropyl)pyrrolidine,[11] 4-(3-chloropropyl)thio-
morpholine,[12] and 4-(3-chloropropyl)morpholine[10] yielded 2-
phenylquinolones 11–13. It was not possible to obtain the O-
butyl derivative 9 and the O-pentyl derivative 10 directly by re-
action of 24[8] with the appropriate chloroalkylpiperidines.
Thus, the synthetic route first entailed the reaction of 24[8]


with 1-bromo-5-chlorobutane and 1-bromo-5-chloropentane to
afford 25 and 26, which were then subjected to nucleophilic


displacement with piperidine, furnishing the corresponding
target compounds, 9 and 10.


The 5-hydroxy derivatives 7 and 8 were obtained as shown
in Scheme 3. Selective de-O-methylation of the corresponding
5,7-dimethoxy derivatives 27[8] and 28[8] using LiCl in DMF at
reflux permitted the mono-O-methyl derivatives to be ob-
tained, although in low yield. Compound 14 (Scheme 4) was
synthesized by combining 29[8] with Na2S in DMSO to yield 30,
which was successively treated with 1-(3-chloropropyl)piperi-
dine[9] and finally reduced using iron powder. See the Support-
ing Information for a detailed description of synthetic proce-
dures.


To establish the effect of these novel compounds on the
Tat–TAR complex by FQA, titrations of the fluoresceinated Tat
peptide with increasing quantities of dabcyl-TAR (Kd = 6.85�
1.21 nm) were carried out in the presence of fixed concentra-
tions of quinolones, allowing the evaluation of the inhibition


Table 1. Structure and biological evaluation of 2-phenylquinolones.


Compd R1 R5 R7 X n R Ki [mm]
[a] Uptake [%][b]


1 Me OMe OMe O 3 0.81�0.15 0.9[8]


2 Me OMe OMe O 3 0.80�0.10 0.8[8]


3 H OMe OMe O 3 NA[c] 19.6


4 H OMe OMe O 3 NA[c] 13.4


5 Me H H O 3 0.96�0.02 11.1


6 Me H H O 3 0.99�0.16 10.3


7 Me OH OMe O 3 ND[d] ND[d]


8 Me OH OMe O 3 ND[d] ND[d]


9 Me OMe OMe O 4 0.77�0.13 2.1


10 Me OMe OMe O 5 0.57�0.05 4.1


11 Me OMe OMe O 3 1.09�0.16 0.4


12 Me OMe OMe O 3 0.68�0.11 7.9


13 Me OMe OMe O 3 0.88�0.14 0.5


14 Me OMe OMe S 3 0.76�0.16 0.5


[a] From FQA experiments performed with 10 nm fluorescein–Tat (sequence 37–72) in 50 mm Tris-HCl pH 7.5, 80 mm KCl, 0.1 % DMSO, 0.01 % Triton X-100,
5 mg mL�1 BSA, and 20 nm dsTAR competitor. [b] Uptake experiments were performed after incubation for 3 h at 37 8C in Jurkat cells as described.[8] [c] Not
active. [d] Not determined.
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constants (Ki) for each compound (Table 1). Competi-
tion experiments for the analogues were performed
essentially as described,[8] employing the 36 amino
acid Tat peptide (CFTTKALGISYGRKKRRQRRRPPQGS-ACHTUNGTRENNUNGQTHQVSLSKQ), whose specificity for TAR resembles
that of the full-length protein.[13] Lead compounds 1
and 2 were also analyzed using these more stringent
conditions, exhibiting excellent in vitro activity and
further validating our previous results.[8]


As clearly shown in Table 1, modifications made to
the protonatable side chains led to derivatives with
excellent Tat–TAR inhibition properties; an increase in


in vitro activity was achieved by
increasing the length of the O-
propyl side chain. In fact, while
the butyl derivative 9 has similar
activity to its direct analogue 1,
a clear decrease in Ki was ob-
served for the pentyl derivative
10, the best of this new series,
demonstrating that optimal elec-
trostatic interaction with TAR
can be achieved by adjusting
the length of the protonatable
side chain. The piperidine or pi-
perazine protonatable heads (1
and 2, respectively), can be suit-
ably replaced by the morpholi-
no- (compound 13) and thio-
morpholino- (compound 12)
heterocyclic ring analogues,
which exhibit similar activity. In
contrast, reduction to a 5-mem-
bered ring size, as in pyrrolidine
derivative 11, is detrimental to
activity. These studies also show
that exchanging the ether for a


thioether side chain does not substantially affect activity (com-
pound 14).


Contrasting results were obtained in modifications of the
quinolone nucleus. In particular, the N1-desmethyl analogues 3
and 4 were not active in the in vitro assay (Ki>10 mm), indicat-


Scheme 1. Reagents and conditions: a) Et3N, THF; b) MeCOCl, SnCl4, CH2Cl2, 0 8C; c) NaH, THF, 50 8C; d) tBuOK,
tBuOH, 30 8C; e) KOH/H2O, DMSO, 90 8C; f) H2, Raney Ni, DMF/2-methoxyethanol; g) Cl ACHTUNGTRENNUNG(CH2)3R, Cs2CO3, DMF, 60 8C.


Scheme 2. Reagents and conditions: a) Cl ACHTUNGTRENNUNG(CH2)3R, Cs2CO3, DMF, 60 8C; b) Br-ACHTUNGTRENNUNG(CH2)nCl, Cs2CO3, DMF, 60 8C; c) piperidine, K2CO3, DMF, 50 8C.


Scheme 3. Reagents and conditions: a) LiCl, DMF, reflux.


Scheme 4. Reagents and conditions: a) Na2S·9 H2O, DMF, 0 8C; b) Cs2CO3, DMF, 60 8C;
c) Fe, 8 n HCl, MeOH.
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ing that the presence of an alkyl substituent at N1 is essential
for the in vitro activity of 2-PQs. However, compounds charac-
terized by a lack of substituents on the quinolone nucleus
(compounds 5 and 6) are still active, although they exhibit less
activity than the 5,7-dimethoxy analogues. Phenols 7 and 8
yielded non-reproducible results, linked to evident spectral
modifications of the stock solutions with time, and were not
considered further in our studies.


Cellular uptake studies, conducted with this new series of
analogues as previously described by us[8] gave divergent re-
sults: modifications at the quinolone nucleus resulted in an in-
crease in the percentage of quinolones internalized into cells,
as shown in Table 1. However, while for 3 and 4 a marked in-
crease in uptake was made useless by loss of Tat–TAR inhibi-
tion, structural modifications as in 5 and 6 were encouraging,
as they led to an increase in uptake coupled with favorable in
vitro activity. As for modifications at the protonatable side
chain, the increase in Tat–TAR activity was paralleled by a
modest increase in uptake for only 10 and 12.


In conclusion, we have synthesized an extended series of 2-
PQs, tested their activity on the Tat–TAR complex, and ob-
tained novel compounds that exhibit higher activity while ex-
panding our structure–activity analysis study for this new class
of inhibitors. Our results demonstrate that the achievement of
in vitro activity is often not compatible with an improvement
in cellular permeation parameters, in agreement with what has
been reported by other authors developing small molecules di-
rected at TAR recognition.[5, 6]


Finally, to confirm our hypothesis that the development of
antiviral agents can be achieved by preliminary screening of
activity toward isolated targets coupled with uptake analysis,
the anti-HIV-1 activity and cytotoxicity for these newly synthe-
sized compounds were studied in the Jurkat lymphoblastoid
T cell line. As expected, the compounds exhibiting null or very
marginal uptake do not show any cytotoxicity or activity in
de novo infected cells, similar to what was found for lead com-
pounds 1 and 2.[8] Modifications at the quinolone ring, as in 3
and 4, are incompatible with Tat–TAR inhibition, although they
lead to a distinct increase in uptake and result in appreciable
cytotoxicity (EC50 = 51.3 and 64.3 mm, respectively). Derivatives
5 and 6, bearing no substituents at the 5- and 7-positions of
the quinolone nucleus, gave encouraging results, exhibiting a
residual dose-dependent anti-HIV-1 activity (IC50 = 75 and
85 mm, respectively) coupled with lower or null cytotoxicity
(CC50 = 90 and>100 mm, respectively). For 10, the compromise
between good activity in vitro and marginal increase in uptake
relative to the reference compound 1 led to an observed dose-


dependent antiviral activity. Unfortunately, an increase in cyto-
toxicity was observed at similar concentrations. Clearly, uptake
must be further improved, perhaps by rendering the test
drugs more hydrophobic, although extension of the side chain
beyond five rotatable bonds is not advisable, according to Lip-
inski’s rule of five. Additional studies are warranted to address
the issue of activity versus toxicity in order to find a viable
therapeutic window, as seen with WM5, a previously investi-
gated and effective aminoquinolone targeted at Tat–TAR and
endowed with remarkable antiviral activity.[14]
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2-Phenylquinolones as Inhibitors of
the HIV-1 Tat–TAR Interaction


Novel 2-phenylquinolones aimed at
the Tat–TAR complex were synthesized
and tested. Derivatives characterized by
precise modifications of the quinolone
nucleus and to the side chain of the 2-
phenyl ring allowed a thorough struc-
ture–activity study, confirming 2-phenyl-
quinolone as a suitable scaffold for in-
hibition of the Tat–TAR interaction.
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By binding to and activating the two cannabinoid receptor
subtypes, CB1 and CB2, the endocannabinoid 2-arachidonoyl-
glycerol (2-AG)[1, 2] plays several physiological functions in both
central and peripheral organs.[3] During either acute or chronic
pathological conditions, the tissue levels of 2-AG, as well as of
the other endocannabinoid anandamide, are altered, resulting
in a change in cannabinoid receptor activation that acts to re-
establish the homeostasis of other mediators (e.g. , GABA and
glutamate) and restore the cell to its original steady-state con-
dition.[4] This initial protective function of the endocannabinoid
system, and of 2-AG in particular, however, can be disrupted in
individuals with certain chronic conditions causing a loss of
specificity that may eventually contribute to the symptoms
and/or progression of the disorder.[4] In these cases, inhibitors
of endocannabinoid action, such as CB1 and CB2 receptor an-
tagonists and inverse agonists, or biosynthesis might have
therapeutic effects. Examples of such pathological states are
obesity, metabolic syndrome, Alzheimer’s and Parkinson’s dis-
eases, liver fibrosis and, under certain circumstances, allergic
contact dermatitis.[4] Furthermore, localization of 2-AG biosyn-
thetic enzymes on the postsynaptic dendritic spine suggests
that, at least in the brain, 2-AG is the endocannabinoid that is
most often involved in the modulation of the homeostasis of
both excitatory and inhibitory neurotransmitters via “retro-
grade” activation of presynaptic CB1 receptors[5] . Indeed, two
enzymes involved in the biosynthesis of 2-AG from diacylgly-
cerol precursors have been cloned and named sn-1-specific di-
acylglycerol lipase (DAGL) a and b.[6] At least one of these en-
zymes, DAGLa, has been found in the brain to be mostly local-
ized in postsynaptic neurons.[5] Based on this background, the
development of specific inhibitors of DAGLs is of great interest
both because of the need for pharmacological tools to study
the role of the endocannabinoid system in the brain, and from
the point of view of drug development. In particular, given the
specific role of up-regulated 2-AG expression in 1) hyperphagia
of genetically obese rodents (hypothalamus),[7] and 2) intra-ab-


dominal obesity and several parameters of the metabolic syn-
drome in obese individuals (peripheral organs),[8–11] DAGL in-
hibitors might provide a useful alternative to CB1 receptorACHTUNGTRENNUNGantagonists for the treatment of metabolic disorders.


We have previously described the development of twoACHTUNGTRENNUNGselective and rather potent fluorophosphonate inhibitors of
DAGLa, O-3640 and O-3841 (Figure 1).[12] These compounds
have been widely used in vitro as pharmacological tools to
help distinguish the role of 2-AG from that of anandamide in


retrograde modulation of neurotransmitter.[13–15] However, the
applications of these two DAGL inhibitors, particularly of the
more potent O-3841, have been limited so far by their relative
lack of stability, and poor permeation of the plasma membrane
as assessed through in vitro experiments with intact cells.[12]


Therefore, we have undertaken the present study to improve
the properties of the more potent compound O-3841 by sub-
stituting the methoxy for a tert-butoxy group, thus obtaining
octadec-9-enoic acid 1-tert-butoxymethyl-2(fluoro-methyl-phos-
phinoyloxy)-ethyl-ester (O-5596) (Figure 1).


We speculated that the oxygen on the O-3841 methoxy
group (Figure 1) might be responsible for the compound insta-
bility by acting as a nucleophile and attacking the phospho-
rous atom and displacing the fluorine. Therefore, we hypothe-
sized that a more sterically hindered tert-butoxy group (O-
5596, Figure 1) would be more stable. O-5596 (6) was synthe-


Figure 1. Chemical structures of O-5596 and other fluorophosphonate inhib-
itors of 2-AG biosynthesis.
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sized from commercially available tert-butyl glycidyl ether (1,
Sigma–Aldrich) in five steps in an overall yield of 8.1 %
(Scheme 1). Treatment of compound 1 with HCl in Et2O at 0 8C
in CH2Cl2 afforded a 9:1 mixture of the desired isomer 2 a
(90 %) and isomer 2 b (10 %). Treatment of 2 (mixture of iso-
mers) with oleic acid in the presence of EDCI and DMAP gave
3 (97 %, mixture of isomers). Further treatment with NaI and di-
methyl methylphosphonate (DMMP) in a sealed tube at 160–
170 8C for 4 days (or 3 h, 130 8C, 275 psi, under microwave con-
ditions) gave compound 4 (54 %, mixture of isomers). Com-
pound 4 a was isolated by chromatography (25 %).Treatment
of 4 a with TMSBr gave the precursor 5 (79 %), which on treat-
ment with (dimethylamino)sulphur trifluoride (methyl DAST)
gave compound 6 (O-5596, 47 %).


The pharmacological profile of O-5596 was assessed in a va-
riety of different assays (see Experimental Section for details).
O-5596 exhibited an IC50 value of 100 nm in an assay measur-
ing the hydrolysis of 1-[14C]oleoyl-2-arachidonoylglycerol to
[14C]oleic acid in COS-7 cells stably expressing the human re-
combinant DAGLa (Table 1). O-5596 very weakly inhibited
(IC50>5 mm) the hydrolysis of 2-[3H]arachidonoylglycerol to
[3H]arachidonic acid by cytosolic fractions of COS-7 cells, which
previous studies have shown to exhibit high monoacylglycerol


lipase (MAGL) activity and high
amounts of MAGL mRNA
(Table 1). O-5596 also exhibited
an IC50 value >10 mm for the
hydrolysis of [14C]anandamide
by rat brain membranes, which
express high amounts of fatty
acid amide hydrolase (FAAH)[16]


(Table 1). Furthermore, in com-
petition assays carried out using
membranes from HEK-293 cells
stably transfected with the
human recombinant CB1 or CB2


receptors, O-5596 did not affect
the specific binding of high af-
finity cannabinoid receptor li-
gands at concentrations lower
than 10 mm (Table 1). When in-
cubated with mouse neuroblas-
toma cells, O-5596 (1 mm) signif-
icantly inhibited the ionomycin-
induced biosynthesis of 2-AG


(Figure 2). Finally, when administered in vivo to mice, O-5596
(10 mg kg�1, i.p.) caused a reduction in the consumption of pal-
atable food (sweetened cereal) over a period of 21 h (Figure 3).


Mice in both treatment conditions consumed similar amounts
of regular feed but this amount was significantly greater than
sweetened cereal consumption (Fruit Loops�). The amount of
sweetened cereal consumed, however, differed between treat-
ment groups, with O-5596-treated mice eating significantly
less than vehicle-treated mice. Overt effects on mouse motor
behavior were not observed at this dose, as assessed at the
beginning and end of the 21 h feeding session.


The Stability of O-5596 and O-3841 was determined in
DMSO at different temperatures and under physiological con-
ditions (Tris-HCl buffer, pH 7, 37 8C). Table 2 details the degra-
dation (%) observed under the different conditions. In aliquots
kept in DMSO for one year at �20 8C, O-5596 was considerably


Scheme 1. Synthesis of O-5596. Reagents and conditions : a) HCl in Et2O, CH2Cl2, 0 8C; b) EDCI, oleic acid, DMAP,
CH2Cl2 ; c) CH3PO ACHTUNGTRENNUNG(OCH3)2,NaI, sealed tube, 160–170 8C, 4 d ; d) TMSBr, CH2Cl2 ; e) Methyl DAST, CH2Cl2.


Table 1. Summary of the in vitro pharmacological activities of O-5596.[a]


Assay IC50 [mm] Inhibition [%]


2-AG formation[b] 0.10�0.01 89�4.8[e]


[3H]2-AG hydrolysis[c] >5 28�3.7[e]ACHTUNGTRENNUNG[14C]anandamide hydrolysis[d] >10 26�1.8[f]


hCB1 binding >10 –
hCB2 binding >10 –


[a] Data are means�SEM, n = 4. [b] 1-[14C]oleoyl-2-arachidonoylglycerol in
COS-7 cells expressing hDAGLa. [c] COS-7 cells cytosolic fractions. [d] rat
brain. [e] max effect at 5 m m. [f] max effect at 10 mm.


Figure 2. Effect of O-5596 on 2-AG levels in ionomycin-stimulated N18TG2
cells. The effect of both O-5596 (1 mm) and OMDM-188 (1 mm


[17]) is reported
as the maximum effect (%) observed with ionomycin (3 mm), and was signifi-
cantly different from the control (P<0.01, calculated by ANOVA followed by
Bonferroni’s correction).
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more stable than O-3841 (18�2 % vs. 85�9 % degradation).
Generally speaking, O-5596 is significantly more stable than
the almost equipotent analogue O-3841 at both room temper-
ature and �20 8C and in both DMSO and physiological buffer.


Compared with previously identified irreversible DAGL inhib-
itors of the same class, O-3640 and O-3841,[12] O-5596 is selec-
tive for DAGLa over CB1 and CB2 receptors as well as FAAH
and MAGL, and is more potent against human recombinant
DAGLa. Furthermore, O-5596, as opposed to O-3640 and O-
3841, is more cell membrane permeable. O-5596 inhibited the
biosynthesis of 2-AG in intact cells to some extent, while O-
3640 and O-3841 exerted no effect in the same assay at equal
or higher concentrations.[12] However, O-5596 was less effica-
cious at inhibiting 2-AG biosynthesis in intact cells than
OMDM-188, a DAGLa inhibitor with slightly higher potency
and belonging to a different chemical class.[17]


Additionally, like other less selective and/or potent inhibitors
of 2-AG biosynthesis, such as tetrahydrolipstatin and
RHC80267,[6] O-5596 is suitable for in vivo use. The i.p. adminis-
tration of O-5596 to mice reduced their intake of palatable
food, as has been shown previously with the CB1 receptor an-
tagonists, rimonabant and AM251.[18, 19] This finding is in agree-
ment with the hypothesis that exposure to palatable food
might stimulate endocannabinoid biosynthesis and CB1 recep-
tor activation in the nucleus accumbens shell, a brain area in-
volved in motivation to consume food and reward.[20, 21] Fur-


thermore, hyperphagia in animal models of obesity has been
linked to elevated levels of 2-AG in the hypothalamus,[7] and
therefore, selective inhibitors of the biosynthesis of this endo-
cannabinoid might be useful for the treatment of obesity.


In conclusion, the present data suggest that O-5596 is a
useful pharmacological tool for the investigation of the physio-
pathological role of 2-AG in vitro and in vivo, and a promising
template for the development of therapeutic alternatives to
CB1 antagonists in those pathological conditions that might
benefit from a reduction in endocannabinoid levels (obesity,
liver fibrosis, contact dermatitis, etc.).[4]


Experimental Section


Chemistry


1-tert-Butoxy-3-chloro-propan-2-ol (2 a): HCl in Et2O (2 m, 15 mL,
30 mmol) was added dropwise to a stirred solution of tert-butyl
glycidyl ether (1, 2.6 g, 20 mmol) in CH2Cl2 (50 mL) at 0 8C and
stirred until the reaction was complete. NaHCO3(s) was added to
the reaction mixture, which was then extracted with CH2Cl2 (2 �
40 mL). The organic layer was washed with H2O and brine and
dried (Na2SO4), filtered and concentrated in vacuo. Purification by
flash column chromatography (5!15 %, EtOAc/hexanes) afforded
a mixture of 2 a and 2 b (9:1) as a colorless liquid (3 g, 90 %): Rf =
0.5 (EtOAc/hexanes, 1:3) ; 1H NMR (300 MHz, CDCl3) d 3.83–3.94 (m,
1 H, CH), 3.54–3.66 (m, 2 H, CH2), 3.46 (d, J = 5.2 Hz, 2 H, CH2), 2.56
(td, J = 6, 0.84 Hz, 1 H, OH), 1.19 ppm (s, 9 H, C ACHTUNGTRENNUNG(CH3)3).


Octadec-9-enoic acid 2-tert-butoxy-1-chloromethyl ethyl ester (3):
Compound 2 (3 g, 18 mmol), EDCI (5.17 g, 191.7 mmol), DMAP (cat-
alytic amount) and oleic acid (6.1 g, 21.6 mmol) in CH2Cl2 (90 mL)
was stirred at RT overnight. The reaction mixture was diluted with
CH2Cl2, washed with H2O, dilute HCl (1 n), brine and dried (Na2SO4),
filtered and concentrated in vacuo. Purification by flash column
chromatography (5 %, EtOAc/hexanes) afforded compound 3 (9:1
isomeric ration) as a colorless liquid (7.52 g, 97 %): Rf = 0.7 (EtOAc/
hexanes, 1:9); 1H NMR (300 MHz, CDCl3) d 5.31–5.35 (m, 2 H, CH=
CH), 5.02–5.09 (m,1 H, CH), 3.64–3.79 (m, 2 H, CH2), 3.50 (d, J =
5.5 Hz, 2 H, CH2), 2.34 (td, J = 7.5, 0.9 Hz, COCH2), 2.0 (m, 4 H, CH2),
1.57–1.63 (br t, 2 H, CH2), 1.26–1.34 (m, 20 H, CH2), 1.13 (s, 3 H, C-ACHTUNGTRENNUNG(CH3)3), 0.87 ppm (t, J = 6.6 Hz, 3 H, CH3); MS (CI) m/z : 395.4
[M�Cl]+.


Octadec-9-enoic acid 1-tert-butoxymethyl-2(methoxy-methyl-phos-
phinoyloxy)ethyl ester (4 a): Compound 3 (4 g, 9.27 mmol), NaI
(2 g, 13.3 mmol) and DMMP (14 mL, 98.6 mmol) was heated in a
sealed tube at 160–170 8C for 4 days. DMMP was removed under
reduced pressure. The residue was purified by flash column chro-
matography (20!75 %, EtOAc/hexanes) to give a mixture of 4 a
and 4 b (2.62 g, 55 %) followed by another column (20 %, CH2Cl2/
EtOAc), to afford pure isomer of 4 a (1.19 g, 25 %): Rf = 0.4 (CH2Cl2/
hexanes, 2:3) ; 1H NMR (300 MHz, CDCl3) d 5.31–5.35 (m, 2 H, CH=
CH), 5.0–5.08 (m, 1 H, CH), 4.15–4.24 (m, 2 H, CH2), 3.72 (dd, J = 11.2,
2.7 Hz, 3 H, OCH3), 3.46 (d, J = 5.2 Hz, 2 H, CH2), 2.32 (t, J = 7.4 Hz,
2 H, COCH2), 1.96–2.0 (m, 4 H, CH2), 1.58–1.64 (m, 2 H, CH2), 1.48
(dd, J = 17.6, 4.1 Hz, 3 H, P-CH3), 1.27 (br d, 20 H, CH2), 1.15 (s, 9 H,
C ACHTUNGTRENNUNG(CH3)3), 0.87 ppm (t, 3 H, CH3); 13C NMR (300 MHz, CDCl3) 173.17,
173.14, 130.02, 129.72, 73.41, 71.73, 71.64, 71.55, 64.35, 64.30,
64.27, 64.23, 59.69, 59.66, 52.13, 52.06, 52.04, 51.98, 34.30, 31.91,
29.77, 29.71, 29.52, 29.33, 29.20, 29.11, 29.07, 27.35, 27.22, 27.17,
24.94, 24.92, 22.68, 14.12, 11.39, 11.35, 9.47, 9.43 ppm; MS (CI) m/z :
505.3 [M+H]+.


Figure 3. Effect of O-5596 (10 mg kg) on regular (&) and sweetened (&)
feed consumption by mice. Data are means�SEM, n = 4; *, as compared
with regular feed after the same treatment; # as compared with sweetened
cereal in vehicle-treated mice (p<0.05, 2-factor split-plot ANOVA followed
by Tukey’s post hoc test).


Table 2. Stability of O-5596 versus O-3841


Compound Degradation [%]


DMSO[a]


48 h
DMSO[a]


2 weeks
DMSO[a]


1 year
Tris-HCl
buffer[b]


25 8C �20 8C 25 8C �20 8C �20 8C 37 8C


O-3841 35�5 9�2 79�8 20�4 85�9 23�5
O-5596 11�3 <5 35�6 7�2 18�2 10�3


[a] Drug concentration was 1 mg mL�1. Values are means�SD, n = 2.
[b] Buffer conditions used: 50 mm, pH 7. Drug concentration was
200 mg mL�1.
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Octadec-9-enoic acid 1-tert-butoxymethyl-2(hydroxy-methyl-phos-
phinoyloxy)ethyl ester (5): TMSBr (1.4 mL, 0.99 mmol) was added in
a single portion to a stirred solution of 4 a (0.5 g, 0.99 mmol) in an-
hydrous CH2Cl2 (10.8 mL). The reaction mixture was stirred for
30 min and the solvent was evaporated under reduced pressure at
RT. The residue was dissolved in 95 % MeOH (8 mL) and stirred for
1 h. The solvent was removed under reduced pressure and the res-
idue was purified by flash column chromatography (10!30 %,
MeOH/CHCl3) to afford 5 (0.384 g, 79 %): Rf = 0.05 (MeOH/CHCl3,
1:3) ; 1H NMR (300 MHz, CDCl3) d 5.33 (br t, 2 H, CH=CH), 5.05 (br s,
1 H, CH), 4.06 (br s, 2 H, CH2), 3.46 (br s, 2 H, CH2), 2.34 (br t, 2 H,
CH2), 1.99 (br d, 4 H, CH2), 1.61 (br s, 2 H, CH2), 1.27 (br d, 20 H, CH2),
1.15 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 0.87 ppm (t, J = 6.3 Hz, 3 H, CH3); MS (CI) m/z :
489.4 [M�H]� .


Octadec-9-enoic acid 1-tert-butoxymethyl-2(fluoro-methyl-phosphi-
noyloxy)ethyl ester (6) O-5596: Methyl DAST (98.5 mg, 0.74 mmol)
was added to a stirred solution of 5 (330 mg, 0.67 mmol) in CH2Cl2


(9 mL). The reaction mixture was stirred for 1 h and quenched with
H2O (10 mL). The organic layer was separated and the aqueous
layer was extracted with CH2Cl2 (2 � 10 mL). The organic layers
were combined, dried (Na2SO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography with CHCl3 to
afford 6 (O-5596) (156 mg, 47 %, purity >98 %): Rf = 0.6 (MeOH/
CHCl3, 1:19); 1H NMR (300 MHz, CDCl3) d 5.31–5.33 (m, 2 H, CH=CH),
5.06–5.07 (m, 1 H, CH), 4.35–4.38 (m, 2 H, CH2), 3.42–3.48 (m, 2 H,
CH2), 2.0 (t, J = 7.8 Hz, 2 H), 1.96–2.0 (m, 4 H, CH2), 1.65 (ddd, J = 21,
6, 1.65 Hz, 3 H, PCH3), 1.6 (br s, 2 H, CH2), 1.27 (br d, 20 H, CH2), 1.15
(s, 9 H), 0.87 ppm (t, J = 6.5 Hz, 3 H, CH3); 19F NMR (300 MHz, CDCl3)
d �58.21 ppm (2d, J = 1120 Hz, 1F) ; MS (CI) m/z : 419.3 [M�73]+;
Anal. calcd forC26H50O5PF: C, 63.39; H, 10.23. Found: C, 63.43; H,
10.34.


Stability experiments


Aliquots of O-3841 and O-5596 (1 mg mL�1, 100 mL) were immedi-
ately analyzed or kept for 48 h or 2 weeks at RT (25 8C) or at
�20 8C and then directly analyzed. Analysis was carried out by TLC
on silica plates (Merck), using CHCl3/CH3OH (95:5, v/v.) as the devel-
oping solvent. With this solvent, the Rf values for O-3841 and O-
5596 are 0.5 and 0.75, respectively. After each TLC analysis the cor-
responding bands of 5 mL of each solution were visualized by reac-
tion with cerium sulfate and heating, and quantified with a densi-
tometer using a digital camera working on grey levels (JCV FC
340FX, Leica) and a software Image Pro Plus� 6.0 for Windows (Me-
diaCybernetics) working on logarithmic values scale of absorbance
for densitometric evaluation. The amount of each compound at
the beginning of the experiment was taken as 100 %. This method
allows the detection of changes in the amount of compound
>5 %. When the compounds (100 mg) were dissolved in Tris-HCl
buffer (500 mL, 50 mm, pH 7), to be incubated at 37 8C for 0 min
and 1 h, analyses were performed on aliquots of the lyophilized ex-
tracts obtained with CHCl3/CH3OH (2:1, v/v), loaded onto the TLC
plates.


Biology


CB1 and CB2 binding assays : Membranes from HEK-293 cells trans-
fected with either the human CB1 or CB2 receptor (Perkin–Elmer,
Italia) were incubated with increasing concentration of compounds
and [3H]CP-55,940 ([3H]-(�)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)-
phenyl]-trans-4-(3-hydroxy-propyl)-cyclohexanol) was used as the
high affinity ligand, as described by the manufacturer.


Fatty acid amide hydrolase assays : The effect of compounds on the
enzymatic hydrolysis of [14C]anandamide was studied as previously
reported[22] by using membranes prepared from rat brain incubat-
ed with increasing concentrations of compounds in 50 mm Tris-
HCl, pH 9, for 30 min at 37 8C. [14C]Ethanolamine produced from
[14C]anandamide hydrolysis was measured by scintillation counting
of the aqueous phase after extraction of the incubation mixture
with two volumes of CHCl3/CH3OH (1:1, v/v).


DAGL assays : DAGL activity was detected as previously reported[6]


by using membrane preparations (100 mg of protein) obtained
from COS cells overexpressing human DAGLa, and 1-[14C]oleoyl-2-
arachidonoylglycerol (1.0 mCi mmol�1, 25 mm, synthesized as re-
ported[6]) or sn-1-stearoyl-2-[14C]-arachidonoylglycerol (Amersham
Biosciences, 56.0 mCi mmol�1) as substrates and increasing concen-
trations of compounds in Tris-HCl buffer, pH 7 for 15 min. After the
incubation, lipids were extracted with two volumes of CHCl3/
CH3OH (2:1, v/v). The extracts, lyophilized under vacuum, were pu-
rified by using TLC on silica on polypropylene plates eluted in
CHCl3/CH3OH/NH4OH (85:15:0.1, v/v). Bands corresponding to
either [14C]oleic acid (when using 1-[14C]oleoyl-2-arachidonoylgly-
cerol as substrate) or [14C]2-arachidonoylglycerol (when using sn-1-
stearoyl-2-[14C]-arachidonoylglycerol as substrate) were cut and
their radioactivity measured with a b-counter.


MAGL assays : MAGL activity was measured as reported[6] using the
cytosol derived from the 10,000 g fraction of homogenates from
wild-type COS cells and synthetic 2-[3H]arachidonoylglycerol
(1.0 mCi mmol�1, 25 mm) as substrate. Previous studies indicated
that this fraction exhibits the highest MAGL activity and that COS
cells express high amounts of MAGL mRNA (T. Bisogno and V. Di
Marzo, unpublished observations). 100 mg of protein was used for
each assay and increasing concentrations of compounds in Tris-HCl
buffer, pH 7 for 20 min. After the incubation, lipids were extracted,
purified and quantified as above. Bands corresponding to
[14C]arachidonic acid were cut and their radioactivity measured
with a b-counter.


2-AG formation in intact cells : Confluent N18TG2 cells were stimu-
lated for 20 min at 37 8C with ionomycin (3 mm) with O-5596 (1 mm,
also pre-incubated with cells for 10 min) or OMDM-188 (1 mm,
same conditions), or without any drug (control). After stimulation,
cells plus medium were extracted with CHCl3/CH3OH 2:1 (v/v). Each
extract was purified by open bed chromatography and 2-AG was
quantified by LC-MS as previously reported.[23]


Effect of O-5596 on food intake in mice : Adult male ICR mice (27–
35 g) (Harlan, Dublin, USA) were housed in a temperature-con-
trolled environment (20–22 8C) with a 12-hour light–dark cycle
(lights on at 7 a.m.). Each mouse (n = 4 per group) was injected in-
traperitoneally (at ~5 p.m.) with 10 mg kg�1 O-5596 or vehicle
(1:1:18, ethanol/emulphor/saline) at a volume of 0.1 mL for every
10 g body weight. Subsequently, they were placed in a clear plastic
cage with white tissue paper lining the bottom and allowed access
to pre-measured amounts of their regular lab feed and sweetened
cereal. The cereal was not a novel food item, as mice had previous-
ly received it in their home cages. After 21 h, all food was removed
and weighed with a Mettler AT261 Delta Range scale (Toledo, USA)
at 0.01 mg accuracy. The amount of each type of food consumed
was calculated separately for each mouse. Data were analyzed
with a split-plot ANOVA (within subject factor = type of food; be-
tween subject factor = drug) followed by Tukey post-hoc tests (a=
0.05) on the significant interaction. The studies reported in this
manuscript were carried out in accordance with guidelines pub-
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lished in guide for the care and use of laboratory animals (National
Research Council, 1996).
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Synthesis and Pharmacological
Activity of a Potent Inhibitor of the
Biosynthesis of the Endocannabinoid
2-Arachidonoylglycerol


Biosynthesis Inhibition : O-5596, a new
inhibitor of the biosynthesis of the en-
docannabinoid, 2-arachidonoylglycerol,
was synthesized and found to be
potent (IC50 = 100 nm) and selective
versus other proteins and enzymes of
the endocannabinoid system in vitro
and active in vivo at reducing food
intake in mice.
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Synthesis, Structural Analysis, and Biological Evaluation of
Thioxoquinazoline Derivatives as Phosphodiesterase 7
Inhibitors
Tania CastaÇo,[a] Huanchen Wang,[b] Nuria E. Campillo,[a] Sara Ballester,[c] Coral Gonz�lez-
Garc�a,[c] Javier Hern�ndez,[c] Concepci�n P�rez,[a] Jimena Cuenca,[d] Ana P�rez-Castillo,[d]


Ana Mart�nez,[a] Oscar Huertas,[e] Jos� Luis Gelp�,[f] F. Javier Luque,[e] Hengming Ke,[b] and
Carmen Gil*[a]


Introduction


Phosphodiesterases (PDEs) are a large family of metallophos-
phohydrolase enzymes that ubiquitously metabolize the
second messengers adenosine and guanosine 3’,5’-cyclic
monophosphates (cAMP and cGMP) to their respective inactive
5’-monophosphates.[1] cAMP and cGMP are synthesized by ade-
nylyl and guanylyl cyclases respectively, and mediate the
action of hormones, neurotransmitters, and other cellular effec-
tors in many physiologic processes. As elevation of intracellular
cAMP level impacts immunosuppressive and anti-inflammatory
properties,[2, 3] selective inhibitors of cAMP-specific PDEs have
been widely studied as therapeutics for the treatment of
human diseases,[4] predominantly immune disorders such as
multiple sclerosis[5] and inflammatory processes,[6] and also dis-
orders of the central nervous system (CNS) such as depression,
psychosis, and Alzheimer’s disease.[7]


PDE families 3B, 4A, 4B, 4D, and 7A1 are predominant in
immune cells.[8–10] To date, most of the research has been cen-
tered on PDE4 inhibitors because PDE4 represents the major
isoenzyme in most T-cell preparations and its selective inhibi-
tors are able to decrease inflammatory cytokine produc-
tion.[10, 11] PDE4 inhibitors have been widely studied as anti-in-
flammatory agents for the treatment of asthma, COPD (chronic
obstructive pulmonary disease), rheumatoid arthritis, and mul-
tiple sclerosis.[12, 13] However, a major drawback of these com-
pounds is the significant side effects such as emesis. To over-
come these adverse effects, several strategies to dissociate the
beneficial and detrimental effects of PDE4 inhibitors have led


to some degree of success and the second generation of PDE4
inhibitors have shown better pharmacokinetic profiles.[14]


An alternative approach is to target other cAMP-specific PDE
families that are expressed in pro-inflammatory and immune
cells. Initial evidence indicated that PDE7 had an important
role in the activation of T-cells.[15, 16] However, results based on
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Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.200900043.


PDE7 inhibitors regulate pro-inflammatory and immune T-cell
functions, and are a potentially novel class of drugs especially
useful in the treatment of a wide variety of immune and in-
flammatory disorders. Starting from our lead family of thioxo-
quinazolines, we designed, synthesized, and characterized a
novel series of thioxoquinazoline derivatives. Many of these
compounds showed inhibitory potencies at sub-micromolar
levels against the catalytic domain of PDE7A1 and at the mi-
cromolar level against PDE4D2. Cell-based studies showed that
these compounds not only increased intracellular cAMP levels,


but also had interesting anti-inflammatory properties within a
therapeutic window. The in silico data predict that these com-
pounds are capable of the crossing the blood–brain barrier.
The X-ray crystal structure of the PDE7A1 catalytic domain in
complex with compound 15 at a resolution of 2.4 � demon-
strated that hydrophobic interactions at the active site pocket
are a key feature. This structure, together with molecular mod-
eling, provides insight into the selectivity of the PDE inhibitors
and a template for the discovery of new PDE7 or PDE7/PDE4
dual inhibitors.
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the use of PDE7A knockout mice (PDE7A�/�) failed to confirm
the role of PDE7A in T-cell proliferation and suggested that
this phosphodiesterase could have some other role in the reg-
ulation of humoral immune responses.[17] Thus, selective
PDE7A inhibitors would be essential to elucidate the true po-
tential of PDE7A as a pharmacological target in the context of
the immune response.[18] Benzo- and benzothienothiadiazine
derivatives, developed in our laboratory, constituted the first
heterocyclic family of compounds with PDE7 inhibitory proper-
ties.[19, 20] Since then, spiroquinazolinones, sulfonamide, thiadia-
zole, purine, and pyrimidine nucleotide analogues have been
described as PDE7 inhibitors.[21–23]


The advent of selective PDE7 inhibitors has allowed the as-
sessment of the functional roles that PDE7 plays in cells and
tissues. Although inhibition of PDE7A does not attenuate the
proliferation of T-cells per se, it significantly augments the anti-
mitogenic and cAMP-elevating activities of PDE4 inhibitors.[24]


Therefore, PDE7 or PDE7/PDE4 dual inhibitors would represent
a novel class of drugs that could regulate pro-inflammatory
and immune T-cell function and be especially useful in treating
a wide variety of immune and inflammatory disorders.[25–27]


Such drugs may also have less undesirable side effects, such as
nausea and vomiting.[28]


The latest scientific findings concerning PDE7 and PDE4 in-
hibition suggest that selective small-molecule inhibitors of
both enzymes could provide a novel approach to treat a varie-
ty of immunological diseases. In this context, ligand-based vir-
tual screening studies allowed us to identify thiadiazine and
quinazoline derivatives as a new class of PDE7 inhibitors.[29]


Our preliminary study revealed that the novel thioxoquinazo-
line compounds 2–5 were equally potent to the target struc-
ture 1 (Table 1). On the basis of our previous results, this study
is undertaken to explore new modifications on the quinazoline
scaffold to better understand their therapeutic relevance. Re-
ported herein is the chemical synthesis of the proposed mole-
cules and their inhibition on PDEs. The crystal structure of
PDE7 in complex with a potent inhibitor is determined by X-
ray crystallography and the insight into the design of PDE7 in-
hibitors is further illustrated by molecular modeling studies.
Cell-based studies were performed to investigate the effects


on intracellular cAMP levels and the anti-inflammatory proper-
ties of the new compounds.


Results and Discussion


Chemistry


The new compounds presented in this study retain the basic
skeleton of thioxoquinazoline and an aryl substituent linked to
nitrogen 3, whereas methyl or bromine is introduced in the
benzene fused ring. Methylation of the thiocarbonyl group
and/or thionation of the carbonyl group is performed on the
thioxoquinazoline ring or some thieno- and benzothienopyri-
midine compounds reported previously.[29]


To prepare the new quinazoline derivatives 6–13, the con-
densation between the 2-amino-5-bromobenzoic acid or 2-
amino-3-methylbenzoic acid and the corresponding isothiocya-
nate was performed in ethanol at 4 8C (Scheme 1). The bromo-
quinazolines 6–9 were obtained according to this procedure in
high purity by simple filtration of the crude product. However,
a purification step was necessary to obtain methylquinazolines
10–13 after the condensation step.


To obtain the S-methyl derivatives 14–25, compounds 2–13
were methylated in DMF at room temperature using methyl
iodide and potassium carbonate (Scheme 2).[30] The thionation
of the carbonyl group at position 4 of derivatives 2–25 was
tried with Lawesson’s reagent under reflux in toluene
(Scheme 2), but only derivatives 26–32 were obtained.[31, 32] Fol-
lowing similar procedures, it was possible to obtain modified
thieno- and benzothienopyrimidine (Schemes 3 and 4). Thus,
the most active thieno- and benzothienopyrimidine derivatives
previously reported 33, 34, and 38[29] were methylated, pro-
ducing S-methyl derivatives 35, 36, and 39 respectively. Com-
pounds 35 and 39 were further thionated at position 4 yield-
ing the corresponding thiocarbonyl derivatives 37 and 40
(Schemes 3 and 4, respectively). It should be mentioned that
compound 37 proved to be unstable and decomposed after
its structural elucidation.


The structures of all new compounds were determined by
their analytical and spectroscopic data (1H and 13C NMR), which
are described in the Experimental Section or in the Supporting


Table 1. Inhibition of PDE7A and PDE4B.


IC50 [mm]
Compd PDE7A PDE4B


1 8.0 19.0
2 5.5 21.7
3 5.5 37
4 48.5 13
5 1.9 56


Scheme 1. Reagents and conditions: a) R’’NCS, EtOH, 4 8C.
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Information. Unequivocal assignment of all chemical shifts (1H
and 13C NMR) was performed using two-dimensional experi-
ments such as HSQC for one-bond correlation. The site of sub-
stitution was confirmed by the HMBC for long distance
proton–carbon correlation.


In vitro evaluation of PDE inhibition


The new derivatives were tested for their inhibitory potencies
against the catalytic domain of PDE7A1 and full-length
PDE4D2 as described in the Experimental Section (Table 2).
Among the new heterocyclic compounds, some of them (13–
15, 19–21, 23, 25, 26, 29, and 36–39) are more potent than
the previous quinazoline derivatives 2–5.[29] In addition, com-
pounds 15, 19, 23, 25, 29, and 39, also inhibit PDE4, and
therefore can be considered as potential PDE7/PDE4 dual in-
hibitors for the treatment of T-cell disorders. In addition, the S-
methyl derivatives have better activity than the previously de-
scribed compounds (IC50 values of 0.51 mm for 15 and 0.13 mm


for 23). Strikingly, among the members of this S-methyl family,
compounds 18 and 22, which bear a phenyl group at position
3, are less active than 15, 19, 23, and 25, which are mono- or


di-substituted at the ortho posi-
tion of the benzene ring. The
compounds with the benzene
fused ring replaced by a thieno
or benzothieno moiety show
similar activity.


Cell viability determined by PI
exclusion


To evaluate potential in vivo use
of these compounds, cell-based
studies were performed. To this
end, we determined the effect
of PDE inhibitors 2, 5, 13, 15,
19–23, 25–27, 29, 30, 32, 36,
39, and 40 on T-cell viability by
studying propidium iodide (PI)


exclusion in the murine T-cell line D10.G4.1 and subsequent
flow cytometry analysis. We used this cell line because PDE7 is
abundantly expressed in murine T-cells[33] and the percentage
of identity between human and murine PDE7 is 90–96 %.[34]


Cells were cultured in the presence of different concentra-
tions of each PDE inhibitor for 48 h before flow cytometry
analysis. Cell viability was quantified as the percentage of PI-


Scheme 2. Reagents and conditions: a) MeI, K2CO3, DMF, RT; b) Lawesson’s reagent, toluene, D.


Scheme 3. Reagents and conditions: a) MeI, K2CO3, DMF, RT; b) Lawesson’s
reagent, toluene, D.


Scheme 4. Reagents and conditions: a) MeI, K2CO3, DMF, RT; b) Lawesson’s
reagent, toluene, D.


Table 2. Inhibition of PDE7A1 and PDE4D2.


IC50 [mm]
Compd PDE7A1 PDE4D2[a]


IBMX 8.1�0.4 31
Rolipram 129�10 0.55�0.05


6 >10 ND
7 >10 ND
8 >10 ND
9 ~10 ND


11 >1 ND
12 >10 ND
13 1.7�0.1 34�5
15 0.51�0.02 3.5�0.3
16 ~10 ND
18 >1 ND
19 0.24�0.03 4.5�0.1
20 2.1�0.1 ND
21 1.86�0.18 ND
22 ~1 ND
23 0.13�0.02 1.4�0.2
24 >1 ND
25 0.27�0.02 1.1�0.2
26 1.04�0.08 5.70�0.03
27 ~1 ND
28 >1 ND
29 0.84�0.01 8.0�1.2
30 0.1–1 ND
31 >1 ND
32 0.1–1 ND
35 ~10 ND
36 0.8�0.2 ND
39 0.41�0.03 1.6�0.4
40 0.1–1 ND


[a] ND: not determined.
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impermeable cells and known
selective inhibitors BRL50481
(PDE7) and Rolipram (PDE4)
were used as references.
Figure 1 shows dose-dependent
effects for almost all the inhibi-
tors, which are compatible with
their inhibition of PDE7A in vi-
tro.


Intracellular cAMP levels


The next step was to check if
our compounds were able to
regulate intracellular cAMP
levels in the T-cell clone
D10.G4.1. PDE4 inhibitor Roli-
pram is more effective than
PDE7 inhibitor BRL50481 in the induction of intracellular levels
of cAMP (Figure 2). Compound 26 was able to increase cAMP
to the same level as those induced by BRL50481. Simultaneous
addition of Rolipram with BRL50481 or inhibitor 26 had a syn-
ergistic effect on intracellular cAMP levels. This result is consis-
tent with the previous report for BRL50481.[24] In fact, the new
inhibitor 26 showed an almost identical behavior in increasing
the intracellular cAMP level.


Anti-inflammatory effects


To verify our working hypothesis that the inflammatory re-
sponse could be modulated by cAMP levels, we next tested
the potential anti-inflammatory effects of our new PDE7 inhibi-
tors 13, 15, and 26 in a cell-based model. To this end, lipopoly-
saccharide (LPS) was used to induce an inflammatory response
in the murine macrophage cell line. The standard reference


Figure 1. Toxicity induced in D10.G4.1 cells by the PDE inhibitors. Each inhibitor concentration (mm) is indicated in parentheses. Propidium iodide (PI) cell
staining was measured by flow cytometry. Results are referenced to the value obtained for the control [without treatment with PDE inhibitor (100 %)] . The ex-
periments for each PDE inhibitor at three concentrations were repeated at least twice; each value is shown as the mean �SEM.


Figure 2. Intracellular cAMP levels in D10.G4.1 cells treated with the indicated PDE inhibitor (200 mm). Values are
presented as fmol cAMP in 5 � 104 cells. Data from the competitive enzyme immunoassay (EIA) system were ex-
ported to the GraphPad Prism software program to perform statistical analysis. The unpaired t-test with Welch’s
correction was used to analyze significant differences between the cAMP amount in the samples. *:p<0.05,
**:p<0.01.
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BRL50481 showed an anti-inflammatory effect as measured by
a significant decrease in nitrite production. The new PDE7 in-
hibitors showed the same biological behavior and significantly
decreased nitrite production (Figure 3).


Notably, Rolipram decreased nitrite production to the same
extent as BRL50481, whereas its effect in increasing cAMP
levels was much more marked. We again found a synergy be-
tween the PDE7 inhibitors and Rolipram, and a dramatic de-
crease in nitrite levels was detected when these PDE7 inhibit-
ing compounds or BRL50481 were used in conjunction with
Rolipram (Figure 3). These results confirm that compounds 15,
26, and 13 are good candidates
for further analysis in animal
models of inflammatory diseas-
es.


Prediction of BBB permeation


ADME (absorption, distribution,
metabolism, and excretion)
properties such as the ability to
cross the blood–brain barrier
(BBB) are important properties
to indicate the usefulness of
lead compounds. Herein, we de-
termined in silico the ability of
some of the newly synthesized


compounds to cross the BBB using our CODES-based model.[35]


According to the model, our most promising candidates were
able to cross the BBB and could therefore be used as potential
new drugs for the treatment of neurological disorders


(table S1 in the Supporting Information).


Binding mode of PDE7 inhibitors: crystal structure
of PDE7A1–compound 15


The crystallographic data on the catalytic domain of
PDE7A1 in complex with the nonselective inhibitor
3-isobutyl-1-methylxanthine (IBMX; PDB code
1ZKL)[36] prompted us to use the same methodology
to reveal the structural basis for the biological func-
tion of the potent compound 15 (IC50 = 0.51 mm).
The structure of PDE7A1 (residues 130–482) in com-
plex with 15 has the topological folding of PDE7A1–
IBMX.[36] The structural superposition of the PDE7A1–
15 and PDE7A1–IBMX complexes yielded a root-
mean-square deviation (RMSD) of 0.18 �, indicating
that the two inhibitor-bound structures are similar.
Residues 130–138 and 457–482 were not traceable
in the structure because of a lack of electron density.
The structure contains 16 a helices (Figure 4) and
has the same folding topology as those of other
PDEs.[37]


The two essential elements for binding of all PDE
inhibitors are stacking against a conserved phenyla-
lanine and the hydrogen bond with an invariant glu-
tamine.[37] In our case, compound 15 binds to the
active site of PDE7A1 and forms hydrophobic inter-
actions with residues Ile323, Ile363, Val380, Phe384,
Leu401, Phe416, and Leu420 (Figure 4) and an aro-
matic interaction with the conserved Phe416. How-


ever, the hydrogen bond with Gln413 is not present in the X-
ray crystal structure of the PDE7A1–15 complex.


As hydrophobic interactions are typically nonspecific, we
were curious if compound 15 is also potent in inhibition of
other PDE families. The enzymatic assay showed that com-
pound 15 at a concentration of 200 mm did not inhibit cGMP-
specific PDE5 and PDE9. However, 15 moderately inhibited


Figure 3. Raw 264.7 cells were incubated for 24 h with lipopolysaccharide (LPS;
10 mg mL�1) in the absence or presence of various PDE inhibitors (10 mm), and the pro-
duction of nitrite was evaluated by the Griess reaction. Cells were pretreated with inhibi-
tors for 1 h before LPS stimulation. Values represent the mean �SD from two independ-
ent experiments. ***:p<0.001 versus LPS-treated cells.


Figure 4. Structure of the PDE7A1 catalytic domain. a) Ribbon diagram of the PDE7A1 catalytic domain. The red
and purple balls represent zinc and magnesium ions, respectively. b) Binding of 15 at the active site of PDE7A1.
c) Electron density for 15. The (Fo�Fc) map was calculated from the structure with omission of the inhibitor 15.
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PDE2A, PDE3A, and PDE10A with IC50 values of 8.2, 65.0, and
11.3 mm, respectively. Thus, 15 showed 16, 127, 6.9, >392,
>392, and 22-fold selectivity against PDE2A, PDE3A, PDE4D,
PDE5A, PDE9A, and PDE10A, with respect to PDE7A (IC50 =


0.51 mm).


Theoretical binding studies


Keeping in mind the hydrophobic nature of the interaction of
15 in the binding site of PDE7A1, the observed selectivity
against PDE enzymes is surprising, especially if we take into ac-
count that several residues that define the binding site are dis-
tant from the inhibitor (Figure 5 and Table 3). To gain insight
into the molecular determinants responsible for such selectivi-
ty, compound 15 was docked in the binding site of PDE7A1
using the program rDock. This docking allowed us to repro-
duce the binding mode that has an RMSD of less than 2 �
from a series of the observed X-ray crystal structures of PDE4
inhibitors (see Supporting Information). In addition to the X-
ray crystallographic binding mode (mode B), the docking re-
vealed an alternative pose with a slightly better score
(Figure 5; mode A), in which the inhibitor partially overlapped
with the region occupied by mode B, but penetrated deeper
into the binding pocket. Interestingly, this latter binding mode
enables the carbonyl oxygen of 15 to form a hydrogen bond
with the side chain NH2 group of Gln413, while the stacking
against Phe416 is retained. Accordingly, this binding mode
mimics the basic trends observed for the binding of IBMX to
PDE7. Similar results were found in the docking of the thieno
derivative 36 (data not shown).


As docking scoring functions are typically developed to
allow a high computational speed in the virtual screening of a
large collection of compounds, they involve a number of ap-
proximations that limit their accuracy in predicting the most
favorable docking poses. Therefore, MM/PBSA (molecular me-
chanics/Poisson–Boltzmann surface area), which has been suc-
cessfully applied to predict the relative affinities of structurally
related ligands,[38–41] was used to evaluate the relative affinity
of the two binding modes of the inhibitor. This technique com-
bines a rigorous treatment of electrostatics, which includes sol-


vent screening effects upon complex formation, as well as
nonpolar terms for the van der Waals interactions between in-
hibitor and receptor, and for the desolvation free energy. For
our purposes, this technique appears to be well suited to dis-
criminate between the different poses of the same inhibitor in
the binding site of PDE7A1.


Although the choice of the solute dielectric constant affect-
ed the absolute values of the electrostatic components of the


Figure 5. Superimposition of the residues in the binding site of PDE2A,
PDE3A, PDE4A, PDE5, PDE7A, PDE9, and PDE10A. For the sake of clarity, only
those mutations that are not conserved relative to the composition of resi-
dues in the binding site of PDE7A1 are shown. a) Representation of the
PDE7A1 binding site and of the nonconservative mutations with compound
15 in the X-ray crystallographic binding mode B (gray). b) Alternative pose
of 15 (blue) in the PDE7A1 binding site found in docking studies, which ena-
bles hydrogen bonding with the invariant Gln413.


Table 3. Divergence in the binding site residues of phosphodiesterases.


PDE7A[a] PDE2A PDE3B PDE4D PDE5A PDE9A PDE10A


Tyr211 Tyr Tyr Tyr Tyr Phe Tyr
Ile323 Leu Leu Met Leu Met Leu
Ile363 Leu Ile Leu Leu Ile Leu


Asn365 Asp Gly Asn Ala Asn Ser
Pro366 Gln Pro Pro Ile Glu Val
Ser373 Thr His Tyr Gln Ala Thr
Ser377 Ala Thr Thr Ala Val Ala
Val380 Ile Ile Ile Val Leu Ile
Phe384 Phe Phe Phe Phe Tyr Phe
Leu401 Met Phe Met – Phe Met
Ile412 Leu Leu Ser Met Ala Gly
Leu420 Ile Ile Ile Ile Val Val


[a] PDE7A1 residues with nonconservative changes are shown in bold.
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binding affinity (Table 4), it has much less impact on the differ-
ences between the two binding modes. The nonpolar contri-
bution to the solvation free energy is very similar in the two


binding modes. In contrast, the van der Waals term shows a
6.4 kcal mol�1 energy difference, favoring the alternative bind-
ing mode A over the X-ray-like binding mode. The preference
of this binding mode is counter balanced by the difference in
the internal energy (2.9 kcal mol�1), which reflects the confor-
mational penalty due to rearrangements of the side chains of
residues. Nevertheless, this opposing term is not sufficient to
compensate for the larger energy in the van der Waals interac-
tion between the receptor and inhibitor in binding mode A.


A feature of particular relevance in the A binding mode is
that the difluoro-substituted benzene ring points toward
Ser373, which is one of the often divergent residues in the
binding site of phosphodiesterases (see Figure 5 and Table 3).
As Ser373 is replaced by Tyr in PDE4, it is reasonable to expect
that the bulkier size of the PDE4 residue can increase the steric
hindrance with the difluoro-substituted benzene ring and
eventually weaken the hydrogen bond with the glutamine in
PDE4. For PDE2 and PDE10, even though Ser373 is replaced by
Thr, Pro366 is mutated to Gln and Val respectively, whose side
chains might also affect the positioning of the difluorobenzene
unit of 15 in their binding site. More drastic changes are found
in PDE3, PDE5, and PDE9. Thus, Ser373 and Pro366 are mutat-
ed respectively to His and Val in PDE3, Gln and Ile in PDE5, and
Ala and Glu in PDE9. Therefore, altering the shape, size, and
electrostatic features of these residues may contribute to the
selective binding of compound 15, and Ser373 may be an im-
portant residue for the selectivity of PDE inhibitors.


Overall, it can be speculated that the adoption of binding
mode A could follow a two-step binding mechanism, where
the conversion from mode B could be limited by local structur-
al rearrangements of the side chains of residues that surround
Ser373. Future modifications of the inhibitors aim at retaining
the interaction with the invariant Gln413, whereas the amino
acid divergence across PDEs is valuable for increasing the bind-
ing affinity and selectivity of this novel class of PDE7 inhibitors.


Conclusions


Phosphodiesterase 7 is a high-affinity cAMP-specific PDE, the
functional role of which in T-cells has been the subject of
some controversy. However, recent findings on tissue distribu-


tion support the hypothesis that PDE7 could be a good target
for the treatment of airway diseases, T-cell related diseases, or
even CNS disorders. Thus, the discovery of PDE7 inhibitors is
essential for the treatment of these disorders. The new hetero-
cyclic compounds reported herein are more potent than the
previous quinazoline derivatives for the inhibition of PDE7. As
a result of their capability to inhibit PDE4, compounds 15, 19,
23, 25, 29, and 39 can be considered as potential PDE7/PDE4
dual inhibitors for the treatment of T-cell disorders. The deriva-
tives 13, 26, and 40 show moderate in vitro cell toxicity similar
to Rolipram or BRL50481. Also thioxoquinazoline derivatives
show a synergistic effect with Rolipram in increasing intracellu-
lar levels of cAMP.


These compounds have remarkable anti-inflammatory activi-
ty, as shown by a significant decrease in nitrite production in
the murine macrophage cell line in response to the LPS stimu-
lation. Again, synergy between PDE4 and PDE7 inhibitors is ob-
served. Moreover, the in silico model predicts that the thioxo-
quinazolines are able to cross the BBB, further emphasizing
their potential biological use.


Last of all, the structure of the PDE7A1–15 complex allows
us to better understand the binding site of this new family of
PDE7 inhibitors, providing some important clues for the design
of new and selective inhibitors.


Overall, structural optimization on the thioxoquinazoline de-
rivatives led to new compounds with a very interesting profile
as PDE7 or PDE7/PDE4 dual inhibitors that may be further de-
veloped as new drugs for inflammatory and neurological dis-
eases. Our hypothesis is based on the fact that a decrease in
cAMP levels promotes inflammation. Therefore, for diseases in
which PDEs are overexpressed or are overactive, PDE inhibitors
will be useful as therapeutic agents. This fact has been proven
with PDE4 inhibitors for smooth-tissue diseases and COPD, and
it will be checked in the near future with PDE7 inhibitors for
neurological disease, as PDE7 is widely expressed in the brain.
Modulation of the inflammation process is without a doubt a
well-established neuroprotective strategy.


Experimental Section


Chemical procedures


Chemicals were purchased from commercial sources and used
without further purification. Melting points were measured by a
Reichert–Jung Thermovar apparatus and were not corrected. Flash
column chromatography was carried out at medium pressure with
silica gel 60 (E. Merck, particle size 0.040–0.063 mm, 230–240 mesh
ASTM) and the indicated solvent as eluent. Compounds were de-
tected with UV light (254 nm). 1H NMR spectra were obtained on
the Bruker Avance 300 spectrometer working at 300 MHz. Typical
spectral parameters: spectral width 10 ppm, pulse width 9 ms (578),
data size 32 K. 13C NMR experiments were carried out on a Bruker
Avance 300 spectrometer operating at 75 MHz. The acquisition pa-
rameters: spectral width 16 kHz, acquisition time 0.99 s, pulse
width 9 ms (578), data size 32 K. Chemical shifts are reported in
ppm relative to internal Me4Si, and J values are reported in Hz. IR
spectra were recorded on a PerkinElmer Spectrum One spectrome-
ter. EIMS data were collected on an MSD 5973 instrument (Hew-
lett-Packard), and ESIMS data on an LC/MSD Series 100 (Hewlett-


Table 4. MM/PBSA analysis of the relative binding affinities [kcal mol�1] of
compound 15 in the X-ray-like binding mode B and the alternative
pose A.[a]


Mode DGele DGSAS DGvdW DDGint DDGbind


Alternative
(A)


11.0 (e= 2)
2.6 (e= 4)


�1.7 �39.9 3.5 �2.7


X-ray-like
(B)


10.9 (e = 2)
2.6 (e= 4)


�1.8 �33.5 0.0 0.0


[a] Poses shown in Figure 5.
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Packard). Elemental analyses were performed by the analytical de-
partment at CENQUIOR (CSIC), and the results obtained were
within �0.4 % of the theoretical values.


General procedure for the synthesis of thioxoquinazoline deriv-
atives (6–13). The corresponding isothiocyanate derivative
(1 equiv) at 0 8C was added to a solution of the commercially avail-
able 2-amino-5-bromobenzoic acid or 2-amino-3-methylbenzoic
acid (1 equiv) in EtOH. The reaction mixture was stirred at 4 8C
during the time indicated in each case, and the product was isolat-
ed by filtration. Sometimes a purification step was necessary. A
representative example (compound 6) is characterized below; full
experimental details for compounds 7–13 are given in the Sup-
porting Information.


6-Bromo-4-oxo-3-phenyl-2-thioxo-1,2,3,4-tetrahydroquinazoline
(6). Reagents: 2-amino-5-bromobenzoic acid (0.80 g, 3.70 mmol),
phenylisothiocyanate (0.4 mL, 3.70 mmol), EtOH (37.0 mL). Condi-
tions: 3 days. Yield: 0.49 g (40 %) as a white solid; mp: 326–329 8C
(lit.[42] 322–325 8C); 1H NMR (300 MHz, [D6]DMSO): d= 13.22 (br s,
1 H, NH), 8.09 (d, 1 H, J = 2.1 Hz, H-5), 8.03 (dd, 1 H, J = 8.7, 2.1 Hz,
H-7), 7.50–7.37 (m, 4 H, Ar-H, H-8), 7.35 ppm (d, 2 H, J = 7.3 Hz, Ar-
H); 13C NMR (75 MHz, [D6]DMSO): d= 176.0 (C2), 158.7 (C4), 139.1
(Ar-C), 138.8 (C8a), 138.1 (C7), 129.2 (C5), 128.9 (2 C, Ar-C), 128.8
(2 C, Ar-C), 128.1 (Ar-C), 118.2 (C8), 118.0 (C4a), 115.7 ppm (C6); IR
(KBr): ñ= 3237, 3033, 1663, 1522, 1214 cm�1; MS (ESI) m/z 333, 335
[M+H]+ , 355, 357 [M+Na]+ ; Anal. calcd for C14H9BrN2OS: C 50.46, H
2.72, N 8.41, S 9.62, found: C 50.19, H 2.88, N 8.35, S 9.34.


General procedure for the synthesis of 2-methylthio-4-oxo-3,4-
dihydroquinazoline derivatives (14–25). Anhydrous K2CO3


(1 equiv) was added to a solution of the corresponding 4-oxo-2-
thioxo-1,2,3,4-tetrahydroquinazoline derivative (1 equiv) in anhy-
drous DMF, and the mixture was stirred at RT for 1 h. To this solu-
tion, MeI (1.5 equiv) was added, and the reaction mixture was
stirred at RT to completion. The solvent was evaporated under re-
duced pressure. The residue was purified by using flash chroma-
tography, eluting with hexane/EtOAc in the proportions indicated.
A representative example (compound 14) is characterized below;
full experimental details for compounds 15–25 are given in the
Supporting Information.


2-Methylthio-4-oxo-3-phenyl-3,4-dihydroquinazoline (14). Re-
agents: 4-oxo-3-phenyl-2-thioxo-1,2,3,4-tetrahydroquinazoline (2)[29]


(0.20 g, 0.78 mmol), K2CO3 (0.10 g, 0.78 mmol), DMF (16.9 mL), MeI
(72.8 mL, 1.17 mmol). Conditions: 7 h. Purification: hexane/EtOAc
(5:1) as eluent. Yield: 0.15 g (76 %) as a white solid; mp: 121–
123 8C (lit.[43] 124–126 8C); purity: 97 % (by HPLC); 1H NMR
(300 MHz, CDCl3 : d= 8.15 (dd, 1 H, J = 7.9, 1.3 Hz, H-5), 7.63 (ddd,
1 H, J = 8.0, 7.8, 1.3 Hz, H-7), 7.54 (d, 1 H, J = 7.8 Hz, H-8), 7.49–7.42
(m, 3 H, Ar-H), 7.29 (ddd, 1 H, J = 8.0, 7.9, 1.0 Hz, H-6), 7.24–7.20 (m,
2 H, Ar-H), 2.43 (s, 3 H, Me); 13C NMR (75 MHz, CDCl3): d= 161.7 (C4),
157.8 (C2), 147.7 (C8a), 135.9 (Ar-C), 134.5 (C7), 129.8 (Ar-C), 129.5
(2 C, Ar-C), 129.0 (2 C, Ar-C), 127.1 (C5), 126.1 (C8), 125.6 (C6), 119.7
(C4a), 15.4 (Me); IR (KBr): ñ= 3070, 2929, 1700, 1595, 1264 cm�1;
MS (ESI) m/z 269 [M+H]+ , 291 [M+Na]+ , 559 [2 M+Na]+ , 560
[2 M+Na+H]+ ; Anal. calcd for C15H12N2OS: C 67.14, H 4.51, N 10.44,
S 11.95, found: C 66.97, H 4.38, N 10.31, S 11.79.


General procedure for the synthesis of 2,4-dithioxo-1,2,3,4-tetra-
hydroquinazoline derivatives (26–28). 2,4-bis(4-methoxyphenyl)-
1,3,2,4-dithiadiphosphetane-2,4-disulfide (Lawesson’s reagent;
1.5 equiv) was added to a solution of the corresponding 4-oxo-2-
thioxo-1,2,3,4-tetrahydroquinazoline derivative (1 equiv) in toluene,
and the mixture was heated under reflux to completion. After cool-
ing to RT, the solvent was evaporated under reduced pressure. The


residue was purified by using flash chromatography, eluting with
hexane/EtOAc in the proportions indicated. A representative exam-
ple (compound 26) is characterized below; full experimental details
for compounds 27 and 28 are given in the Supporting Informa-
tion.


3-Phenyl-2,4-dithioxo-1,2,3,4-tetrahydroquinazoline (26). Re-
agents: 2[29] (75.0 mg, 0.29 mmol), Lawesson’s reagent (0.17 g,
0.44 mmol), toluene (6.4 mL). Conditions: 24 h. Purification:
hexane/EtOAc (9:1) as eluent. Yield: 50.3 mg (63 %) as an orange
solid; mp: 253–256 8C (lit.[44] 252–254 8C); purity: 98 % (by HPLC);
1H NMR (300 MHz, [D6]DMSO): d= 13.48 (br s, 1 H, NH), 8.32 (dd,
1 H, J = 8.2, 1.0 Hz, H-5), 7.78 (ddd, 1 H, J = 8.3, 7.0, 1.0 Hz, H-7),
7.50–7.42 (m, 3 H, Ar-H, H-6), 7.39–7.32 (m, 2 H, Ar-H, H-8),
7.21 ppm (dd, 2 H, J = 8.3, 1.1 Hz, Ar-H); 13C NMR (75 MHz,
[D6]DMSO): d= 189.8 (C4), 172.8 (C2), 144.2 (Ar-C), 135.8 (C7), 135.2
(C8a), 131.7 (C5), 129.2 (2 C, Ar-C), 128.5 (2 C, Ar-C), 127.9 (Ar-C),
125.2 (C8), 123.7 (C4a), 115.9 ppm (C6); IR (KBr): ñ= 3159, 3101,
3007, 2953, 1537, 1478, 1209 cm�1; MS (ESI) m/z 271 [M+H]+ , 293
[M+Na]+ ; MS (EI) m/z 270 [M]+ (60) ; Anal. calcd for C14H10N2S2: C
62.19, H 3.73, N 10.36, S 23.72, found: C 62.32, H 3.82, N 10.01, S
23.60.


General procedure for the synthesis of 2-methylthio-4-thioxo-
3,4-dihydroquinazoline derivatives (29–32). 2,4-bis(4-methoxy-
phenyl)-1,3,2,4-dithiadiphosphetane-2,4-disulfide (Lawesson’s re-
agent; 1.5 equiv) was added to a solution of the corresponding 2-
methylthio-4-oxo-3,4-dihydroquinazoline derivative (1 equiv) in tol-
uene, and the mixture was heated under reflux to completion.
After cooling to RT, the solvent was evaporated under reduced
pressure. The residue was purified by using flash chromatography,
eluting with hexane/EtOAc in the proportions indicated. A repre-
sentative example (compound 29) is characterized below; full ex-
perimental details for compounds 30–32 are given in the Support-
ing Information.


2-Methylthio-3-phenyl-4-thioxo-3,4-dihydroquinazoline (29). Re-
agents: 14 (75.0 mg, 0.27 mmol), Lawesson’s reagent (0.16 g,
0.41 mmol), toluene (6.1 mL). Conditions: 24 h. Purification:
hexane/EtOAc (6:1) as eluent. Yield: 73.9 mg (93 %) as a yellow
solid, mp: 180–182 8C; purity: 98 % (by HPLC); 1H NMR (300 MHz,
CDCl3): d= 8.68 (ddd, 1 H, J = 8.2, 1.3, 0.3 Hz, H-5), 7.70 (ddd, 1 H,
J = 8.2, 6.9, 1.3 Hz, H-7), 7.59 (dd, 1 H, J = 8.2, 0.9 Hz, H-8), 7.56–7.51
(m, 3 H, Ar-H), 7.37 (ddd, 1 H, J = 8.2, 6.9, 0.9 Hz, H-6), 7.26–7.22 (m,
2 H, Ar-H), 2.49 ppm (s, 3 H, Me); 13C NMR (75 MHz, CDCl3): d=
189.9 (C4), 157.4 (C2), 142.8 (C8a), 140.4 (Ar-C), 134.8 (C7), 131.1
(C5), 129.9 (Ar-C), 129.8 (2 C, Ar-C), 128.8 (2 C, Ar-C), 127.5 (C4a),
126.9 (C6), 126.8 (C8), 16.0 ppm (Me); IR (KBr): ñ= 3060, 2925, 1570,
1533, 1262, 1203 cm�1; MS (ESI) m/z 285 [M+H]+ , 307 [M+Na]+ ,
591 [2 M+Na]+ ; Anal. calcd for C15H12N2S2 : C 63.35, H 4.25, N 9.85, S
22.55, found: C 63.58, H 4.76, N 9.83, S 22.30.


General procedure for the synthesis of 2-methylthio-4-oxo-3,4-
dihydrothieno ACHTUNGTRENNUNG[3,2-d]pyrimidine derivatives (35, 36). Anhydrous
K2CO3 (1 equiv) was added to a solution of the corresponding 4-
oxo-2-thioxo-1,2,3,4-tetrahydrothienoACHTUNGTRENNUNG[3,2-d]pyrimidine derivative
(1 equiv) in anhydrous DMF, and the mixture was stirred at RT for
1 h. To this solution, MeI (1.5 equiv) was added, and the reaction
mixture was stirred at RT for 6 h. The solvent was evaporated
under reduced pressure. The residue was purified by using flash
chromatography, eluting with hexane/EtOAc (4:1).


2-Methylthio-4-oxo-3-phenyl-3,4-dihydrothieno ACHTUNGTRENNUNG[3,2-d]pyrimidine
(35). Reagents: 4-oxo-3-phenyl-2-thioxo-1,2,3,4-tetrahydrothieno-ACHTUNGTRENNUNG[3,2-d]pyrimidine (33)[29] (0.15 g, 0.57 mmol), K2CO3 (79.7 mg,
0.57 mmol), DMF (12.5 mL), MeI (53.8 mL, 0.86 mmol). Yield: 0.12 g
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(77 %) as a white solid; mp: 188–190 8C; purity: >99 % (by HPLC);
1H NMR (300 MHz, CDCl3): d= 7.67 (d, 1 H, J = 5.2 Hz, H-6), 7.50–
7.44 (m, 3 H, Ar-H), 7.27–7.22 (m, 2 H, Ar-H), 7.19 (d, 1 H, J = 5.2 Hz,
H-7), 2.42 ppm (s, 3 H, Me); 13C NMR (75 MHz, CDCl3): d= 160.2 (C2),
158.0 (C4), 156.5 (C7a), 135.6 (Ar-C), 134.4 (C6), 129.9 (Ar-C), 129.6
(2 C, Ar-C), 129.0 (2 C, Ar-C), 124.4 (C7), 119.6 (C4a), 15.6 ppm (Me);
IR (KBr): ñ= 3100, 3085, 2993, 1676, 1496, 1238 cm�1; MS (ESI) m/z
275 [M+H]+ , 297 [M+Na]+ , 589 [2 M+Na+NH4]+ ; Anal. calcd for
C13H10N2OS2: C 56.91, H 3.67, N 10.21, S 23.37, found: C 56.67, H
3.89, N 10.06, S 23.11.


3-(2,6-Difluorophenyl)-2-methylthio-4-oxo-3,4-dihydrothieno-ACHTUNGTRENNUNG[3,2-d]pyrimidine (36). Reagents: 3-(2,6-difluorophenyl)-4-oxo-2-
thioxo-1,2,3,4-tetrahydrothieno ACHTUNGTRENNUNG[3,2-d]pyrimidine (34)[29] (60.0 mg,
0.20 mmol), K2CO3 (28.0 mg, 0.20 mmol), DMF (4.4 mL), MeI
(18.9 mL, 0.30 mmol). Yield: 26.7 mg (43 %) as a white solid; mp:
158–160 8C; purity: 96 % (by HPLC); 1H NMR (300 MHz, CDCl3): d=
7.81 (d, 1 H, J = 5.2 Hz, H-6), 7.61–7.48 (m, 1 H, Ar-H), 7.29 (d, 1 H,
J = 5.2 Hz, H-7), 7.15–7.09 (m, 2 H, Ar-H), 2.56 ppm (s, 3 H, Me);
13C NMR (75 MHz, CDCl3): d= 159.7 (C2), 159.0 (dd, 2 C, J = 253.8,
3.5 Hz, Ar-C), 156.7 (C7a), 156.7 (C4), 134.9 (C6), 132.2 (t, 1 C, J =
9.8 Hz, Ar-C), 124.6 (C7), 119.0 (C4a), 112.8 (t, 1 C, J = 16.8 Hz, Ar-C),
112.4 (dd, 2 C, J = 19.7, 3.3 Hz, Ar-C), 15.2 ppm (Me); IR (KBr): ñ=
3072, 2923, 2853, 1684, 1503, 1237, 1009 cm�1; MS (EI) m/z 310
[M]+ (83) ; Anal. calcd for C13H8F2N2OS2 : C 50.31, H 2.60, N 9.03, S
20.66, found: C 50.12, H 2.90, N 8.94, S 20.37.


2-Methylthio-3-phenyl-4-thioxo-3,4-dihydrothieno ACHTUNGTRENNUNG[3,2-d]pyrimi-
dine (37). 2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-
2,4-disulfide (Lawesson’s reagent; 0.15 g, 0.38 mmol) was added to
a solution of 35 (70.0 mg, 0.25 mmol) in toluene (5.5 mL), and the
mixture was heated under reflux for 24 h. After cooling to RT, the
solvent was evaporated under reduced pressure. The residue was
purified by using flash chromatography, eluting with hexane/EtOAc
(5:1) to yield 63.3 mg (86 %) of a yellow solid; 1H NMR (300 MHz,
CDCl3): d= 7.82 (d, 1 H, J = 5.4 Hz, H-6), 7.60–7.53 (m, 3 H, Ar-H),
7.29–7.24 (m, 3 H, Ar-H, H-7), 2.47 ppm (s, 3 H, Me); 13C NMR
(75 MHz, CDCl3): d= 180.8 (C4), 160.5 (C2), 149.8 (C7a), 139.2 (Ar-C),
138.2 (C6), 134.9 (C4a), 130.2 (Ar-C), 129.8 (2 C, Ar-C), 128.8 (2 C, Ar-
C), 124.6 (C7), 16.3 ppm (Me); MS (ESI) m/z 291 [M+H]+ , 332
[M+Na+NH4+H]+ .


3-(2,6-Difluorophenyl)-2-methylthio-4-oxo-3,4-dihydrobenzo-ACHTUNGTRENNUNG[4,5]thieno ACHTUNGTRENNUNG[3,2-d]pyrimidine (39). Anhydrous K2CO3 (59.9 mg,
0.43 mmol) was added to a solution of 3-(2,6-difluorophenyl)-4-
oxo-2-thioxo-1,2,3,4-tetrahydrobenzo ACHTUNGTRENNUNG[4,5]thienoACHTUNGTRENNUNG[3,2-d]pyrimidine
(38)[29] (0.15 g, 0.43 mmol) in anhydrous DMF (9.4 mL), and the mix-
ture was stirred at RT for 1 h. To this solution, MeI (40.5 mL,
0.65 mmol) was added, and the reaction mixture was stirred at RT
for 4 h. The solvent was evaporated under reduced pressure. The
residue was purified by using flash chromatography, eluting with
hexane/EtOAc (5:1) to yield 0.14 g (92 %) of a white solid; mp:
183–185 8C; 1H NMR (300 MHz, CDCl3): d= 8.32 (d, 1 H, J = 7.7 Hz, H-
9), 7.91 (d, 1 H, J = 7.8 Hz, H-6), 7.63–7.50 (m, 3 H, H-7, Ar-H, H-8),
7.16–7.11 (m, 2 H, Ar-H), 2.68 ppm (s, 3 H, Me); 13C NMR (75 MHz,
CDCl3): d= 160.4 (C2), 158.8 (dd, 2 C, J = 254.0, 3.5 Hz, Ar-C), 157.2
(C4), 152.2 (C9b), 141.8 (C5a), 134.0 (C9a), 132.3 (t, 1 C, J = 9,7 Hz,
Ar-C), 129.0 (C7), 125.0 (C8), 123.7 (C9), 123.3 (C6), 118.5 (C4a),
112.8 (t, 1 C, J = 16.8 Hz, Ar-C), 112.4 (dd, 2 C, J = 19.7, 3.4 Hz, Ar-C),
15.3 ppm (Me); IR (KBr): ñ= 3066, 2925, 1697, 1530, 1497, 1478,
1243, 1013 cm�1; MS (ESI) m/z 361 [M+H]+ , 383 [M+Na]+ , 743
[2 M+Na]+ ; Anal. calcd for (C13H8F2N2OS2) C 50.31, H 2.60, N 9.03, S
20.66; found: C 50.12, H 2.90, N 8.94, S 20.37; Anal. calcd for
C17H10F2N2OS2 : C 56.65, H 2.80, N 7.77, S 17.79, found: C 56.75, H
3.02, N 7.46, S 17.69.


3-(2,6-Difluorophenyl)-2-methylthio-4-thioxo-3,4-dihydrobenzo-ACHTUNGTRENNUNG[4,5]thieno ACHTUNGTRENNUNG[3,2-d]pyrimidine (40). 2,4-bis(4-methoxyphenyl)-
1,3,2,4-dithiadiphosphetane-2,4-disulfide (Lawesson’s reagent;
0.12 g, 0.31 mmol) was added to a solution of 39 (75.0 mg,
0.20 mmol) in toluene (4.5 mL), and the mixture was heated under
reflux for 20 h. After cooling to RT, the solvent was evaporated
under reduced pressure. The residue was purified by using flash
chromatography, eluting with hexane/EtOAc (8:1) to yield 23.7 mg
(30 %) of a yellow solid; mp: 250–252 8C; 1H NMR (300 MHz, CDCl3):
d= 8.32 (dd, 1 H, J = 7.8, 0.5 Hz, H-9), 7.88 (d, 1 H, J = 8.0 Hz, H-6),
7.64–7.49 (m, 3 H, H-7, Ar-H, H-8), 7.19–7.13 (m, 2 H, Ar-H),
2.69 ppm (s, 3 H, Me); 13C NMR (75 MHz, CDCl3): d= 180.2 (C4),
161.0 (C2), 158.1 (dd, 2 C, J = 254.4, 3.8 Hz, Ar-C), 145.7 (C9b), 143.5
(C5a), 134.1 (C9a), 132.6 (t, 1 C, J = 9.7 Hz, Ar-C), 129.7 (C7), 125.3
(C8), 124.6 (C9), 123.1 (C6), 116.1 (C4a), 112.8 (Ar-C), 112.6 (dd, 2 C,
J = 19.2, 3.5 Hz, Ar-C), 15.9 ppm (Me); IR (KBr): ñ= 3065, 2922, 1539,
1473, 1247, 1012 cm�1; MS (ESI) m/z 377 [M+H]+ , 399 [M+Na]+ ,
775 [2 M+Na]+ , 776 [2 M+Na+H]+ ; Anal. calcd for C17H10F2N2S3 : C
54.24, H 2.68, N 7.44, S 25.55, found: C 54.19, H 3.01, N 7.49, S
25.45.


Subcloning, protein expression, and purification


The expression and purification of the catalytic domain of human
PDE7A1 (residues 130–482) has been previously described.[36] Brief-
ly, the PDE7A1 was subcloned into vector pET-32a and transferred
into E. coli strain BL21 (codonplus). The E. coli culture carrying pET-
PDE7A1 was grown in 2 � YT medium at 37 8C to absorption A600 =
1.0 and then 0.1 mm isopropyl-b-d-thiogalactopyranoside was
added for further growth at 15 8C for 12–16 h. The catalytic
domain of PDE7A1 was passed through a Ni-NTA column (Qiagen),
subjected to thrombin cleavage, and further purified with Q-Se-
pharose (Amersham Biosciences) and Sephacryl S300 (Amersham
Biosciences) columns. A typical batch of purification yielded ~5 mg
PDE7A1 from 4 L cell culture. Purified protein showed a single
band in SDS-PAGE and native PAGE, and is estimated to have
>95 % purity.


Phosphodiesterase inhibition assay


The catalytic domain of PDE7A1 (130–482) and full-length PDE4D2
(1–507) were subcloned into pET vectors, overexpressed in E. coli
strain BL21, and purified to homogeneity, as previously reported.[36]


The enzymatic activities of PDE7A1 and PDE4D2 were assayed by
incubating the enzymes with 100 mL reaction mixture of 20 mm


Tris·HCl (pH 7.5), 10 mm MgCl2, 1 mm DTT, and [3H]cAMP
(20 000 cpm per assay, Sigma–Aldrich) at RT for 15 min. The reac-
tions were terminated by addition of 200 mL 0.2 m ZnSO4 when 20–
50 % of cAMP was hydrolyzed. The reaction product [3H]AMP was
precipitated by addition of 200 mL 0.12 m Ba(OH)2 (Sigma–Aldrich),
whereas unreacted [3H]cAMP remained in the supernatant. Radio-
activity of the supernatant was measured in liquid scintillation
cocktail (ScintiSafe PlusTM 30 %, Fisher Scientific) with an LKB Rack-
Beta 1214 counter. For measurement of inhibition, six to eight dif-
ferent inhibitor concentrations were used with a substrate concen-
tration one tenth of the KM value, and the suitable enzyme concen-
tration. Each measurement was repeated twice. The IC50 values
were defined as the compound concentration that effects 50 % in-
hibition of the enzyme activity.
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Cell viability assays


The effect of PDE4, PDE7, and dual inhibitors on T-cell viability was
determined by propidium iodide (PI) cell staining assays using the
murine T-cell line D10.G4.1. Cells (1 � 105) were cultured in Click
medium[45] in the presence of various concentrations of each inhib-
itor for 48 h. Samples were collected and washed twice in PBS
before treatment with PI (5 mg mL�1) in a final volume of 0.5 mL.
Viable cells were identified by PI dye exclusion using a Becton
Dickinson FACs Canto flow cytometer. The number of events col-
lected for each sample in each series was the same (20 000–
50 000).


cAMP measurements


D10.G4.1 cells were stimulated for 1 h with ionomycin and PMA in
96-well plates (5 � 104 cells per well), in the presence or absence of
PDE inhibitors (200 mm) or vehicle (DMSO). Intracellular cAMP was
determined by a competitive enzyme immunoassay (EIA) system
(Amersham, GE Healthcare).


Nitrite production


Raw 264.7 cells in a 96-well plate were treated or untreated for 1 h
with various PDE inhibitors (10 mm) and then stimulated with
10 mg mL�1 of LPS for 24 h. The culture supernatants (50 mL) were
transferred to a 96-well assay plate, mixed with 50 mL of Griess re-
agent, and incubated for 15 min at RT. The absorbance (520 nm) of
the mixture was measured on a microplate reader.


Crystallization and structure determination


Crystals of PDE7A1–15 were grown by hanging drop at 4 8C. The
catalytic domain of 5 mg mL�1 PDE7A1 (amino acids 130–482) in a
storage buffer of 50 mm NaCl, 20 mm Tris·HCl (pH 7.5), 1 mm b-
mercaptoethanol, and 1 mm EDTA was mixed with 1 mm 15. The
protein drops contained 2 mL PDE7A1–15 and 2 mL well buffer of
0.6–0.8 m (NH4)2SO4, 2.5–5 mm b-mercaptoethanol, 10 mm EDTA,
0.1 m Tris·HCl, pH 7.5. Diffraction data were collected on beamline
X29 of the National Synchrotron Light Source (Table 5). The
PDE7A1–15 crystal had the space group P3121 with cell dimensions
of a = b = 115.4, and c = 64.4 �. The diffraction data were processed
by the program HKL.[46] The structure of PDE7A1–15 was solved by
molecular replacement program AMoRe,[47] using PDE7A1-IBMX[36]


as the initial model. The atomic model was rebuilt by program O[48]


against the electron density map that was improved by the density
modification package of CCP4. The structure was refined by
CNS.[49]


The coordinates and structural factors have been deposited into
the Protein Data Bank with the accession code 3G3N.


Molecular modeling


Docking was performed with the program rDock, which is an ex-
tension of the program RiboDock,[50] using an empirical scoring
function calibrated on the basis of protein–ligand complexes.[51]


This program uses an empirical scoring function for attractive and
repulsive polar interactions in combination with a Lennard–Jones
potential to define the van der Waals term. Ligand internal ener-
gies used the same terms as the intermolecular potential, plus a di-
hedral potential derived from the Tripos force field. A full search
on ligand poses was performed using a genetic algorithm, in


which a conventional chromosome representation of translation,
rotation, and rotatable bond dihedral angles was used, while the
receptor site was kept fixed. The reliability of rDock was assessed
by docking eight PDE4 inhibitors, which were selected on the basis
of their structural resemblance to the compounds (see Supporting
Information). Thus, all of them are neutral and possess at least two
rings, which may or may not be fused. Moreover, superposition of
the X-ray crystallographic structures of the ligand–PDE4 complexes
confirmed unambiguously the structural similarity of the ligand
binding sites. Water molecules were removed from the coordi-
nates, and the docking volume was defined as the space within
10 � of the ligands in the binding site. Before docking, the struc-
ture of the ligands was built up and energy minimized at the MP2/
6-31G* level using Gaussian 03.[52] Each compound was subjected
to 100 docking runs, and the output docking modes were analyzed
by visual inspection in conjunction with the docking scores.


MM/PBSA calculations were performed using the program
AMBER.[53] The partial atomic charges for the compounds were de-
rived using the RESP protocol[54] by fitting to the molecular electro-
static potential calculated at the HF/6-31G* level with Gaussian 03.
Prior to MM/PBSA calculations, the inhibitor and the side chains of
those residues pertaining to the binding site (see above) were en-
ergetically minimized. The electrostatic contribution (DGele) to the
total free energy of binding (DGbind) was determined using a dielec-
tric constant of 80 for the aqueous environment, whereas values
of 2 or 4 were considered for the ligand–receptor complex. The
electrostatic potentials were calculated using a grid spacing of
0.25 �. The interior of the solutes was defined as the volume inac-
cessible to a solvent probe sphere of radius 1.4 �. The nonpolar
contribution (DGSAS) of the free energy was calculated using a
linear dependence with the solvent-accessible surface (0.025 kcal
mol�1 �2). The van der Waals interaction energy between ligand
and protein (DGvdW) was determined using the standard formalism
and parameters implemented in AMBER. The relative internal con-
formational energy (DGint) of the receptor–ligand complexes was


Table 5. Statistics on diffraction data and structure refinement.


Data collection


Space group P3121
Unit cell [�] a = 115.4, b = 115.4, c = 64.4
Resolution [�] 2.4
Unique reflections 18 572
Fold redundancy 19.2
Completeness [%] 94.8 (66.7)[a]


Average I/s 7.1 (3.1)[a]


Rmerge 0.102 (0.28)[a]


Structure refinement


R 0.210
Rfree 0.245 (10 %)[b]


Resolution [�] 3.0–2.4
Reflections 18 071
Bond RMSD [�] 0.006
Angle [8] 1.1
Average B [�2]:
Protein 32.0 (2596)[c]


Compound 15 39.0 (21)[c]


Zn 32.9 (1)[c]


Mg 45.7 (1)[c]


[a] Values in parentheses are for the highest-resolution shell. [b] The per-
centage of reflections omitted for calculation of Rfree. [c] The number of
atoms in the crystallographic asymmetric unit.
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determined using the AMBER force field and considered when
comparing the two binding modes of the ligand. Finally, entropy
changes upon complex formation were assumed to be very similar
in the two binding modes and therefore would cancel out in the
comparison of the relative binding affinities.


DGbind =DGele +DGvdW +DGSAS +DGint
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Thioxoquinazoline Derivatives as
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PDE7 inhibitors regulate pro-inflamma-
tory and immune T-cell functions, and
are a potentially novel class of drugs
particularly useful for treatment of a
wide variety of immune and inflamma-
tory disorders. Structural optimization of
thioxoquinazoline derivatives led to
new compounds with very interesting
profiles as PDE7 or PDE7/PDE4 dual in-
hibitors, which may be further devel-
oped as new drugs for inflammatory
and neurological diseases.
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Discovery of Riociguat (BAY 63-2521): A Potent, Oral
Stimulator of Soluble Guanylate Cyclase for the Treatment
of Pulmonary Hypertension
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Klaus Muenter,[b] Martin Radtke,[c] Hartmut Schirok,[a] Karl-Heinz Schlemmer,[c] Elke Stahl,[c]


Alexander Straub,[a] Frank Wunder,[b] and Johannes-Peter Stasch[b]


Introduction


Soluble guanylate cyclase (sGC) is a key signal-transduction
enzyme. It is activated by the ubiquitous messenger nitric
oxide (NO) and catalyzes the conversion of guanosine-5’-tri-
phosphate (GTP) into the second messenger cyclic guanosine-
3’,5’-monophosphate (cGMP). The increased level of cGMP
modulates the activity of downstream effectors including pro-
tein kinases, phosphodiesterases (PDE), and ion channels, ulti-
mately regulating a multitude of fundamental cellular process-
es including vasodilatation, vascular smooth-muscle cell
growth, platelet aggregation, and neurotransmission. Impair-
ments of the NO–sGC–cGMP signaling pathway have been im-
plicated in the pathogenesis of cardiovascular, pulmonary, en-
dothelial, renal, and hepatic diseases.[1] Among these, pulmo-
nary hypertension (PH) is a devastating disease in which in-
creased pulmonary vascular resistance causes right heart hy-
pertrophy, eventually leading to right heart failure and death.[2]


Although there have been significant advances in the treat-
ment of PH including the clinical introduction of prostacyclin
analogues, endothelin receptor antagonists, phosphodiester-
ase 5 (PDE5) inhibitors, and their combinations, there remains
a major unmet need for additional therapeutic interventions.[3]


In PH patients a markedly impaired bioactivity of NO con-
tributes to excessive pulmonary vasoconstriction.[4] Treatments
that elevate NO levels (inhaled NO and NO-donor drugs) are
unsuitable as long-term therapies for PH due to their short-
lived effects, the development of tolerance, and nonspecific in-
teractions of NO with various biomolecules. Precise regulation
of NO levels is required in the pulmonary vasculature to direct
blood flow preferentially to well-ventilated regions of the lung


(ventilation/perfusion matching), thus ensuring optimal uptake
of oxygen into the blood (Figure 1).[5] Therefore, therapies that
act in synergy with endogenous NO to maintain ventilation/
perfusion matching are highly desirable.[6]


The PDE5 inhibitor sildenafil augments the effects of endog-
enous NO, increasing cGMP levels by preventing its degrada-
tion. However, a significant number of patients with PH do not
respond to sildenafil treatment,[7] indicating that endogenous
NO in these patients is decreased to such an extent that silde-
nafil can no longer increase cGMP levels to a sufficient degree.
Direct stimulation of sGC represents a promising alternative
therapeutic strategy for such patients.
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Soluble guanylate cyclase (sGC) is a key signal-transduction
enzyme activated by nitric oxide (NO). Impairments of the NO–
sGC signaling pathway have been implicated in the pathogen-
esis of cardiovascular and other diseases. Direct stimulation of
sGC represents a promising therapeutic strategy particularly
for the treatment of pulmonary hypertension (PH), a disabling
disease associated with a poor prognosis. Previous sGCACHTUNGTRENNUNGstimulators such as the pyrazolopyridines BAY 41-2272 and
BAY 41-8543 demonstrated beneficial effects in experimental


models of PH, but were associated with unfavorable drug me-
tabolism and pharmacokinetic (DMPK) properties. Herein we
disclose an extended SAR exploration of this compound class
to address these issues. Our efforts led to the identification of
the potent sGC stimulator riociguat, which exhibits an im-
proved DMPK profile and exerts strong effects on pulmonary
hemodynamics and exercise capacity in patients with PH. Rioci-
guat is currently being investigated in phase III clinical trials for
the oral treatment of PH.
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Direct NO-independent sGC stimulation was first demon-
strated in 1994 when Ko and colleagues reported cGMP-stimu-
lating properties for benzylindazole YC-1 (1, Figure 2).[8] Our ini-


tial chemical optimization program based on YC-1 as a lead
structure resulted in the identification of the sGC stimulators
BAY 41-2272 (2) and BAY 41-8543 (3) with a pyrazolopyridinyl
pyrimidine core.[9] The mode of action of these two com-
pounds is similar to that of YC-1, but they demonstrate greatly
increased potency and specificity for sGC. Their vasodilatory
potency is approximately two to three orders of magnitude
higher than that of YC-1.[1, 9] They act synergistically to enhance
the sensitivity of sGC to low levels of bioavailable NO and
show a loss of stimulation after oxidation or removal of the
prosthetic heme moiety of sGC. Recent studies have proposed
that sGC stimulators bind to an allosteric nucleotide-binding
site in the catalytic domains of sGC. The exact molecular mech-
anism of sGC stimulation, however, remains a matter of
debate.[10]


In various experimental models of PH, BAY 41-2272 (2) dem-
onstrated beneficial effects, including a significant decrease in
pulmonary arterial pressure, reversal in right ventricular hyper-
trophy, and structural remodeling of the lung vasculature.[1, 11]


Strong inhibition as well as induction of cytochrome P450
(CYP) isoenzymes, however, prevented BAY 41-2272 (2) from
further advancement into preclinical development. Although
the follow-up lead BAY 41-8543 (3) displayed no relevant CYP
interaction, it was also not further advanced due to an unfav-
orable PK profile characterized mainly by high clearance and
an undefined dose nonlinearity of plasma concentrations in all
tested species.


In our earlier studies[9] we observed a steep SAR for stimulat-
ing sGC in the 1-(2-fluorobenzyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine
part of this lead series. In contrast, the pyrimidine moiety was
tolerant against broad variations. Particularly, pyrimidine C5
turned out to be the most fruitful position to address the
issues of pharmacokinetics and CYP interaction.


Herein we describe our efforts to optimize the drug metabo-
lism and pharmacokinetic (DMPK) profile of our sGC stimula-
tors by an extended SAR exploration of the pyrimidine region,
leading to the identification of riociguat (20), which is currently
in advanced clinical development for the treatment of PH.


Results and Discussion


In the course of our optimization we investigated more than
800 pyrimidine derivatives differing mainly at C5. Representa-
tive examples are shown in Tables 1 and 2. The initial goal of
our studies was to identify derivatives for a more detailed PK
characterization that have no relevant CYP interaction poten-
tial, and at the same time retain the favorable in vitro and
in vivo potency of BAY 41-2272 (2) and BAY 41-8543 (3,
Table 1).


As primary in vitro assays to evaluate sGC-stimulating poten-
cy we monitored cGMP formation in a sGC-overexpressing Chi-
nese hamster ovarian (CHO) cell line[12] and the inhibition of
phenylephrine-induced contractions of rabbit aortic rings.[9c] In
the former case we used the minimum effective concentration
(MEC) for cGMP formation rather than the EC50 values for our
SAR studies, as this provides a better correlation with the relax-
ation of isolated vessels and effective plasma concentrations
in vivo. Apart from biological variability, deviations between
the primary assays may be explained by differences in cell and
tissue penetration. Blood pressure lowering effects were evalu-
ated in conscious, spontaneously hypertensive rats equipped
with a radiotelemetric device for continuous recording of he-
modynamic parameters. Oral in vivo potency, efficacy, and du-
ration of action in this model also provided initial hints on the
PK profile.[9d]


Our lead compounds BAY 41-2272 (2) and BAY 41-8543 (3)
stimulated the sGC-overexpressing cell line starting at 0.03 mm


and inhibited the phenylephrine-induced contractions of
rabbit aorta with IC50 values of 0.30 and 0.10 mm, respectively
(Table 1). This translated into a potent, dose-dependent de-
crease of mean arterial blood pressure in spontaneously hyper-
tensive (SH) rats with minimum effective doses (MED) of 1 and
0.3 mg kg�1 p.o. , respectively.[9]


Throughout the project we synthesized numerous pairs of
pyrimidine 4-amines and 4,6-diamines as exemplified by the
pairs shown in Table 1 and Table 2 (2, 4 ; 3, 7; 12, 13 ; 19, 20).


Figure 1. Regulation of ventilation/perfusion distribution in the lung. The
adaptation of blood flow to ventilation is a critical function of the healthy
lung (left). NO is a key regulator in the pulmonary vasculature, directing
cGMP formation and thus blood flow preferentially to well-ventilated re-
gions of the lung. In patients with PH, ventilation/perfusion mismatch limits
blood oxygenation despite sufficient pulmonary blood flow (right). Unspecif-
ic vasodilation by traditional anti-hypertensives leads to a mismatch exacer-
bation. In contrast, sGC stimulators improve the ventilation/perfusion ratio
by synergistically augmenting selective intrapulmonary vasodilation of NO.


Figure 2. sGC stimulators YC-1, BAY 41-2272, and BAY 41-8543.
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Overall, no major differences in in vitro potency were ob-
served. In most cases, however, the diamino analogues dis-
played a slightly more potent relaxation of rabbit aorta than
their monoamino counterparts. A seven- to tenfold loss in po-
tency for relaxing rabbit aorta was observed upon replacement
of the amino group of BAY 41-8543 (3) by methyl (compound
8) or hydrogen (compound 9). The weak blood pressure lower-
ing effect of compound 9 suggests that the potency loss was
even more dramatic in vivo, indicating a positive impact of the
amino group on oral exposure.


Regarding CYP inhibition, we found that in most cases a crit-
ical inhibition of isoform 1A2 could be attributed to small lipo-
philic substituents at C5 for both mono- and diaminopyrimi-
dines, as evidenced by compounds 2, 4, 5, and 6 (Table 1). In
cases of small branched and unbranched alkyl side chains
(compounds 2, 4, and 5) we additionally observed a significant
shift of CYP3A4 IC50 values following pre-incubation with
human liver microsomes relative to those with co-incubation,
indicating a time-dependent inhibition of this isoenzyme.
Other CYP isoforms were not affected. BAY 41-8543 (3), and


other derivatives (7–9) with the more polar morpholine sub-
stituent showed no relevant CYP inhibition.


BAY 41-2272 (2) and various derivatives of this compound
class were associated with the induction of CYP1A2 and/or
3A4 in cultured human hepatocytes. However, no clear struc-
ture–property relationships could be demonstrated. Conse-
quently, the CYP1A2- and 3A4-inducing potential became an
integral part of our screening cascade and was assessed for
many advanced compounds.


In extension to our previous work,[9] we found that the pyri-
midine C5 tolerates not only small lipophilic groups, but also a
wide range of polar substituents for potent sGC stimulation, as
exemplified by compounds 10 and 12–23 (Table 2). This
helped us to overcome the CYP inhibition issue, as all com-
pounds listed in Table 2 are devoid of relevant inhibition of all
major CYP isoforms.


The introduction of various piperazines provided com-
pounds such as 10 with equal or slightly lower in vitro poten-
cy. However, a greater than tenfold decrease in the potency of
compound 10 to lower blood pressure in SH rats relative to


Table 1. Close analogues of the leads BAY 41-2272 (2) and BAY 41-8543 (3): effect on sGC stimulation and CYP inhibition.


Compd R1 R2 R3 cGMP
Formation
MEC [mm][a]


Rabbit
Aorta
IC50 [mm][b]


Conscious
SH Rats
MED [mg kg�1][c]


CYP1A2
Co-incubation
IC50 [mm][d]


CYP3A4
Co-incubation/Pre-incubation
IC50 [mm][e]


2 H NH2 0.03 0.30 1 1.6 >20/4.3


3 NH2 NH2 0.03 0.10 0.3 >20 >20/>20


4 NH2 NH2 0.1 0.23 n.d. 1.4 14.9/2.4


5 NH2 Et NH2 0.03 0.11 n.d. 2.4 20/14.8
6 NH2 NMe2 NH2 0.01 0.79 n.d. 0.61 >20/>20


7 H NH2 0.03 0.26 3 >20 >20/>20


8 H Me 0.08 0.67 n.d. >20 >20/>20


9 H H 0.5 0.93 >3 >20 >20/>20


[a] MEC: minimal effective concentration to achieve threefold stimulation of cGMP formation in a recombinant sGC-overexpressing cell line.[12] [b] Relaxing
effect on pre-contracted rabbit aortic rings.[9c] [c] MED: minimal effective dose to induce a mean arterial blood pressure decrease of 10 mm Hg following
oral administration to conscious, radiotelemetrically instrumented, spontaneously hypertensive (SH) rats (n.d. = not determined).[9d] [d] CYP1A2 inhibition
following incubation of phenacetin in the presence of the test compound with human liver microsomes; LC–MS–MS analysis. [e] CYP3A4 inhibition follow-
ing incubation of midazolam in the presence of the test compound with human liver microsomes; pre-incubation was conducted for 30 min; LC–MS–MS
analysis of formed metabolites (paracetamol, 1’-hydroxymidazolam).
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BAY 41-8543 (3) indicated that no improvement of oral bio-
availability was achieved.


The primary amide 11 turned out to be virtually inactive
with only very weak inhibition of rabbit aortic ring contraction
(22 % at 28 mm). More promising oral in vivo potency could be


achieved with pyridines 12 and
13, which displayed MED values
for rat blood pressure reduction
of 1 and 0.3 mg kg�1.


Sulfonyl ester 14 and lactam
18 exhibited an in vitro potency
roughly tenfold lower than that
of 3, with IC50 values of 1.3 and
1.0 mm, respectively, for the re-
laxation of rabbit aortic rings.
This correlates with the modest
activity observed in SH rats with
oral MED values of 3 mg kg�1


for both compounds.
The moderate potency of sul-


fonamides such as 15 on rabbit
aortic rings could be improved
by N-methylation (compound
16) or cyclization (compound
17). However, no positive effect
on oral in vivo potency was ob-
served. Furthermore, this sub-
class suffered from CYP3A4 in-
duction and was not further
pursued.


The introduction of carba-
mates provided highly potent
analogues, as evidenced by N-
methylcarbamate 20,[13] which
inhibited the contraction of
rabbit aorta with an IC50 value
of 120 nm and lowered blood
pressure in SH rats starting at
an oral threshold dose of
0.1 mg kg�1.


The corresponding cyclic car-
bamate 21 exhibited lower in
vitro and in vivo potency. The
oxazolidine-2,4-dione 22
showed a promising IC50 value
for the relaxation of isolated
rabbit aorta. However, 22 dem-
onstrated only short blood pres-
sure lowering effects in rats at a
threshold dose of 3 mg kg�1,
which may be related to a limit-
ed stability observed in rat
plasma. In addition, CYP1A2 in-
duction along with only low
and non-dose-linear exposure in
dog PK studies was observed


for this compound.
On the basis of their favorable profile regarding sGC-stimu-


lating potency in vitro, oral efficacy in rats, and CYP-inducing
potential, we selected compounds 12 and 20 for a more de-
tailed PK characterization in comparison with BAY 41-8543 (3).


Table 2. Introduction of polar pyrimidine C5 substituents.


Compd R1 R2 cGMP
formation
MEC [mm][a]


Rabbit
Aorta
IC50 [mm][b]


Conscious
SH Rats
MED [mg kg�1][c]


10 NH2 0.07 0.18 >3


11 H >10 >10 n.d.


12 H 0.03 0.44 1


13 NH2 0.02 0.37 0.3


14 H 0.05 1.3 3


15 NH2 0.10 1.4 3


16 NH2 0.03 0.77 3


17 NH2 0.02 0.33 3


18 H 0.2 1.0 3


19 H 0.03 0.67 n.d.


20 NH2 0.03 0.12 0.1


21 H 0.05 0.96 1


22 H 0.01 0.47 3


[a] MEC: minimal effective concentration to achieve threefold stimulation of cGMP formation in a recombinant
sGC-overexpressing cell line.[12] [b] Ref. [9c] . [c] MED: minimal effective dose to induce a mean arterial blood
pressure decrease of 10 mm Hg following oral administration to conscious, radiotelemetrically instrumented SH
rats (n.d. = not determined).[9d]
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A considerable improvement in the main parameters is repre-
sented by the PK profile in dogs (Table 3).


In comparison with BAY 41-8543 (3), the pyridine derivative
12 exhibited an improved oral bioavailability of 29 %. The
clearance, however, was still unacceptably high (2.0 L kg�1 h�1).
A superior PK profile in dogs was observed for the N-methyl-
carbamate 20, which is characterized by low clearance
(0.25 L kg�1 h�1), a moderate volume of distribution
(0.73 L kg�1), an estimated plasma elimination half-life of 2.4 h,
and good oral bioavailability (79 %). Furthermore, and in con-
trast to BAY 41-8543 (3), the oral exposure of 20 in terms of
AUC increased largely dose-proportionally in the dose range of
0.03–0.6 mg kg�1.


Carbamate 20 stimulated purified recombinant sGC in a con-
centration-dependent manner up to 73-fold, from 0.1 to
100 mm, and showed the typical profile of sGC stimulators:
strong synergistic enzyme activation when combined with NO-
releasing agents and crucial dependence on the presence of
the reduced prosthetic heme moiety.[14] In conscious SH rats,
oral administration of 20 resulted in a long-lasting and dose-
dependent blood pressure decrease (Figure 3). No develop-
ment of tachyphylaxis was observed upon prolonged adminis-
tration in this animal model. In two well-accepted rodent
models of pulmonary arterial hypertension, chronic treatment


with 20 significantly decreased hemodynamic changes, right
heart hypertrophy, and structural remodeling of the lung vas-
culature.[13]


The specificity of 20 was explored in 69 different enzyme
and radioligand binding assays generated by MDS Pharma
Services. No significant effects were observed at the highest
tested concentration of 10 mm. In addition, 20 was tested in
various PDE assays, applying human full-length PDE11A, 10A,
9A, 8A, 7B, 5, 4B, 3B, 2A, or purified bovine PDE6 and PDE1 en-
zymes. The IC50 value for PDE7B was 2.9 mm ; IC50 values for all
other tested PDEs were >10 mm.


Based on its combined profile of excellent potency, specifici-
ty, efficacy, and safety, carbamate 20 was selected as a drug
development candidate (riociguat, BAY 63-2521). Riociguat (20)
demonstrated a favorable safety profile and was well tolerated
in healthy volunteers[15] and in patients with PH.[16] Orally ad-
ministered riociguat was efficacious in a proof-of-concept
study of patients with PH, decreasing pulmonary vascular re-
sistance and increasing cardiac output to a significantly greater
extent than inhaled NO at doses of 1 and 2.5 mg.[15] Neither
dose produced any deterioration in gas exchange, indicating
that ventilation/perfusion matching was maintained. In a pha-
se II study, riociguat (20) exerted strong effects on pulmonary
hemodynamics and exercise capacity in subjects with the PH
subforms of pulmonary arterial hypertension and chronic
thromboembolic PH.[17]


Syntheses


Retrosynthetic analysis of scaffolds A, B, and C with none, one,
or two amino groups as pyrimidine substituents, respectively,
revealed amidine 23 as common precursor (Figure 4). Thus,
condensation with a 1,3-dicarbonyl equivalent a should give
access to symmetric pyrimidines A. Reagents of type b with a


Table 3. Pharmacokinetic profile of selected analogues in female Beagle
dogs.[a]


Compd CLp [L h�1 kg�1][b] Vd ss [L kg�1][c] t1=2
[h] F [%][d]


3 5.3 2.2 0.65 <1
12 2.0 1.9 1.4 29
20 0.25 0.73 2.4 79


[a] Mean values derived by intravenous (1–2 h infusion) and oral (gavage)
administration of 0.3 mg kg�1 in EtOH/PEG400/H2O vehicles. [b] Total
plasma clearance. [c] Apparent volume of distribution at steady state.
[d] Oral bioavailability.


Figure 3. 24-hour profile of mean arterial blood pressure in conscious spon-
taneously hypertensive rats (SHR) after a single oral dose of riociguat (20).
Controls were treated with vehicle. The substance doses were administered
orally by gavage at 0 h. Shown are mean values of 6–12 animals as a per-
centage of initial values (131–142 mm Hg). An initial reflex increase in heart
rate was observed starting at a dose of 0.03 mg kg�1. [*: control, n = 12; ~:
0.03 mg kg�1, n = 6; &: 0.1 mg kg�1, n = 6; ~: 0.3 mg kg�1, n = 12; *:
1.0 mg kg�1, n = 6; &: 3.0 mg kg�1, n = 6.]


Figure 4. Retrosynthesis of des-, mono-, and diaminopyrimidines A, B, and
C.
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leaving group X were expected to form monoamino-substitut-
ed pyrimidines B, whilst malonic dinitrile derivatives c are
known to undergo cyclization to diamino-substituted pyrimi-
dines C.


For the synthesis of amidine 23 we first generated amino-
pyrazole 26 from ethyl cyanopyruvate 24[18] and 2-fluoroben-
zylhydrazine 25[19] (Scheme 1). Subsequent cyclocondensation


of the crude product with 3-dimethylaminoacrolein gave pyra-
zolopyridine 27 in 50 % overall yield. In the following high-
yielding steps the carboxylic ester moiety was transformed
into the corresponding nitrile via classical amide formation and
dehydration under standard conditions with trifluoroacetic
acid anhydride,[20] providing compound 29. Subsequent Pinner
reaction of the cyano group with sodium methanolate and
substitution with ammonia gave access to amidine 23 in a
total 35 % yield over five steps.


Condensation of amidine 23 with 3-oxobutanoic acid methyl
ester 30 gave hydroxypyrimidine 31, which was iodinated to
the 5-iodo analogue 32 to allow later derivatization at this po-
sition (Scheme 2). The hydroxy group was then removed in a
two-step sequence.[21] Chlorination afforded 33, and the chlor-


ine atom was selectively removed in the presence of the
iodine atom by reduction with toluenesulfonyl hydrazide to
give 34 a.


The 4,6-unsubstituted compound 34 b resulted from the
condensation of amidine 23 with commercially available 2-bro-
momalondialdehyde 35 in acetic acid (Scheme 3).


Compounds 8 and 9 were obtained in 23–35 % yield by
treating 34 a and 34 b, respectively, with morpholine under
Buchwald’s conditions[22] (Scheme 4).


For the preparation of monoamino-substituted pyrimidines
we investigated the condensation of amidine 23 with different-
ly activated acrylonitrile building blocks (Schemes 5 and 6). Ni-
triles 36 a–c were converted into the corresponding enol ether
37 a, sodium enolate 37 b, or enol acetate 37 c. Condensation
of amidine 23 with enol ether 37 a and sodium enolate 37 b
provided aminopyridines 11 and 19, respectively, in only low
yields. Better results were obtained with enol acetate 37 c to
afford oxazolidinone 21.


In a more convenient approach we used enamines 37 d–i as
reactants in the cyclocondensation, as these are readily accessi-
ble using Bredereck’s reagent[23] (Scheme 6). During optimiza-
tion of the heterocyclization step we found that prolonged
heating in xylene resulted in only trace amounts of the amino-
pyrimidines (compounds 18 and 22). Superior results were ob-
tained by the addition of boron trifluoride (in the case of com-
pound 12) or running the reaction without solvent at reduced


Scheme 1. Synthesis of intermediate 23. Reagents and conditions: a) TFA, di-
oxane, reflux, overnight; b) 3-dimethylaminoacrolein, TFA, reflux, 72 h;
c) NH3, MeOH, RT, 48 h; d) TFAA, Py, RT, overnight; e) 1. NaOMe, MeOH, RT,
2 h; 2. NH4Cl, HOAc, reflux, overnight.


Scheme 2. Synthesis of intermediate 34 a. Reagents and conditions: a) tolu-
ene, reflux, overnight; b) I2, NaOH, H2O, reflux, overnight; c) POCl3, 100 8C,
2 h; d) TsNHNH2, CHCl3, 48 h.


Scheme 3. Synthesis of intermediate 34 b. Reagents and conditions:
a) HOAc, 100 8C, 2 h.


Scheme 4. Synthesis of compounds 8 and 9. Reagents and conditions:
a) morpholine, KOtBu, [Pd2dba3] (cat), (rac)-BINAP (cat), toluene, 70 8C, over-
night.
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pressure (for 2 and 7). In the case of the methoxy-substituted
pyrimidine 38 neopentyl alcohol turned out to be the pre-
ferred solvent; however, prolonged reaction times of three
days were required. The methyl ether of 38 was cleaved with
thiophenol[24] leading to phenol 39, which was subsequently
converted into sulfonic ester 14.


Our first route to synthesize diaminopyrimidines started with
the reaction of amidine 23 with a malonic ester derivative
40[25] leading to dihydroxypyrimidine 41 (Scheme 7). However,
subsequent chlorination followed by chlorine–ammonia ex-


change gave only low yields. Condensation of substituted ma-
lonic dinitriles with amidines proved to be a better alternative
for the construction of 4,6-diaminopyrimidines.[26]


To synthesize dinitrile 45 b, known ethyl cyano(cyclopropyl)-
acetate 43[27] was treated with methanolic ammonia to yield
amide 44, which was dehydrated with Burgess’ reagent[28] to
yield cyclopropylpropanedinitrile 45 b (Scheme 8).


(4-Acetylpiperazin-1-yl)propanedinitrile (45 e) was synthe-
sized in a three-step sequence (Scheme 9). Diethyl bromopro-


panedioate (46) was substituted with N-acetyl piperidine (47)
in MeCN with potassium carbonate as base.[29] Subsequently,
the malonic diester was transformed into primary diamide 49
by aminolysis, followed by dehydration to dinitrile 45 e using
Burgess’ reagent.


The alkyl-substituted malonic dinitriles 45 b and 45 c[30] as
well as the amino-substituted analogues 45 a,[31] 45 d,[31, 32] and
45 e reacted neat with amidine 23 to afford the diaminopyrimi-
dines in 40–70 % yield (Scheme 10). In the case of ethyl-substi-


Scheme 5. Synthesis of compounds 11, 19, and 21. Reagents and condi-
tions: a) for 37 a : HC ACHTUNGTRENNUNG(OEt)3, reflux, 2.5 h; b) for 37 b : HCO2Et, NaOMe, THF, RT,
overnight; c) for 37 c : HCO2Et, KOtBu, THF, RT, 1 h; then Ac2O, HOAc, RT, 1 h;
d) for 11: 23, piperidine, 3-methyl-1-butanol, 110 8C, overnight; e) for 19 : 23,
TEA, toluene, reflux, 9 h; f) for 21: 23, toluene, reflux, overnight.


Scheme 6. Synthesis of compounds 2, 7, 12, 14, 18, and 22. Reagents and
conditions: a) tBuOCH ACHTUNGTRENNUNG(NMe2)2, 80–100 8C, slight vacuum, 24–48 h; b) for 2
and 7: 23, neat, 100–120 8C, slight vacuum, overnight; c) for 12 : 23, BF3,
xylene, 140 8C, 19 h; d) for 18 and 22 : xylene, 120 8C, overnight; e) for 38 :
23, 3-methyl-1-butanol, 110 8C, 72 h; f) PhSH, K2CO3, NMP, 190 8C, 1 h;
g) MeSO2Cl, Py, RT, overnight.


Scheme 7. Synthesis of compound 13. Reagents and conditions: a) toluene,
reflux, overnight; b) POCl3, DMF (cat), reflux, 3 h; c) NH3 (aq), 140 8C, auto-
clave, overnight.


Scheme 8. Synthesis of intermediate 45 b. Reagents and conditions: a) NH3


(7 n in MeOH), RT, 96 h; b) Burgess’ reagent, toluene, RT, 1.5 h.


Scheme 9. Synthesis of intermediate 45 e. Reagents and conditions:
a) K2CO3, MeCN, 50 8C, 28 h; b) NH3 (7 n in MeOH), RT, 90 h; c) Burgess’ re-
agent, THF/CH2Cl2 (3:1), RT, 1.5 h.
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tuted compound 5, we used N-methylpyrrolidone (NMP) as sol-
vent, but even after heating at 150 8C overnight the reaction
resulted in only 11 % yield. The phenyldiazo-substituted malon-
ic dinitrile 45 f is a well-known compound[33] that has been re-
ported several times to react with formamidine as well as ali-
phatic or aromatic amidines[34] to the corresponding phenyldia-
zopyrimidines, giving access to 4,5,6-triaminopyrimidines by re-
duction of the diazo group. The cycloaddition was performed
in the presence of sodium methanolate in DMF and gave 50 in
73 % yield. Subsequent reduction with Raney nickel as catalyst
provided the triamine 51.


During cyclocondensations with 23, typical side reactions in-
volve trimerization of 23 to the corresponding triazine deriva-
tive, which can be removed due to its extreme insolubility. Tri-
azine formation can also occur from two molecules of 23 and
one of DMF (from Bredereck’s reagent). Traces of dimethyl-
amine can lead to the dimethylamidine congener of 23, and
prolonged heating leads to the formation of nitrile 29.


The 5-amino group is the most reactive amino function in
51 and reacted with a multitude of electrophilic reagents
(Scheme 11). With sulfonic acid chlorides we obtained sulfon-
amides such as the isopropyl derivate 15, which was further al-
kylated to the N-methyl analogue 16. The cyclic isothiazolidine
1,1-dioxide 17 was generated in a two-step procedure using 3-
chloropropane-1-sulfonyl chloride. The cycloalkylation step re-
quired elevated temperatures. With methyl chloroformate, tria-
mine 51 reacted to give carbamate 52 in high yield. This com-
pound was methylated with iodomethane after deprotonation
with LiHMDS and yielded N-methyl carbamate 20.


Conclusions


Our continuous efforts to optimize the unfavorable DMPK pro-
file of previous sGC stimulators led to the identification of rio-
ciguat (20). Its pharmacodynamic and pharmacokinetic proper-
ties suggest that riociguat may offer a unique mode of action
for the treatment of PH by inducing pulmonary vasodilation
and thus decreasing the workload of the right heart. Its syner-
gistic action with endogenous NO is thought to lead to vasodi-


lation preferentially in well-ventilated regions of the lung, thus
preventing ventilation/perfusion mismatch. Based on the posi-
tive findings in a phase IIb study in patients with PH, riociguat
has recently entered phase III clinical trials.


Experimental Section


General methods and materials : 1H NMR and 13C NMR spectra
were recorded in [D6]DMSO at RT on Bruker Avance spectrometers
operating at 300, 400, and 500 MHz for 1H NMR, and at 125 MHz
for 13C NMR. Flash column chromatography was performed on
silica gel 60 (0.063–0.200 mm) purchased from Merck KGaA (Ger-
many). Preparative HPLC was performed on a 250 � 30 mm column
packed with YMC gel ODS-AQ S-5/15 mm, with MeCN/H2O as
eluent and UV detection. Solvents for extraction and chromatogra-
phy were reagent grade and used as received. Commercial re-
agents were used without purification.


Ethyl-5-amino-1-(2-fluorobenzyl)-1H-pyrazole-3-carboxylate (26):
Trifluoroacetic acid (TFA; 75 mL, 980 mmol) was admixed to the
sodium salt of ethyl cyanopyruvate[18] (100 g, 613 mmol) in dioxane
(2.5 L) at RT with efficient stirring, and the mixture was stirred for
10 min, during which a large portion of the starting material dis-
solved. 2-Fluorobenzylhydrazine (85.9 g, 613 mmol) was added,
and the mixture was heated at reflux overnight. After cooling, the
precipitated crystals were filtered off with suction and washed
with dioxane. The product was used in the next step without pu-
rification; 1H NMR (500 MHz, [D6]DMSO): d= 1.24 (t, J = 7.1 Hz, 3 H),
4.18 (q, J = 7.1 Hz, 2 H), 5.27 (s, 2 H), 5.59 (s, 2 H), 5.77 (s, 1 H), 6.83
(t, J = 7.4 Hz, 1 H), 7.15 (t, J = 7.5 Hz, 1 H), 7.19–7.25 (m, 1 H), 7.31–
7.37 ppm (m, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 14.2, 44.6 (d,
3JC,F = 4.4 Hz), 59.8, 90.0, 115.2 (d, 2JC,F = 20.8 Hz), 124.1 (d, 2JC,F =
14.8 Hz), 124.5 (d, 4JC,F = 3.5 Hz), 128.9 (d, 3JC,F = 4.2 Hz), 129.4 (d,


Scheme 10. Synthesis of compounds 3–6, 10, and intermediate 51. Reagents
and conditions: a) for 3–6 and 10 : neat, 105 8C, slight vacuum, 3–12 h; b) for
5 : NMP, 150 8C, overnight; c) for 50 : NaOMe, DMF, 110 8C, overnight; d) H2


(65 bar), Raney-Ni (cat), DMF, 62 8C, 22 h.


Scheme 11. Synthesis of compounds 15–17 and 20. Reagents and condi-
tions: a) iPrSO2Cl, Py, RT, overnight; b) MeI, K2CO3, acetone, RT, overnight;
c) 1. Cl ACHTUNGTRENNUNG(CH2)3SO2Cl, Py, RT, overnight; 2. K2CO3, DMF, 80 8C, overnight;
d) ClCO2Me, Py, 0 8C, 2 h, !RT, 12 h; e) LiHMDS, THF, 0 8C, 30 min; then MeI,
0 8C, 1 h.
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3JC,F = 8.1 Hz), 141.7, 148.6, 159.6 (d, 1JC,F = 245 Hz), 162.1 ppm;
HRMS: m/z [M+H]+ calcd for C13H14FN3O2: 264.1143, found:
264.1145.


Ethyl-1-(2-fluorobenzyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine-3-carboxyl-
ate (27): A mixture of aminopyrazole 26 (161 g, 613 mmol), 3-di-
methylaminoacrolein (60.8 g, 613 mmol) and TFA (83.9 g,
736 mmol) in dioxane (2.5 L) was heated at reflux for three days.
The solvent was subsequently removed under reduced pressure.
The residue was added to H2O (2 L), and the mixture was extracted
with EtOAc (3 � 1 L). The combined organic layers were dried
(MgSO4), filtered and concentrated. The crude product was purified
by flash chromatography (toluene, then toluene/EtOAc 4:1) to
afford the title compound (91.6 g, 50 % yield over two steps) ;
1H NMR (500 MHz, [D6]DMSO): d= 1.38 (t, J = 7.1 Hz, 3 H), 4.41 (q,
J = 7.1 Hz, 2 H), 5.87 (s, 2 H), 7.14–7.18 (m, 1 H), 7.20–7.26 (m, 2 H),
7.35–7.41 (m, 1 H), 7.49 (dd, J = 8.1, 4.4 Hz, 1 H), 8.50 (dd, J = 8.1,
1.3 Hz, 1 H), 8.72 ppm (dd, J = 4.4, 1.3 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 14.2, 44.6 (d, 3JC,F = 4.2 Hz), 60.8, 114.6, 115.5 (d,
2JC,F = 20.8 Hz), 119.8, 123.2 (d, 2JC,F = 14.8 Hz), 124.7 (d, 4JC,F =
3.5 Hz), 130.2 (d, 3JC,F = 8.3 Hz), 130.3 (d, 3JC,F = 3.7 Hz), 131.1, 133.9,
150.0, 150.3, 159.9 (d, 1JC,F = 246 Hz), 161.1 ppm; HRMS: m/z
[M+H]+ calcd for C16H14FN3O2 : 300.1143, found: 300.1135.


1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-3-carboxamide
(28): Ester 27 (10.2 g, 34.0 mmol) was added to MeOH (150 mL) sa-
turated with NH3 at 0–10 8C, and the mixture was stirred at RT for
48 h. The mixture was then concentrated in vacuo to yield the title
amide as a tan solid (9.19 g, quant), which was used without purifi-
cation; 1H NMR (500 MHz, [D6]DMSO): d= 5.82 (s, 2 H), 7.11–7.18 (m,
2 H), 7.23 (dd, J = 9.9, 8.5 Hz, 1 H), 7.33–7.38 (m, 1 H), 7.39 (dd, J =
8.0, 4.4 Hz, 1 H), 7.51 (br s, 1 H), 7.77 (br s, 1 H), 8.57 (dd, J = 8.0,
1.4 Hz, 1 H), 8.65 ppm (dd, J = 4.4, 1.4 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 44.0 (d, 3JC,F = 4.4 Hz), 114.0, 115.4 (d, 2JC,F = 21.0 Hz),
119.0, 123.5 (d, 2JC,F = 14.6 Hz), 124.6 (d, 4JC,F = 3.5 Hz), 129.8 (d,
3JC,F = 3.7 Hz), 129.9 (d, 3JC,F = 8.1 Hz), 131.6, 137.3, 149.6, 150.7,
159.7 (d, 1JC,F = 246 Hz), 163.0 ppm; HRMS: m/z [M+H]+ calcd for
C14H11FN4O: 271.0990, found: 271.0989.


1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-3-carbonitrile (29):
Carboxamide 23 (36.1 g, 133 mmol) was dissolved in THF (330 mL),
and pyridine (27 g, 341 mmol) was added. Over the course of
10 min, trifluoroacetic anhydride (TFAA; 71.7 g, 341 mmol) was
added, during which the temperature rose to 40 8C. The mixture
was stirred at RT overnight and was then added to H2O (1 L). It was
extracted with EtOAc (3 � 0.5 L), and the combined organic layers
were washed with a saturated solution of NaHCO3 and with 1 n


HCl, dried (MgSO4), and concentrated under reduced pressure to
yield the title compound (33.7 g, 100 %); 1H NMR (500 MHz,
[D6]DMSO): d= 5.88 (s, 2 H), 7.11–7.26 (m, 2 H), 7.30–7.36 (m, 1 H),
7.37–7.42 (m, 1 H), 7.54 (dd, J = 8.2, 4.5 Hz, 1 H), 8.49 (dd, J = 8.2,
1.3 Hz, 1 H), 8.80 ppm (dd, J = 4.5, 1.3 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 45.1 (d, 3JC,F = 3.9 Hz), 113.0, 115.5 (d, 2JC,F = 20.8 Hz),
116.2, 120.2, 122.5 (d, 2JC,F = 14.6 Hz), 124.6 (d, 4JC,F = 3.5 Hz), 129.4,
130.5 (d, 3JC,F = 8.1 Hz), 130.7 (d, 3JC,F = 3.5 Hz), 149.1, 151.1,
160.0 ppm (d, 1JC,F = 247 Hz), C3 of pyrazolopyridine not visible;
HRMS: m/z [M]+ calcd for C14H9FN4 : 252.0811, found: 252.0810.


1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-3-carboximida-
mide (23): NaOMe (30.4 g, 562 mmol) was dissolved in MeOH
(1.5 L), and nitrile 29 (36.5 g, 145 mmol) was added. The mixture
was stirred at RT for 2 h. Subsequently, the solution was admixed
with glacial HOAc (32.2 mL, 33.8 g, 562 mmol) and NH4Cl (9.28 g,
173 mmol), and the mixture was heated at reflux overnight. Subse-
quently, the solvent was evaporated under reduced pressure, the


residue was triturated with acetone, and the precipitated solid was
filtered off with suction. The product was added to H2O (2 L), and
Na2CO3 (31.8 g, 300 mmol) was added with stirring. The solution
was extracted with EtOAc (3 � 1 L), and the combined organic
layers were dried (MgSO4), filtered, and concentrated to yield the
title compound (27.5 g, 70 %); 1H NMR (500 MHz, [D6]DMSO): d=
5.88 (s, 2 H), 7.12–7.17 (m, 1 H), 7.20–7.29 (m, 2 H), 7.34–7.41 (m,
1 H), 7.49 (dd, J = 8.2, 4.4 Hz, 1 H), 8.59 (dd, J = 8.2, 1.4 Hz, 1 H), 8.74
(dd, J = 4.4, 1.4 Hz, 1 H), 9.49 ppm (br s, 3 H); 13C NMR (125 MHz,
[D6]DMSO): d= 44.5 (d, 3JC,F = 4.2 Hz), 112.9, 115.5 (d, 2JC,F = 21.0 Hz),
119.2, 122.9 (d, 2JC,F = 14.6 Hz), 124.6 (d, 4JC,F = 3.7 Hz), 130.1 (d,
3JC,F = 3.5 Hz), 130.2 (d, 3JC,F = 8.1 Hz), 131.1, 133.3, 150.3, 150.4,
157.7, 159.8 ppm (d, 1JC,F = 246 Hz); HRMS: m/z [M+H]+ calcd for
C14H12FN5 : 270.1150, found: 270.1150.


3-{4-Amino-2-[1-(2-fluorobenzyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-
pyrimidin-5-yl}-1,3-oxazolidin-2-one (21): Compound 37 c (45.0 g,
229 mmol) was added to amidine 23 (47.5 g, 176 mmol) in toluene
(200 mL), and the mixture was heated at reflux overnight. Subse-
quently, the solvent was removed in vacuo. The residue was tritu-
rated with EtOAc, and the precipitate was collected by suction fil-
tration. The crude product was recrystallized from EtOH/H2O (10:1),
then twice triturated with EtOAc/MeOH (1:1) and collected by suc-
tion filtration to yield 21 as a tan solid (38.8 g, 54 %); 1H NMR
(300 MHz, [D6]DMSO): d= 3.84 (t, J = 7.9 Hz, 2 H), 4.47 (t, J = 7.9 Hz,
2 H), 5.84 (s, 2 H), 7.11–7.27 (m, 3 H), 7.33–7.39 (m, 2 H), 7.39 (dd, J =
7.57, 4.41 Hz, 2 H), 8.32 (s, 1 H), 8.65 (dd, J = 4.4, 1.3 Hz, 1 H),
8.95 ppm (dd, J = 8.2, 1.3 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO):
d= 44.0 (d, 3JC,F = 4.6 Hz), 45.8, 62.5, 114.5, 115.0, 115.4 (d, 2JC,F =
21.3 Hz), 118.3, 123.9 (d, 2JC,F = 14.8 Hz), 124.5 (d, 4JC,F = 3.7 Hz),
129.9 (d, 3JC,F = 8.3 Hz), 130.0 (d, 3JC,F = 4.6 Hz), 133.0, 140.9, 149.1,
150.8, 154.4, 156.6, 158.3, 159.8 (d, 1JC,F = 246 Hz), 160.4 ppm;
HRMS: m/z [M+H]+ calcd for C20H16FN7O2 : 406.1422, found:
406.1416.ACHTUNGTRENNUNG(2E/Z)-2-Cyclopropyl-3-(dimethylamino)prop-2-enenitrile (37 d):
Cyclopropylacetonitrile[35] (25.0 g, 293 mmol) and bis(dimethylami-
no)-tert-butyloxymethane (25.5 g, 146 mmol) were heated at 100 8C
under a riser pipe for 46 h, while dimethylamine and tert-butanol
were removed at reduced pressure. After evaporation of excess
starting material and other volatile components, the residue was
distilled (0.15 mbar, bp: 60–65 8C) to yield the title compound as a
slightly yellow liquid (16.2 g, 81 %); 1H NMR (500 MHz, [D6]DMSO):
mixture of two compounds (E and Z) ; major component: d= 0.31–
0.36 (m, 4 H), 0.55–0.62 (m, 4 H), 1.37–1.45 (m, 1 H), 2.97 (s, 6 H),
6.66 (s, 1 H); minor component: d= 0.41–0.46 (m, 4 H), 0.73–0.78
(m, 4 H), 1.57–1.65 (m, 1 H), 3.04 (s, 6 H), 6.69 ppm (s, 1 H); 13C NMR
(125 MHz, [D6]DMSO): mixture of two compounds (E and Z) ; major
component: d= 5.47, 12.5, 41.2, 72.7, 121.6, 150.6 ppm; minor
component: d= 7.60, 8.97, 41.9, 76.3, 124.1, 151.2 ppm; HRMS: m/z
[M+H]+ calcd for C8H12N2 : 137.1073, found: 137.1072.ACHTUNGTRENNUNG(2E/Z)-3-(Dimethylamino)-2-(morpholin-4-yl)prop-2-enenitrile
(37 e): Morpholinoacetonitrile[36] (8.13 g, 64.5 mmol) and tert-
butoxy-bis(dimethylamino)methane (4.16 g, 64.5 mmol) were
heated at 80 8C overnight. Subsequently, the mixture was concen-
trated in vacuo, and the residue was distilled (3.6 mbar, bp: 105 8C)
to yield the title compound (11.0 g, 94 %); 1H NMR (500 MHz,
[D6]DMSO): d= 2.47–2.51 (m, 4 H), 3.04 (s, 6 H), 3.59–3.62 (m, 4 H),
6.37 ppm (s, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 41.7, 52.5,
65.7, 91.6, 119.2, 144.4 ppm; HRMS: m/z [M+H]+ calcd for
C9H15N3O: 182.1288, found: 182.1286.


5-Cyclopropyl-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-
yl]pyrimidin-4-amine (2): Amidine 23 (2.00 g, 7.43 mmol) and ami-
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noacrylonitrile 37 d (4.00 g, 29.4 mmol) were mixed thoroughly
with an ultrasonic bath until a homogeneous milk was formed.
Water pump vacuum was applied, causing the mixture to foam.
With shaking, the mixture was subsequently immersed into an oil
bath at 106 8C and was heated overnight under reduced pressure.
The resulting solid was triturated with toluene, filtered off with
suction, and washed with Et2O. The residue was taken up in boiling
MeCN (50 mL) and filtered off with suction. The residue obtained
was taken up in boiling DMF (25 mL) and filtered off with suction.
Both filtrates were combined and concentrated to yield the title
compound as a tan solid (850 mg, 31 %); 1H NMR (500 MHz,
[D6]DMSO): d= 0.57–0.67 (m, 2 H), 0.85–0.97 (m, 2 H), 1.62–1.70 (m,
1 H), 5.82 (s, 2 H), 7.02–7.19 (m, 4 H), 7.19–7.26 (m, 1 H), 7.31–7.40
(m, 2 H), 8.63 (dd, J = 4.4, 1.3 Hz, 1 H), 8.96 ppm (dd, J = 8.2, 1.3 Hz,
1 H); 13C NMR (125 MHz, [D6]DMSO): d= 5.3, 8.3, 43.9 (d, 3JC,F =
4.6 Hz), 114.4, 115.4 (d, 2JC,F = 20.4 Hz), 116.8, 118.1, 123.9 (d, 2JC,F =
14.8 Hz), 124.5 (d, 4JC,F = 3.7 Hz), 129.8 (d, 3JC,F = 8.3 Hz), 130.0 (d,
3JC,F = 4.6 Hz), 133.1, 141.2, 149.0, 150.8, 151.0, 157.1, 159.8 (d,
1JC,F = 245 Hz), 163.4 ppm; HRMS: m/z [M+H]+ calcd for C20H17FN6:
361.1571, found: 361.1567.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-(morpho-
lin-4-yl)pyrimidin-4-amine (7): A thorough mixture of amidine 23
(1.00 g, 3.72 mmol) and morpholinoacrylonitrile 37 e (2.00 g,
11.0 mmol) was treated with ultrasound for 5 min and subsequent-
ly stirred at 120 8C under reduced pressure (membrane pump)
overnight. The mixture was cooled to RT and stirred with tert-butyl-
methyl ether. The resulting precipitate was collected by suction fil-
tration and purified by flash chromatography (cHex/EtOAc gradient
100:1!1:1) to yield the title compound as a tan solid (262 mg,
17 %); 1H NMR (500 MHz, [D6]DMSO): d= 2.87–2.93 (m, 4 H), 3.75–
3.80 (m, 4 H), 5.81 (s, 2 H), 6.83 (br s, 2 H), 7.10–7.19 (m, 2 H), 7.20–
7.26 (m, 1 H), 7.32–7.36 (m, 1 H), 7.36 (dd, J = 7.6, 3.8 Hz, 1 H), 8.04
(s, 1 H), 8.62 (d, J = 3.8 Hz, 1 H), 8.95 ppm (d, J = 7.6 Hz, 1 H);
13C NMR (125 MHz, [D6]DMSO): d= 43.8 (d, 3JC,F = 3.7 Hz), 50.3, 66.1,
114.3, 115.4 (d, 2JC,F = 20.3 Hz), 118.0, 124.0 (d, 2JC,F = 14.8 Hz), 124.5
(d, 4JC,F = 3.7 Hz), 129.5, 129.8 (d, 3JC,F = 8.3 Hz), 130.0 (d, 3JC,F =
3.7 Hz), 133.2, 141.5, 143.6, 149.0, 150.8, 158.5, 159.8 ppm (d, 1JC,F =
246 Hz); HRMS: m/z [M+H]+ calcd for C21H20FN7O: 406.1786,
found: 406.1783.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-pyridin-4-
ylpyrimidin-4-amine (12): Amidine 23 (0.50 g, 1.9 mmol) and 3-(di-
methylamino)-2-(4-pyridyl)acrylonitrile[37] (0.32 g, 1.9 mmol) were
suspended in xylene (5 mL), and BF3 etherate (71 mL, 0.56 mmol)
was added. The mixture was heated at 140 8C for 19 h. Subse-
quently, the solvent was evaporated, and the residue was purified
by flash chromatography (CH2Cl2/MeOH 20:1). The compound was
triturated with MeCN and collected by suction filtration to yield
the title compound as a tan solid (0.24 g, 33 %); 1H NMR (500 MHz,
[D6]DMSO): d= 5.85 (s, 2 H), 7.05–7.27 (m, 5 H), 7.34–7.39 (m, 1 H),
7.40 (dd, J = 8.0, 4.5 Hz, 1 H), 7.53–7.56 (m, 2 H), 8.28 (s, 1 H), 8.64–
8.69 (m, 3 H), 9.04 ppm (dd, J = 8.0, 1.3 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 44.1 (d, 3JC,F = 4.2 Hz), 113.9, 114.7, 115.5 (d, 3JC,F =
20.8 Hz), 118.4, 123.3, 123.9 (d, 2JC,F = 14.6 Hz), 124.6 (d, 4JC,F =
3.5 Hz), 130.0 (d, 3JC,F = 8.1 Hz), 130.1 (d, 3JC,F = 3.9 Hz), 133.3, 141.0,
142.6, 149.3, 150.2, 150.9, 155.3, 159.5, 159.9 (d, 1JC,F = 246 Hz),
160.5 ppm; HRMS: m/z [M+H]+ calcd for C22H16FN7: 398.1524,
found: 398.1520.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-methoxy-
pyrimidin-4-amine (38): Amidine 23 (46.8 g, 135 mmol) was dis-
solved in isoamyl alcohol, and 3,3-bis(dimethylamino)-2-methoxy-
propionitrile 37 i (24.7 g, 144 mmol) was added. The mixture was
heated at 110 8C for three days, then cooled to 0 8C, and the pre-


cipitated product was collected by suction filtration. It was washed
with cool Et2O and dried in a vacuum oven at 50 8C to yield the
title compound as a tan solid (25.4 g, 53 %); 1H NMR (500 MHz,
[D6]DMSO): d= 3.89 (s, 3 H), 5.80 (s, 2 H), 6.93 (br s, 2 H), 7.11–7.19
(m, 2 H), 7.20–7.26 (m, 1 H), 7.33–7.38 (m, 1 H), 7.35 (dd, J = 7.6,
4.4 Hz, 1 H), 7.99 (s, 1 H), 8.61 (d, J = 4.1 Hz, 1 H), 8.92 ppm (d, J =
7.6 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 43.7 (d, 3JC,F =
3.7 Hz), 55.7, 114.2, 115.4 (d, 2JC,F = 21.3 Hz), 117.9, 124.1 (d, 2JC,F =
14.8 Hz), 124.5 (d, 4JC,F = 3.7 Hz), 129.8 (d, 3JC,F = 8.3 Hz), 130.0 (d,
3JC,F = 3.7 Hz), 133.1, 133.5, 138.9, 141.5, 148.9, 150.8, 152.2, 155.2,
159.8 ppm (d, 1JC,F = 246 Hz); HRMS: m/z [M+H]+ calcd for
C18H15FN6O: 351.1364, found: 351.1362.


4-Amino-2-[1-(2-fluorobenzyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-
pyrimidin-5-ol (39): Methyl ether 38 (25.3 g, 72.2 mmol) was dis-
solved in NMP (500 mL), and thiophenol (7.96 g, 72.2 mmol) and
K2CO3 (2.50 g, 18.1 mmol) were added. The mixture was heated at
190 8C for 1 h. The solvent was then removed in vacuo, and the
residue was mixed with a solution of NH4Cl (half-concd, 1.0 L) and
extracted with EtOAc (3 � 500 mL). The product precipitated and
was collected by suction filtration and dried in a vacuum oven at
50 8C to yield the title compound as a gray solid (18.1 g, 72 %);
1H NMR (500 MHz, [D6]DMSO): d= 5.79 (s, 2 H), 6.70 (br s, 2 H), 7.11–
7.18 (m, 2 H), 7.20–7.25 (m, 1 H), 7.33 (dd, J = 7.6, 4.4 Hz, 1 H), 7.33–
7.38 (m, 1 H), 7.83 (s, 1 H), 8.60 (d, J = 4.4 Hz, 1 H), 8.92 (d, J = 7.6 Hz,
1 H), 9.85 ppm (br s, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 43.7 (d,
3JC,F = 3.7 Hz), 114.1, 115.4 (d, 2JC,F = 20.3 Hz), 117.7, 124.1 (d, 2JC,F =
13.9 Hz), 124.5 (d, 4JC,F = 3.7 Hz), 129.7 (d, 3JC,F = 8.3 Hz), 130.0 (d,
3JC,F = 3.7 Hz), 133.2, 136.4, 136.6, 141.8, 148.9, 150.8, 151.3, 155.1,
159.8 ppm (d, 1JC,F = 246 Hz); HRMS: m/z [M+H]+ calcd for
C17H13FN6O: 337.1208, found: 337.1209.


4-Amino-2-[1-(2-fluorobenzyl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-
pyrimidin-5-yl methanesulfonate (14): Methanesulfonyl chloride
(75 mg, 0.65 mmol) was added to a solution of phenol 39 (200 mg,
0.60 mmol) in pyridine (10 mL), and the mixture was stirred at RT
overnight. Subsequently, H2O (150 mL) was added. The precipitate
was collected by suction filtration, washed with H2O, and dried in
vacuo to yield the title compound as a tan solid (220 mg, 89 %);
1H NMR (500 MHz, [D6]DMSO): d= 3.51 (s, 3 H), 5.84 (s, 2 H), 7.11–
7.26 (m, 3 H), 7.32–7.38 (m, 1 H), 7.40 (dd, J = 7.9, 4.7 Hz, 1 H), 7.56
(br s, 2 H), 8.29 (s, 1 H), 8.63–8.66 (m, 1 H), 8.92–8.96 ppm (m, 1 H);
13C NMR (125 MHz, [D6]DMSO): d= 37.7, 44.0 (d, 3JC,F = 4.6 Hz),
114.4, 115.4 (d, 2JC,F = 21.3 Hz), 118.4, 123.8 (d, 2JC,F = 14.8 Hz), 124.6
(d, 4JC,F = 3.7 Hz), 128.4, 129.9 (d, 3JC,F = 8.3 Hz), 130.0 (d, 3JC,F =
3.7 Hz), 133.0, 140.6, 148.2, 149.2, 150.8, 156.8, 157.6, 159.8 ppm (d,
1JC,F = 246 Hz); HRMS: m/z [M+H]+ calcd for C18H15FN6O3S:
415.0983, found: 415.0977.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-pyridin-4-
ylpyrimidine-4,6-diol (41): Amidine 23 (3.27 g, 12.1 mmol) and di-
ethyl pyridin-4-ylpropanedioate[25] (2.88 g, 12.1 mmol) were sus-
pended in toluene (40 mL) and heated at reflux overnight. The pre-
cipitate was collected by suction filtration to yield the title com-
pound (2.43 g; 43 %); 1H NMR (300 MHz, [D6]DMSO): d= 5.86 (s,
2 H), 7.11–7.44 (m, 6 H), 7.49 (dd, J = 8.1, 4.4 Hz, 1 H), 8.25 (br s, 2 H),
8.40–8.48 (m, 2 H), 8.72 (dd, J = 4.4, 1.5 Hz, 1 H), 8.92 ppm (dd, J =
8.1, 1.5 Hz, 1 H).


3-(4,6-Dichloro-5-pyridin-4-ylpyrimidin-2-yl)-1-(2-fluorobenzyl)-
1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine (42): Dihydroxypyrimidine 41 (2.39 g,
5.77 mmol) was heated in POCl3 (10 mL) with a catalytic amount of
DMF (3 drops) for 3 h at reflux. Subsequently, the mixture was
poured into an ice-cold Na2CO3 solution (150 mL), and the mixture
was extracted with CH2Cl2 (150 mL). The solvent was removed in
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vacuo to afford the title compound as a brownish solid (670 mg,
24 %); 1H NMR (300 MHz, [D6]DMSO): d= 5.95 (s, 2 H), 7.12–7.29 (m,
3 H), 7.34–7.43 (m, 1 H), 7.52–7.59 (m, 3 H), 8.75 (dd, J = 4.4, 1.6 Hz,
1 H), 8.78–8.82 (m, 2 H), 8.82 ppm (dd, J = 8.1, 1.6 Hz, 1 H); 13C NMR
(125 MHz, [D6]DMSO): d= 44.7 (d, 3JC,F = 4.2 Hz), 114.6, 115.6 (d,
2JC,F = 21.0 Hz), 119.8, 123.4 (d, 2JC,F = 14.6 Hz), 124.7 (d, 4JC,F =
3.5 Hz), 125.4, 128.6, 130.2 (d, 3JC,F = 3.5 Hz), 130.2 (d, 3JC,F = 8.6 Hz),
131.9, 138.0, 143.7, 148.1, 150.1, 150.9, 158.9, 159.8, 160.0 ppm (d,
1JC,F = 246 Hz); HRMS: m/z [M+H]+ calcd for C22H13Cl2FN6 : 451.0636,
found: 451.0623.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-pyridin-4-
ylpyrimidine-4,6-diamine (13): Dichloropyrimidine 42 (200 mg,
0.443 mmol) was suspended in 25 % aqueous NH3 (5.0 mL) and
heated overnight at 140 8C in an autoclave. Subsequently, the mix-
ture was extracted with CH2Cl2 (3 � 50 mL), and the combined or-
ganic layers were dried (MgSO4), filtered, and concentrated. The
residue was purified by flash chromatography (CH2Cl2/MeOH 30:1).
A further purification step by preparative HPLC afforded the title
compound (45 mg, 20 % yield); 1H NMR (500 MHz, [D6]DMSO): d=
5.95 (s, 2 H), 7.14–7.21 (m, 2 H), 7.23–7.29 (m, 1 H), 7.29–7.50 (m,
5 H), 7.54 (dd, J = 8.1, 4.4 Hz, 1 H), 7.68 (d, J = 5.0 Hz, 2 H), 8.77 (dd,
J = 4.4, 1.3 Hz, 1 H), 8.88 (d, J = 5.0 Hz, 2 H), 9.04 ppm (dd, J = 8.1,
1.3 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 44.7 (d, 3JC,F =
4.2 Hz), 90.9, 114.2, 115.6 (d, 2JC,F = 20.8 Hz), 119.8, 123.3 (d, 2JC,F =
14.6 Hz), 124.7 (d, 4JC,F = 3.5 Hz), 127.6, 129.8 (d, 3JC,F = 3.7 Hz), 130.2
(d, 3JC,F = 8.1 Hz), 132.6, 147.7, 150.6, 151.1, 158.0, 158.3, 158.6,
159.8 ppm (d, 1JC,F = 246 Hz); HRMS: m/z [M]+ calcd for C22H17FN8:
412.1560, found: 412.1553.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-(morpho-
lin-4-yl)pyrimidine-4,6-diamine (3): Amidine 23 (200 mg,
0.74 mmol) and 2-N-morpholinomalonic dinitrile[31] (400 mg,
2.65 mmol) were heated at 105 8C under reduced pressure for 12 h.
Subsequently, the solid residue was dissolved in DMF, silica gel
(600 mg) was added, and the solvent was evaporated under re-
duced pressure. Flash chromatography (gradient: EtOAc, then
MeOH) gave the title compound as a tan solid (222 mg, 71 %);
1H NMR (500 MHz, [D6]DMSO): d= 2.87–3.01 (m, 4 H), 3.64–3.83 (m,
4 H), 5.78 (s, 2 H), 6.13 (br s, 4 H), 7.07–7.15 (m, 2 H), 7.20–7.25 (m,
1 H), 7.32 (dd, J = 7.9, 4.7 Hz, 1 H), 7.32–7.37 (m, 1 H), 8.59 (dd, J =
4.4, 1.3 Hz, 1 H), 9.07 ppm (dd, J = 8.2, 1.3 Hz, 1 H); 13C NMR
(125 MHz, [D6]DMSO): d= 43.8 (d, 3JC,F = 4.6 Hz), 47.9, 67.1, 106.8,
114.6, 115.4 (d, 2JC,F = 20.4 Hz), 117.8, 124.2 (d, 2JC,F = 14.8 Hz), 124.6
(d, 4JC,F = 3.7 Hz), 129.8 (d, 3JC,F = 8.3 Hz), 129.9 (d, 3JC,F = 4.0 Hz),
134.0, 141.8, 148.8, 150.8, 155.8, 160.1 (d, 1JC,F = 246 Hz),
160.6 ppm; HRMS: m/z [M+H]+ calcd for C21H21FN8O: 421.1901,
found: 421.1887.


5-Ethyl-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]pyri-
midine-4,6-diamine (5): Amidine 23 (13.0 g, 42.5 mmol) and ethyl-
malononitrile[29] (4.00 g, 42.5 mmol) were heated in NMP (19 mL) at
150 8C overnight. The mixture was concentrated in vacuo, and the
crude product was purified by flash chromatography (EtOAc/tolu-
ene 1:1, then EtOAc, then MeOH). The product fractions were con-
centrated, and the residue was purified by preparative HPLC to
yield the title compound as a tan solid (1.69 g, 11 %); 1H NMR
(500 MHz, [D6]DMSO): d= 1.03 (t, J = 7.3 Hz, 3 H), 2.47 (t, J = 7.3 Hz,
2 H), 5.92 (s, 2 H), 7.09–7.21 (m, 2 H), 7.22–7.29 (m, 1 H), 7.34–7.41
(m, 1 H), 7.62 (br s, 4 H), 7.52 (dd, J = 8.2, 4.4 Hz, 1 H), 8.76 (d, J =
4.4 Hz, 1 H), 8.99 ppm (dd, J = 8.2 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 11.1, 15.5, 44.6 (d, 3JC,F = 4.6 Hz), 93.3, 113.8, 115.5
(d, 2JC,F = 21.3 Hz), 119.6, 123.2 (d, 2JC,F = 14.8 Hz), 124.7 (d, 4JC,F =
2.8 Hz), 129.6 (d, 3JC,F = 3.7 Hz), 130.1 (d, 3JC,F = 8.3 Hz), 132.5, 134.8,


148.0, 150.6, 151.0, 159.7 ppm (d, 1JC,F = 245 Hz); HRMS: m/z
[M+H]+ calcd for C19H18FN7: 364.1687, found: 364.1674.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-N5,N5-dime-
thylpyrimidine-4,5,6-triamine (6): Amidine 23 (1.54 g, 5.72 mmol)
and (dimethylamino)propanedinitrile[32] (1.87 g, 17.2 mmol) were
heated at 105 8C overnight. Subsequently, MeOH and silica gel
(6 g) were added, and the mixture was concentrated in vacuo. The
product was purified by flash chromatography (cHex/EtOAc 1:1,
then EtOAc/MeOH 4:1) to yield the title compound as a tan solid
(901 mg, 42 %); 1H NMR (500 MHz, [D6]DMSO): d= 2.67 (s, 6 H), 5.78
(s, 2 H), 6.05 (br s, 4 H), 7.07–7.15 (m, 2 H), 7.19–7.25 (m, 1 H), 7.32
(dd, J = 8.2, 4.4 Hz, 1 H), 7.32–7.38 (m, 1 H), 8.59 (d, J = 4.3 Hz, 1 H),
9.06 ppm (d, J = 8.2 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO): d=
40.6, 43.7 (d, 3JC,F = 4.6 Hz), 108.0, 114.5, 115.4 (d, 2JC,F = 21.3 Hz),
117.7, 124.2 (d, 2JC,F = 14.8 Hz), 124.5 (d, 4JC,F = 3.7 Hz), 129.7 (d,
3JC,F = 8.3 Hz), 129.8 (d, 3JC,F = 3.7 Hz), 133.8, 141.9, 148.7, 150.7,
155.3, 159.8 (d, 1JC,F = 246 Hz), 160.3 ppm; HRMS: m/z [M+H]+


calcd for C19H19FN8 : 379.1789, found: 379.1779.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]-5-[(E)-phe-
nyldiazenyl]pyrimidine-4,6-diamine (50): Sodium methanolate
(3.87 g, 71.7 mmol) and then phenylazomalonitrile[33] (12.2 g,
71.7 mmol) were added to a stirred solution of amidine 23 (21.9 g,
71.1 mmol) in DMF (160 mL). The mixture was heated at 110 8C
overnight and then allowed to cool to RT. The solid which precipi-
tated thereby was filtered off with suction and washed with EtOH.
Drying resulted in the desired compound (23.0 g, 73 %); 1H NMR
(500 MHz, [D6]DMSO): d= 5.85 (s, 2 H), 7.13–7.26 (m, 3 H), 7.34–7.42
(m, 3 H), 7.49 (dd, J = 8.0, 7.4 Hz, 2 H), 7.84 (br s, 2 H), 8.01 (d, J =
7.4 Hz, 2 H), 8.47 (br s, 2 H), 8.65 (dd, J = 4.4, 1.5 Hz, 1 H), 9.20 ppm
(dd, J = 8.0, 1.5 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 44.0 (d,
3JC,F = 4.2 Hz), 112.1, 115.0, 115.4 (d, 2JC,F = 21.0 Hz, 118.3, 121.9,
123.9 (d, 2JC,F = 14.6 Hz), 124.6 (d, 4JC,F = 3.7 Hz), 129.0, 129.9 (d,
3JC,F = 8.1 Hz), 130.0 (d, 3JC,F = 3.9 Hz), 133.9, 141.1, 149.1, 150.8,
152.5, 158.3, 159.9 (d, 1JC,F = 246 Hz), 160.6 ppm; HRMS: m/z
[M+H]+ calcd for C23H18FN9 : 440.1742, found: 440.1734.


2-[1-(2-Fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-3-yl]pyrimidine-
4,5,6-triamine (51): The diazo compound 50 (5.00 g, 11.4 mmol)
was hydrogenated with Raney nickel (800 mg, 50 % in H2O) in DMF
under a pressure of 65 bar H2 and at 62 8C for 22 h. The catalyst
was filtered off with suction through Celite, and the solution was
evaporated in vacuo. The residue was stirred with 5 n HCl. The
yellow–brown precipitate was collected by suction filtration and
dried to yield the desired compound as a trihydrochloride (3.10 g,
59 %). The free base was obtained by shaking the salt with a dilute
solution of NaHCO3 and subsequent extraction with EtOAc. The
solid which was virtually insoluble in both phases was filtered off
with suction; 1H NMR (500 MHz, [D6]DMSO): d= 4.02 (s, 2 H), 5.75 (s,
2 H), 5.78 (s, 4 H), 7.10–7.14 (m, 2 H), 7.20 (dd, J = 10.5, 8.1 Hz, 1 H),
7.28 (dd, J = 8.0, 4.4 Hz, 1 H), 7.31–7.37 (m, 1 H), 8.56 (dd, J = 4.4,
1.5 Hz, 1 H), 9.03 ppm (dd, J = 8.0, 1.5 Hz, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d= 43.6 (d, 3JC,F = 4.4 Hz), 106.4, 114.3, 115.4 (d, 2JC,F =
21.0 Hz), 117.3, 124.4 (d, 2JC,F = 14.8 Hz), 124.5 (d, 4JC,F = 3.7 Hz),
129.7 (d, 3JC,F = 8.1 Hz), 129.9 (d, 3JC,F = 3.9 Hz), 133.8, 142.5, 148.6,
149.0, 150.9, 151.2, 159.9 ppm (d, 1JC,F = 246 Hz); HRMS: m/z
[M+H]+ calcd for C17H15FN8 : 351.1477, found: 351.1483.


N-{4,6-Diamino-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-
3-yl]pyrimidin-5-yl}propane-2-sulfonamide (15): Triaminopyrimi-
dine 51 (380 mg, 1.09 mmol) was dissolved in pyridine (25 mL). Iso-
propylsulfonyl chloride (232 mg, 1.63 mmol) was added, and the
mixture was stirred at RT overnight. Subsequently, the solvent was
removed in vacuo, and the residue was purified by flash chroma-
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tography (CH2Cl2/MeOH 20:1) to afford the title compound
(230 mg, 46 % yield); 1H NMR (200 MHz, [D6]DMSO): d= 1.31 (d, J =
6.7 Hz, 6 H), 3.41 (sept, J = 6.7 Hz, 1 H), 5.80 (s, 2 H), 6.29 (br s, 4 H),
6.98–7.16 (m, 2 H), 7.22 (dd, J = 10.5, 8.2 Hz, 1 H), 7.30–7.42 (m, 1 H),
7.35 (dd, J = 8.0, 4.5 Hz, 1 H), 8.30 (s, 1 H), 8.61 (dd, J = 4.5, 1.6 Hz,
1 H), 9.06 ppm (dd, J = 8.0, 1.6 Hz, 1 H).


N-{4,6-Diamino-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridin-
3-yl]pyrimidin-5-yl}-N-methylpropane-2-sulfonamide (16): Sulfon-
amide 15 (217 mg, 0.475 mmol) was dissolved in acetone (54 mL).
K2CO3 (328 mg, 2.38 mmol) and CH3I (67 mg, 0.48 mmol) were
added, and the mixture was stirred at RT overnight. Subsequently,
H2O was added, and the mixture was extracted with CH2Cl2


(100 mL). The solvent was removed in vacuo, and the residue was
purified by flash chromatography (CH2Cl2/MeOH 30:1) to yield the
title compound (155 mg, 69 % yield); 1H NMR (300 MHz, [D6]DMSO):
d= 1.31 (d, J = 6.8 Hz, 6 H), 3.06 (s, 3 H), 3.60 (sept, J = 6.8 Hz, 1 H),
5.80 (s, 2 H), 6.37 (br s, 4 H), 7.07–7.16 (m, 2 H), 7.23 (dd, J = 10.1,
8.6 Hz, 1 H), 7.31–7.40 (m, 1 H), 7.35 (dd, J = 8.1, 4.4 Hz, 1 H), 8.61
(dd, J = 4.4, 1.6 Hz, 1 H), 9.07 ppm (dd, J = 8.1, 1.6 Hz, 1 H).


Methyl-{4,6-diamino-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyr-
idin-3-yl]pyrimidin-5-yl}carbamate (52): Triamine 51 (30.5 g,
87.0 mmol) was dissolved in pyridine (470 mL) and cooled to 0 8C.
Methyl chloroformate (8.22 g, 87.0 mmol) was added, and the mix-
ture was stirred at 0 8C for 2 h. Subsequently, it was warmed to RT
and stirred for a further 12 h. After concentration in vacuo, the resi-
due was washed with H2O and dried. Further purification was ef-
fected by stirring in boiling Et2O (300 mL). The precipitated prod-
uct was filtered off with suction and dried in vacuo to yield the
title compound (32.6 g, 92 %); 1H NMR (500 MHz, [D6]DMSO): d=
3.61 (s, 3 H), 5.80 (s, 2 H), 6.13 (br s, 4 H), 7.10–7.15 (m, 2 H), 7.21 (dd,
J = 10.0, 8.5 Hz, 1 H), 7.31–7.37 (d, 2 H), 7.97 (br s, 1 H), 8.60 (dd, J =
4.4, 1.5 Hz, 1 H), 9.06 ppm (dd, J = 8.0, 1.5 Hz, 1 H); 13C NMR
(125 MHz, [D6]DMSO): d= 43.8 (d, 3JC,F = 4.2 Hz), 51.7, 94.2, 114.6,
115.4 (d, 2JC,F = 21.0 Hz), 117.8, 124.1 (d, 2JC,F = 14.6 Hz), 124.5 (d,
4JC,F = 3.5 Hz), 129.7 (d, 3JC,F = 8.1 Hz), 129.8 (d, 3JC,F = 3.9 Hz), 133.8,
141.7, 148.8, 150.8, 155.0, 156.7, 159.8 (d, 1JC,F = 246 Hz),
160.2 ppm; HRMS: m/z [M+H]+ calcd for C19H17FN8O2: 409.1532,
found: 409.1526; Anal. calcd for C19H17FN8O2 : C 55.88, H 4.20, N
27.44, F 4.65, found: C 55.75, H 4.20, N 27.35, F 4.70.


Methyl-{4,6-diamino-2-[1-(2-fluorobenzyl)-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyr-
idin-3-yl]pyrimidin-5-yl}methylcarbamate (20): Methyl carbamate
52 (20.0 g, 49.0 mmol) was dissolved in THF (257 mL) and cooled
to 0 8C. LiHMDS was added as a 1 m solution in THF (53.9 mL,
53.9 mmol) within 15 min. After 20 min of stirring at 0 8C, CH3I
(6.95 g, 53.9 mmol) was added. The mixture was stirred for 1 h at
0 8C and then warmed to RT. An aqueous solution of NH4Cl was
added, and it was extracted with EtOAc and CH2Cl2. The combined
organic layers were concentrated in vacuo, and the residue was tri-
turated with THF/CH2Cl2 (1:1). The remaining crystals were collect-
ed by suction filtration, added to MeOH, and heated at reflux for
1 h. The precipitate was collected. Dioxane/CH2Cl2 (1:1, 100 mL)
was added and heated at reflux. MeOH (~20 mL) was added until
the material was completely dissolved. Charcoal was added. The
mixture was heated at reflux and filtered through Celite. The sol-
vent was evaporated, and the residue was stirred in MeOH for 1 h.
The white crystals were collected by suction filtration to yield
14.9 g (72 %) of the title compound; 1H NMR (500 MHz, [D6]DMSO):
two rotamers; d= 3.01 (s, 3 H), 3.54 and (s, 3 H), 5.80 (s, 2 H), 6.33
and 3.31 (br s, 4 H), 7.07–7.14 (m, 2 H), 7.23 (dd, J = 10.0, 8.5 Hz,
1 H), 7.30–7.37 (m, 2 H), 8.59 (dd, J = 4.0, 1.1 Hz, 1 H), 9.05 ppm (dd,
J = 8.0, 1.1 Hz, 1 H); 13C NMR (125 MHz, [D6]DMSO): two rotamers;
d= 34.2 (major component a) and 34.6 (minor component b), 43.8


(d, 3JC,F = 4.4 Hz), 52.3 (b) and 52.4 (a), 99.3 (a) and 100.3 (b), 114.6,
115.4 (d, 2JC,F = 21.0 Hz), 117.8, 124.1 (d, 2JC,F = 14.8 Hz), 124.5 (d,
4JC,F = 3.5 Hz), 129.7 (d, 3JC,F = 7.8 Hz), 129.8 (d, 3JC,F = 3.5 Hz), 133.8,
141.7, 148.8, 150.8, 155.0 (b) and 155.4 (a), 157.1, 159.4, 159.7,
159.8 ppm (d, 1JC,F = 245.5 Hz); HRMS: m/z [M+H]+ calcd for
C20H19FN8O2: 423.1688, found: 423.1692; Anal. calcd for
C19H17FN8O2: C 56.9, H 4.5, N 26.6, F 4.5, found: C 57.1, H 4.7, N
26.7, F 4.3.


Acknowledgements


We thank K.-H. Augstein, L. Arve, Dr. B. Baragana, G. Buehler, B.
Burghard, B. Ducke, C. Fischer, H. Geeven, M. Hanisch, G. Imberge,
R. Jawulski, D. Kirschbaum, S. Leidenfrost, E. Quartey, A. Reuter, T.
Ridder, D. Schneider, A. Schwientek, K. D. Stahlschmidt, and C.
Walter for technical assistance. In addition, we are grateful to
Dr. P. Schmitt, C. Streich, D. Bauer, H. Musche, S. Brauner, M. Stol-
tefuss, and G. Wiefel-Huebschmann for recording NMR spectra
and HRMS measurements, and Dr. A. Tersteegen for PDE testing.


Keywords: BAY 63-2521 · pulmonary hypertension · riociguat ·
sGC stimulation · vasorelaxation


[1] a) O. V. Evgenov, P. Pacher, P. M. Schmidt, G. Hasko, H. H. Schmidt, J.-P.
Stasch, Nat. Rev. Drug Discovery 2006, 5, 755–768; b) M. Hoenicka, C.
Schmid, Cardiovasc. Hematol. Agents 2008, 6, 287–301; c) J.-P. Stasch,
A. J. Hobbs in Handbook of Experimental Pharmacology, Vol. 191 (Eds. : F.
Hofmann, H. H. Schmidt, J.-P. Stasch), Springer, Berlin, 2009, pp. 277–
308.


[2] a) S. P. Gaine, L. J. Rubin, Lancet 1998, 352, 719–725; b) V. V. McLaughlin,
M. D. McGoon, Circulation 2006, 114, 1417–1431.


[3] M. M. Hoeper, L. J. Rubin, Am. J. Respir. Crit. Care. Med. 2006, 173, 499–
505.


[4] a) A. Giaid, D. Saleh, N. Engl. J. Med. 1995, 333, 214–221; b) H. W. Faber,
J. Loscalzo, N. Engl. J. Med. 2004, 351, 1655–1665; c) R. F. Machado, M. L.
Nerkar, R. A. Dweik, J. Hammel, A. Janocha, J. Pyle, D. Laskowski, C. Jen-
nings, A. C. Arroliga, S. C. Erzurum, Free Radical Biol. Med. 2004, 37,
1010–1017.


[5] H. A. Ghofrani, I. H. Osterloh, F. Grimminger, Nat. Rev. Drug Discovery
2006, 5, 689–702.


[6] H. A. Ghofrani, F. Grimminger, in Handbook of Experimental Pharmacolo-
gy, Vol. 191 (Eds. : F. Hofmann, H. H. Schmidt, J.-P. Stasch), Springer,
Berlin, 2009, pp. 469–483.


[7] A. Chockalingam, G. Gnanavelu, S. Venkatesan, S. Elangovan, V. Jagan-
nathan, T. Subramaniam, R. Alagesan, S. Dorairajan, Int. J. Cardiol. 2005,
99, 91–95.


[8] a) F. N. Ko, C. C. Wu, S. C. Kuo, F. Y. Lee, C. M. Teng, Blood 1994, 84,
4226–4233; b) C. C. Wu, F. N. Ko, S. C. Kuo, F. Y. Lee, C. M. Teng, Br. J.
Pharmacol. 1995, 116, 1973–1978; c) A. Friebe, G. Schultz, D. Koesling,
EMBO J. 1996, 15, 6863–6868; d) A. M�lsch, J. Bauersachs, A. Sch�fer, J.-
P. Stasch, R. Kast, R. Busse, Br. J. Pharmacol. 1997, 120, 681–689; e) M.
Hoenicka, E.-M. Becker, H. Apeler, T. Sirichoke, H. Schrçder, R. Gerzer, J.-
P. Stasch, J. Mol. Med. 1999, 77, 14–23.


[9] a) A. Straub, J.-P. Stasch, C. Alonso-Alija, J. Benet-Buchholz, B. Ducke, A.
Feurer, C. Fuerstner, Bioorg. Med. Chem. Lett. 2001, 11, 781–784; b) J.-P.
Stasch, E. M. Becker, C. Alonso-Alija, H. Apeler, K. Dembowsky, A. Feurer,
R. Gerzer, T. Minuth, E. Perzborn, U. Pleiss, H. Schroeder, W. Schroeder, E.
Stahl, W. Steinke, A. Straub, M. Schramm, Nature 2001, 410, 212–215;
c) J.-P. Stasch, C. Alonso-Alija, H. Apeler, K. Dembowsky, A. Feurer, T.
Minuth, E. Perzborn, M. Schramm, A. Straub, Br. J. Pharmacol. 2002, 135,
333–343; d) J.-P. Stasch, E. Perzborn, E. Stahl, M. Schramm, Br. J. Pharma-
col. 2002, 135, 344–355; e) A. Straub, J. Benet-Buchholz, R. Froede, A.
Kern, C. Kohlsdorfer, P. Schmitt, T. Schwarz, H.-M. Siefert, J.-P. Stasch,
Bioorg. Med. Chem. 2002, 10, 1711–1717.


&12& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 14


�� These are not the final page numbers!


MED J. Mittendorf et al.



http://dx.doi.org/10.1038/nrd2038

http://dx.doi.org/10.2174/187152508785909555

http://dx.doi.org/10.1016/S0140-6736(98)02111-4

http://dx.doi.org/10.1161/CIRCULATIONAHA.104.503540

http://dx.doi.org/10.1164/rccm.2512003

http://dx.doi.org/10.1164/rccm.2512003

http://dx.doi.org/10.1056/NEJM199507273330403

http://dx.doi.org/10.1016/j.freeradbiomed.2004.06.039

http://dx.doi.org/10.1016/j.freeradbiomed.2004.06.039

http://dx.doi.org/10.1038/nrd2030

http://dx.doi.org/10.1038/nrd2030

http://dx.doi.org/10.1016/j.ijcard.2003.12.023

http://dx.doi.org/10.1016/j.ijcard.2003.12.023

http://dx.doi.org/10.1038/sj.bjp.0700982

http://dx.doi.org/10.1007/s001090050292

http://dx.doi.org/10.1016/S0960-894X(01)00073-7

http://dx.doi.org/10.1038/35065611

http://dx.doi.org/10.1038/sj.bjp.0704484

http://dx.doi.org/10.1038/sj.bjp.0704484

http://dx.doi.org/10.1038/sj.bjp.0704483

http://dx.doi.org/10.1038/sj.bjp.0704483

http://dx.doi.org/10.1016/S0968-0896(02)00034-2

www.chemmedchem.org





[10] a) J. A. Winger, E. R. Derbyshire, M. A. Marletta, J. Biol. Chem. 2007, 282,
897–907; b) M. Lamothe, F. J. Chang, N. Balashova, R. Shirokov, A.
Beuve, Biochemistry 2004, 43, 3039–3048; c) F. J. Chang, S. Lemme, Q.
Sun, R. K. Sunahara, A. Beuve, J. Biol. Chem. 2005, 280, 11513–11519;
d) S. Yazawa, H. Tsuchiya, H. Hori, R. Makino, J. Biol. Chem. 2006, 281,
21763–21770.


[11] a) R. Dumitrascu, N. Weissmann, H. A. Ghofrani, E. Dony, K. Beuerlein, H.
Schmidt, J.-P. Stasch, M. J. Gnoth, W. Seeger, F. Grimminger, R. T. Scher-
muly, Circulation 2006, 113, 286–295; b) O. V. Evgenov, F. Ichinose, N. V.
Evgenov, M. J. Gnoth, G. E. Falkowski, Y. Chang, K. D. Bloch, W. M. Zapol,
Circulation 2004, 110, 2253–2259; c) G. Boerrigter, J. C. Burnett, Cardio-
vascular Drug Reviews, 2007, 25, 30–45.


[12] F. Wunder, J.-P. Stasch, J. Huetter, C. Alonso-Alija, J. Hueser, E. Lohrmann,
Anal. Biochem. 2005, 339, 104–112.


[13] C. Alonso-Alija, E. Bischoff, K. Muenter, J.-P. Stasch, E. Stahl, S. Weigand,
A. Feurer, Int. Pat. Appl. WO 03/095451 A1, 2003.


[14] R. T. Schermuly, J.-P. Stasch, S. S. Pullamsetti, R. Middendorff, D. M�ller,
K.-D. Schl�ter, A. Dingendorf, S. Hackemack, E. Kolosionek, C. Kaulen, R.
Dumitrascu, N. Weissmann, J. Mittendorf, W. Klepetko, W. Seeger, H. A.
Ghofrani, and F. Grimminger, Eur. Respir. J. 2008, 32, 881–891.


[15] R. Frey, W. Mueck, S. Unger, U. Artmeier-Brandt, G. Weimann, G. Wens-
ing, J. Clin. Pharmacol. 2008, 48, 926–934.


[16] F. Grimminger, G. Weimann, R. Frey, R. Voswinckel, M. Thamm, D.
Bçlkow, N. Weissmann, W. M�ck, S. Unger, G. Wensing, R. T. Schermuly,
H. A. Ghofrani, Eur. Respir. J. 2009, 33, DOI : 10.1183/09031936.00039808.


[17] H. A. Ghofrani, data presented at the Annual Congress of the European
Respiratory Society (ERS) in Berlin (Germany), October 5, 2008.


[18] Prepared analogously to: W. Borsche, R. Manteuffel, Justus Liebigs Ann.
Chem. 1934, 512, 97–111; See also: P. Rzepecki, H. Gallmeier, N. Geib, K.
Cernovska, B. Kçnig, T. Schrader, J. Org. Chem. 2004, 69, 5168–5178.


[19] J. L. Kelley, R. G. Davis, E. W. McLean, R. C. Glen, F. E. Soroko, B. R.
Cooper, J. Med. Chem. 1995, 38, 3884–3888.


[20] G. M. Shutske, J. E. Roehr, J. Heterocycl. Chem. 1997, 34, 789–795.
[21] T. Sakamoto, Y. Kondo, H. Yamanaka, Synthesis 1984, 252–254.
[22] a) For a review, see: A. R. Muci, S. L. Buchwald in Topics in Current


Chemistry, Vol. 219 (Ed. : N. Miyaura), Springer, Berlin, Heidelberg, 2002,
pp. 131–209; b) For a more recent protocol, see: M. D. Charles, P.
Schultz, S. L. Buchwald, Org. Lett. 2005, 7, 3965–3968.


[23] G. B. Rosso, Synlett 2006, 809–810.


[24] M. K. Nayak, A. K. Chakraborti, Tetrahedron Lett. 1997, 38, 8749–8752.
[25] M. P. Sammes, C. W. F. Leung, A. R. Katritzky, J. Chem. Soc. Perkin Trans. 1


1981, 2835–2839.
[26] V. J. Ram, M. Nath, Indian J. Chem. Sect. B 1997, 36, 394–398.
[27] a) R. W. J. Carney, J. Wojtkunski, Org. Prep. Proced. Int. 1973, 5, 25–29;


b) Q. Li, D. T. W. Chu, A. Claiborne, C. S. Cooper, C. M. Lee, K. Raye, K. B.
Berst, P. Donner, W. Wang, L. Hasvold, A. Fung, Z. Ma, M. Tufano, R.
Flamm, L. L. Shen, J. Baranowski, A. Nilius, J. Alder, J. Meulbroek, K.
Marsh, D. Crowell, Y. Hui, L. Seif, L. M. Melcher, R. Henry, S. Spanton, R.
Faghih, L. L. Klein, S. K. Tanaka, J. J. Plattner, J. Med. Chem. 1996, 39,
3070–3088.


[28] a) D. A. Claremon, B. T. Phillips, Tetrahedron Lett. 1988, 29, 2155–2158;
b) H. Nemoto, Y. Kubota, Y. Yamamoto, J. Org. Chem. 1990, 55, 4515–
4516.


[29] H. Zhao, A. Thurkauf, J. Braun, R. Brodbeck, A. Kieltyka, Bioorg. Med.
Chem. Lett. 2000, 10, 2119–2122.


[30] J. C. Dunham, A. D. Richardson, R. E. Sammelson, Synthesis 2006, 680–
686.


[31] H. Gold, O. Bayer, Chem. Ber. 1961, 94, 2594–2596.
[32] a) H. Plieninger, R. El-Berins, H. Mah, Chem. Ber. 1971, 104, 3983–3985;


b) L. de Vries, J. Am. Chem. Soc. 1978, 100, 926–933.
[33] A. Hantzsch, K. J. Thompson, Ber. Dtsch. Chem. Ges. 1905, 38, 2266–


2276.
[34] a) J. Baddiley, B. Lythgoe, A. R. Todd, J. Chem. Soc. , 1943, 386–387;


b) L. F. Cavalieri, J. F. Tinker, A. Bendich, J. Am. Chem. Soc. 1949, 71, 533–
536; c) R. M. Evans, P. G. Jones, P. J. Palmer, F. F. Stephens, J. Chem. Soc. ,
1956 4106–4113; d) S. Narita, T. Kitagawa, E. Hirai, Chem. Pharm. Bull.
1985, 33, 4928–4934; e) F. Seyama, K. Akahori, Y. Sakata, S. Misumi, M.
Aida, C. Nagata, J. Am. Chem. Soc. 1988, 110, 2192–2201; f) B. Singh,
G. Y. Lesher, Synthesis 1991, 211–213.


[35] D. J. Fenick, D. E. Falvey, J. Org. Chem. 1994, 59, 4791–4799.
[36] N. Kreutzkamp, H.-Y. Oei, Chem. Ber. 1968, 101, 2459–2463.
[37] C. A. Lipinski, J. L. LaMattina, P. J. Oates, J. Med. Chem. 1986, 29, 2154–


2163.


Received: January 13, 2009
Revised: February 4, 2009
Published online on && &&, 2009


ChemMedChem 0000, 00, 1 – 14 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &13&


These are not the final page numbers! ��


Discovery of Riociguat



http://dx.doi.org/10.1021/bi0360051

http://dx.doi.org/10.1074/jbc.M412203200

http://dx.doi.org/10.1074/jbc.M508983200

http://dx.doi.org/10.1074/jbc.M508983200

http://dx.doi.org/10.1161/CIRCULATIONAHA.105.581405

http://dx.doi.org/10.1161/01.CIR.0000144469.01521.8A

http://dx.doi.org/10.1016/j.ab.2004.12.025

http://dx.doi.org/10.1183/09031936.00114407

http://dx.doi.org/10.1002/jlac.19345120109

http://dx.doi.org/10.1002/jlac.19345120109

http://dx.doi.org/10.1021/jo0496603

http://dx.doi.org/10.1021/jm00019a019

http://dx.doi.org/10.1055/s-1984-30796

http://dx.doi.org/10.1021/ol0514754

http://dx.doi.org/10.1016/S0040-4039(97)10342-2

http://dx.doi.org/10.1039/p19810002835

http://dx.doi.org/10.1039/p19810002835

http://dx.doi.org/10.1039/p19810002835

http://dx.doi.org/10.1021/jm960207w

http://dx.doi.org/10.1021/jm960207w

http://dx.doi.org/10.1016/S0040-4039(00)86697-6

http://dx.doi.org/10.1021/jo00302a008

http://dx.doi.org/10.1021/jo00302a008

http://dx.doi.org/10.1016/S0960-894X(00)00421-2

http://dx.doi.org/10.1016/S0960-894X(00)00421-2

http://dx.doi.org/10.1002/cber.19610941004

http://dx.doi.org/10.1002/cber.19711041230

http://dx.doi.org/10.1021/ja00471a045

http://dx.doi.org/10.1002/cber.190503802188

http://dx.doi.org/10.1002/cber.190503802188

http://dx.doi.org/10.1021/ja01170a046

http://dx.doi.org/10.1021/ja01170a046

http://dx.doi.org/10.1021/ja00215a032

http://dx.doi.org/10.1055/s-1991-26422

http://dx.doi.org/10.1021/jo00096a021

http://dx.doi.org/10.1002/cber.19681010722

http://dx.doi.org/10.1021/jm00161a005

http://dx.doi.org/10.1021/jm00161a005

www.chemmedchem.org





FULL PAPERS


J. Mittendorf,* S. Weigand,
C. Alonso-Alija, E. Bischoff, A. Feurer,
M. Gerisch, A. Kern, A. Knorr, D. Lang,
K. Muenter, M. Radtke, H. Schirok,
K.-H. Schlemmer, E. Stahl, A. Straub,
F. Wunder, J.-P. Stasch


&& –&&


Discovery of Riociguat (BAY 63-2521):
A Potent, Oral Stimulator of Soluble
Guanylate Cyclase for the Treatment
of Pulmonary Hypertension


Direct stimulation of soluble guany-
late cyclase (sGC) represents a promis-
ing therapeutic strategy for the treat-
ment of a range of diseases, including
the severely disabling pulmonary hyper-
tension (PH). Optimization of the unfav-
orable DMPK profile of previous sGC
stimulators provided riociguat, which is
currently being investigated in phase III
clinical trials for the oral treatment of
PH.
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Introduction


The well-known activities of retinoids on cell growth and differ-
entiation, carcinogenesis, homeostasis, and development have
been primarily linked to their binding to the retinoid recep-
tors.[1–3] Retinoic acid receptors (RARs) and retinoid X receptors
(RXRs), members of the nuclear receptor superfamily,[4, 5] are ex-
pressed from the three isotype genes, a, b, and g, which ex-
press subtypes by differential promoter use and splicing.[1–3]


Crystal structures of apo- and holo-RARs and RXRs are avail-
able, the structural determinants of RAR subtype selectivity are
rather well understood, and structure-guided design of novel
subtype-selective retinoids is now feasible.[6]


The success of all-trans-retinoic acid 1, the natural ligand for
RARs, in the treatment of acute promyelocytic leukemia (the
first example of differentiation therapy), has taken RARs to the
forefront as important drug targets for cancer therapy and pre-
vention.[7] Similarly, RXR ligands (rexinoids) expand the thera-
peutic potential of retinoids to metabolic diseases, as several
of the nuclear receptors (NRs) such as RARs, VDR, PPARs, and
LXR form functional RXR–NR heterodimers.[8] A synthetic RXR
agonist, LGD1069 (bexarotene, Targretin�), has been marketed
for the treatment of cutaneous T-cell lymphoma[9] and holds
promise for other indications as well.[10]


One of the major concerns in retinoid research over the
years has been the instability of the native ligand 1, given the
sensitivity of its polyene chain to light, heat, and common re-
action conditions. Arotinoids,[11a] the synthetic retinoids in
which some of the native polyene double bonds are replaced
by arenes, solve many of the stability problems, and some priv-
ileged structures (TTNPB 2,[11a] TTNN 3,[11b] TTAB 4 ;[11c] Figure 1)
retain the activity of the native ligand. Moreover, the variety of
aryl and heteroaryl scaffolds that are conceivable in arotinoids
allows the incorporation of additional functional groups or
substituents which, by proper design, become the structural
determinants of the subtype selectivity exhibited by certain
agonists and antagonists.[6]


Analogues of these prototype arotinoids with additional ri-
gidity and limited conformational flexibility are also known.
The s-trans-locked derivatives of TTNPB (2), termed In80 (5)
and Bf80 (6), also show potent biological activities (induction
of differentiation of the human promyelocytic leukemia cell
line HL-60 to mature granulocytes : ED50 values of 2.4 � 10�9


m


for 1; 6.6 � 10�9
m for 5 and 1.3 � 10�9


m for 6).[12, 13] We have
shown that ligand TTNPB binds to the RARb ligand binding


A collection of arotinoids with a central benzofuran or naph-
thofuran ring structure was efficiently synthesized by a three-
step process that comprises a Sonogashira coupling, an iodine-
induced 5-endo-dig cyclization of the o-methoxyphenyl- or
naphthyl-ethynyl benzoates, and finally a Suzuki/Sonogashira
coupling of the corresponding 3-iodobenzo- or naphthofurans.


Most of these 3-substituted naphthofuran arotinoids (but not
the 5,7-di-tert-butylbenzofurans with the same substitution
pattern at the C2 and C3 positions) are potent agonists of the
retinoic acid receptor (RAR) subtypes, with activities in the
nanomolar range.


Figure 1. Structures of all-trans-retinoic acid 1 and the conformationally
and/or configurationally restricted arotinoids 2–6.
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pocket in an s-trans conformation,[14] which might explain the
potency of agonists 5 and 6. Naphthofuran arotinoid Bf80 (6),
however, lacks the methyl group at C3, which is present at the
equivalent C2’ position of TTNPB; it consequently lacks the hy-
drophobic interactions with the surrounding residues of the
binding pocket.[14]


We surmised that the addition of substituents at the C3 po-
sition of 6 should further increase its potency. To test this as-
sumption, we synthesized analogues of 6 with substituents at
the C3 position of the tetrahydronaphthofuran scaffold and
evaluated their biological activity in transient transactivation
assays.


A common synthetic approach was devised in which the
series of derivatives (structure 9 in Scheme 1; R = alkyl, alkenyl,
alkynyl, and aryl) are prepared by palladium-catalyzed cross-
coupling reactions[15] from the common intermediate 3-iodote-
trahydronaphthofuran 8. The synthesis of 8 would, in turn, be
based on a 5-endo-dig cyclization of the precursors o-phenylal-
kynyl ethers 7 (or the corresponding phenol, R = H),[16, 17] them-
selves acquired via a Sonogashira coupling reaction[18, 19] of the
o-haloaryl alkyl ethers. In addition, we extended the study to
the corresponding di-tert-butylbenzofuran positional isomers
12 and 15 given the fact that di-tert-butylphenyl-[20–23] and
5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthalene[11] are the
most popular structural surrogates of the trimethylcyclohexene
hydrophobic ring of native retinoids.


Results and Discussion


Chemistry


A general strategy was adopted for the connection of the
alkyne group to the hydrophobic aryl rings by Sonogashira
coupling (Scheme 2)[18–20] by using ethyl-4-ethynylbenzoate
20.[24, 25] Because the Sonogashira reaction of known o-bromo-
tetrahydronaphthyl methyl ether 19 a[26] afforded at best a
51 % yield of internal alkyne 7 under rather harsh conditions
[Pd ACHTUNGTRENNUNG(PPh3)2Cl2, CuI, Et3N, 105 8C, sealed tube, 3 h], we turned our
attention to iodo derivative 19 b, which was prepared follow-


ing an identical sequence (Scheme 2). Double Friedel–Crafts
condensation of 2,5-dichloro-2,5-dimethylhexane 17 and ani-
sole 16 under aluminum trichloride catalysis was followed by
the iodination of ether 18 with N-iodosuccinimide (NIS) and
catalytic quantities of p-toluenesulfonic acid in dichlorome-
thane[27] to afford 19 b[26] in a 67 % combined yield. For the So-
nogashira condensation of 19 b and 20,[24] we found it conven-
ient to use microwave irradiation[28, 29] of the reaction mixture;
a constant power of 150 W for 15 min at 130 8C delivered 7 in
85 % yield.[30] The preparation of alkynes 10 and 13 followed
identical routes (Scheme 2).


The formation of benzo[b]furans and condensed analogues
by 5-endo-dig cyclization of precursors 2-(1-alkynylaryl)phenols
and the corresponding ethers has been reported.[16, 31–33]


Common electrophiles[31, 34] activate the alkyne for intramolecu-
lar addition of the oxygen lone pair. Iodine has been most
useful in this regard,[31] but other activators such as NIS, ICl,
and PhSeCl[31, 33] work equally well. This reactivity pattern is
also observed upon activation of the alkyne with transition
metals.[35–37]


We first selected the conditions reported by Arcadi
et al. ,[16, 17] which use solutions of I2 in alcohols (ethanol, metha-
nol) in the presence of sodium bicarbonate. Using methyl
ethers such as 7, the substrates favored by Larock and collea-
gues,[31] starting materials were recovered. Compared with the
electron-rich substrates used elsewhere,[31] the lack of reactivity
of 7, even after heating for 16 h at 80 8C or microwave irradia-
tion for 5 min at 200 W, must be traced back to the electron
deficiency induced on the alkyne by the p-carbethoxyphenyl
group. Only when 7 was heated at 100 8C for 15 h in the ab-
sence of NaHCO3 could naphthofuran 8 be obtained in repro-
ducible yield (65 %). The activated alkyne 21 is considered to
be the intermediate that undergoes addition of the oxygen
lone pair in an endo mode to give oxonium ion 22, which is
further demethylated to produce 8.


The synthesis of benzo[b]furans (for other retinoids with a
benzofuran structure, see reference [22]) from isomeric 2-(1-al-
kynyl)anisole derivatives 10 and 13 was not possible by using
the described procedure. We attribute this failure to steric


Scheme 1. General retrosynthetic analysis of the targeted arotinoids 9, 12 and 15.
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clashes[38] that affect either the activation of alkyne (isomer 13)
or the availability of the oxygen lone pair for attacking the ac-
tivated alkyne (isomer 10). At least for the latter
case, this limitation was solved satisfactorily (90–93 %
yield) by using the corresponding phenol 31[26]


under forcing reaction conditions (NIS, CHCl3, micro-
wave 300 W, or I2, NaHCO3, EtOH, 60 8C, 24 h). How-
ever, the corresponding 3-iodobenzo[b]furan 14
could be obtained in only 18 % yield (I2, NaHCO3,
EtOH, 60 8C, 24 h) from isomer 32 accompanied by
the 3-ethoxy derivative 33, the result of substitution
of the halogen by sodium ethoxide. Therefore, this
series was not advanced further.


Diversification of iodonaphthofuran 8 and iodo-
benzofuran 11 at the C3 position with a variety of
substituents was achieved by using Suzuki and Sono-
gashira reactions as illustrated in Scheme 3. The clas-
sical reaction conditions [Pd ACHTUNGTRENNUNG(PPh3)4, Na2CO3, DME][39]


for the Suzuki coupling of phenylboronic acid 34 a
required heating at 100 8C for 21 h to reach comple-
tion (93 % yield). Microwave irradiation[40, 41] of the
mixture at 150 W (8 min) delivered 36 a in slightly
higher yield (97 %), and these conditions were adopt-
ed as a general procedure. With the exception of
methylboronic acid 34 e, which proved unreactive,
the coupling of 8 to the remaining boronic acids 34


shown in Scheme 3 took place in good to excellent yields (70–
98 %). These retinoids with a 2,3-diarylbenzo[b]furan structure


Scheme 2. Reagents and conditions: a) AlCl3 (cat), CH2Cl2, 0 8C, 5 h, 79 %. b) NIS, p-TsOH, CH2Cl2, 60 8C, 24 h, 85 %. c) 20, [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] , CuI, Et3N (31: 89 %, 10 :
92 %, 32 : 75 %, 13 : 67 %); [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] , CuI, Et3N, microwave 150 W, Tmax = 130 8C, 15 min (7: 85 %). d) I2, CHCl3, 100 8C, 15 h (8 : 65 %); NIS, CHCl3, microwave
300 W, 10 min (11: 90 %); I2, NaHCO3, EtOH, 60 8C, 24 h (11: 93 %, 14 : 18 %, 33 : 18 %).


Scheme 3. Reagents and conditions: a) for Suzuki coupling of 34, [Pd ACHTUNGTRENNUNG(PPh3)4] , Na2CO3,
DME, microwave 150 W, Tmax = 130 8C, 8 min (36 a–g : 70–98 %); for Sonogashira coupling
of 35, [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] , CuI, Et3N, microwave 150 W, Tmax = 130 8C, 15 min (36 h–i : 85–100 %).
b) 2 m KOH, microwave 75 W, Tmax = 120 8C, 15 min (9 a–i : 62–100 %, 39 : 88 %, 12 a–f and
12 h : 52–100 %, 12 g : 35 %, 12 i : 40 %).
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are likely conformationally restricted, as predicted by calcula-
tion of less-functionalized model systems.[37]


Likewise, Sonogashira coupling of 35 h afforded 36 h in 96 %
yield under microwave irradiation,[30] but phenylacetylene 35 i
did not react. Iodobenzofuran 11 showed greater reactivity
than 8 and afforded better yields even for those reagents that
proved reluctant in the case of 8 (10 % for 37 e and 100 % for
37 i). Lastly, saponification of benzoates 36 a–h and 37 a–i pro-
vided the desired carboxylic acids 9 a–h and 12 a–i, respective-
ly. The iodo derivatives 8 and 11, in turn, produced retinoids
38 a and 39, respectively.


Tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furans 38 b and 38 c containing
smaller halogens at C3 as well as the parent unsubstituted
Bf80 (6) were synthesized as depicted in Scheme 4. o-Alkynyl-
tetrahydronaphthol 41, prepared as shown in Scheme 4 from
the corresponding iodotetrahydronaphthol 40,[26] was convert-
ed into Bf80 by microwave irradiation of a basic methanolic so-
lution (2 m KOH, MeOH, microwave 75 W, 90 8C, 10 min,
84 %).[42] Direct halogenation[43] of 6 with N-bromo- or N-chloro-
succinimide (NBS or NCS) afforded both C3-halotetrahydro-
naphthofurans 38 b and 38 c in excellent yields (91 and 94 %,
respectively).


Transcriptional activation studies


To evaluate the effects of the described naphtho- and benzo-
furan arotinoids on RARa-, RARb-, RARg-, and RXRa-mediated
transactivation, we used a reporter assay with genetically engi-
neered HeLa cell lines[44] that had been stably co-transfected
with a chimeric receptor construct and the cognate reporter
gene. Because the amino acid residues that constitute the
ligand binding pockets of the RXR subtypes do not differ, the
single RXRa (or RXRb) reporter is assumed to reveal the ligand
responsiveness for all three RXRs.[45] Two types of cellular re-
porter systems were used; they gave virtually identical results
on the transactivation characteristics and potency of the vari-
ous ligands. Both systems are based on fusion proteins, which
consist of the ligand binding domain of the corresponding re-
ceptor and the DNA binding domain of either the human es-
trogen receptor (ER DBD) or the yeast Gal4 transcription factor.
The cells also contain stably integrated luciferase reporters,
which are controlled by estrogen-responsive elements (for ER
DBD chimeras) or five Gal4 response elements (for Gal4 DBD
chimeras) in front of a minimal b-globin promoter ; these are


referred to as “ERE-bGlob-Luc-SV-Neo”[46] or “ACHTUNGTRENNUNG(17m)5-bG-
Luc”.[47, 48]


The Monod, Changeux, and Wyman model was adopted for
the description of the activity of the ligands.[49] According to
this model, in the absence of ligand, receptors are in equilibri-
um between two forms: the inactive or resting state (R) and
the active state (A). The properties of ligands are determined
by the affinity to the receptor in each state. Kd A represents the
dissociation constant of the ligand for the receptor in the
active state, while Kd R represents the dissociation constant of
the ligand for the receptor in the resting state. In this study, a
constant was determined that represents the affinity of the
molecule for the receptor. As this value can fluctuate depend-
ing on the basal activity and the expression of the receptor, it
is referred to as the Kd apparent (Kd app).


To determine these constants, “crossed curves” of the test
product against a reference agonist are performed in 96-well
plates. The test product is used at ten concentrations, and the
reference agonist at seven concentrations. In each well, the
cells are in contact with a concentration of the test product
and a concentration of the reference agonist. These experi-
mental crossed curves are then compared with theoretical


curves obtained by modeling
the mathematical equations that
govern the equilibrium between
the two states of the receptor in
the presence of various ligands
(the Supporting Information in-
cludes a detailed description).
Inverse agonists, antagonists,
partial or full agonists can be
classified with this model. A Kd R/
Kd A ratio significantly greater
than 2 is characteristic of full ag-
onists (RARa and RARb full ago-
nists: Kd R/Kd A�200; RARg full
agonists: Kd R/Kd A�50 [RARg


presents a higher basal activity, which results in a lower Kd R/Kd A


ratio for full agonists]). A Kd R/Kd A ratio equal (or very close) to 1
(0.5–2) is characteristic of antagonists, and a Kd R/Kd A ratio less
than 0.5 describes inverse agonists.[50] Note that the term “in-
verse agonist” used here is deduced from transactivation stud-
ies; a mechanistically different concept of “inverse agonism”
refers to the ability of a ligand to stabilize co-repressor–recep-
tor complexes[48] (our unpublished results).


All compounds were tested for their RARa, b, g activity and
RXRa activity. The Kd A and Kd R values of the ligand of interest
resulting in the best fit between experimental and theoretical
curves are reported. To enable SAR observations, the results
are shown for the structurally similar naphthofurans and ben-
zofurans in Tables 1 and 2, respectively.


Naphthofuran-based compounds showed excellent tran-
scriptional activity levels (Table 1), which are further modulated
by the substitution at C3. In particular, 38 a was active toward
both RARb and RARg, with Kd app = 60 pm. Substitution of the
iodo group by other groups led to a loss of activity, but some
compounds (9 a, 9 c, 9 d, 9 h, and 9 g) remained active in the


Scheme 4. Reagents and conditions: a) [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] , CuI, Et3N, microwave 150 W, 15 min, 100 %. b) 2 m KOH,
MeOH, microwave 75 W, 90 8C, 10 min, 84 %. c) NBS or NCS, THF, 25 8C, 24 h (38 b : 91 %, 38 c : 94 %).
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nanomolar range. Incorporation of a phenyl group (compound
9 a) led to a general decrease in activity, which was more sig-
nificant for RARb and RARg. Progressive increases in size and
directionality (9 c, R = p-tolyl ; 9 d, p-biphenyl) had a more mod-
erate effect, but incorporation of polar substituents (9 b, R = p-
methoxyphenyl ; 9 d, R = p-formylphenyl) was detrimental to
activity. The greatest discrimination of RARb/RARg versus RARa


was observed for iodo derivative 38 a.
We next evaluated the series of halogenated analogues


(38 a, 38 b, 38 c) along with parent system 6 in assays using a
construct with the LBD of the corresponding receptor and the
DBD of the yeast Gal4 transcription factor. Note that this re-
porter system is insensitive to endogenous receptors that
cannot recognize the Gal4 binding site. Figure 2 shows the re-
sults of the transactivation dose–response assays of this series
with the RAR subtypes.


A gain in selectivity toward the RARa subtype is noticeable
for the smaller halogens, which is accompanied by a concomi-
tant increase in potency. Compounds 38 b (3-Br) and 38 c (3-Cl)
induce higher transactivation levels of RARa than the potent
TTNPB (as well as parent system 6) even at low-nanomolar


concentrations. These compounds are less potent than 38 a (3-
I) in the RARb subtype at lower concentrations (note that at
1 nm the effect is virtually the same). The activity of the series
of halogenated naphthofurans is less discriminatory with the
RARg subtype.


In contrast, di-tert-butylbenzofurans showed very weak activ-
ity toward the RAR subtypes (Table 2). From a structural point
of view, the contrasting behavior of both series indicates the
likely occurrence of steric interactions between the bulky
group at C7 of the di-tert-butylbenzofurans and residues of the
binding pocket (note that the size of the C5-tert-butyl group is
similar to the ring of TTNPB and occupies the same relative po-
sition). In keeping with the design of the analogues by similari-
ty to TTNPB, no RXR transactivation activity was measured (see
the Supporting Information).


Discussion


Progressive rigidification of the polyene side chain of native
retinoids has led to the series of (fused) carbo- and heterocy-
clic analogues collectively termed arotinoids.[11] Despite their


Table 1. Transcriptional activities of naphthofuran arotinoids.[a]


RARa RARb RARg RXRa


Compd Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A


38 a 4 1000 0.06 1000 0.06 100 5000 1
9 a 250 2000 15 500 15 200 NA[b] NA
9 b NA NA 2000 33 4000 10 NA NA
9 c 60 1000 4 400 4 20 5000 1
9 d 15 1000 4 2000 4 30 ND[c] ND
9 f ND ND 500 300 ND ND 5000 5
9 g ND ND ND ND 0.25 60 8000 10
9 h ND ND ND ND 4 200 8000 33


[a] For RARa and RARb, values of Kd R/Kd A�200 indicate full agonists, and lower values indicate partial agonists; for RARg, values of Kd R/Kd A�50 indicate
full agonists, and lower values indicate partial agonists. For all subtypes, values of Kd R/Kd A�2 and �0.5 indicate antagonists, and values of Kd R/Kd A<0.5 in-
dicate inverse agonists. [b] Not active. [c] Not determined (experimental data do not fit the theoretical model).


Figure 2. In vivo dose–response luciferase reporter assays revealing the RAR subtype agonist activities of the naphthofuran arotinoid 6 (^) and its C3-halogen-
ated derivatives 38 a (� ), 38 b (*), and 38 c (~) relative to TTNPB 2 (&) toward a) RARa, b) RARb, and c) RARg. See the Experimental Section for details on the
assay system. The data are derived from at least three independent experiments; standard deviations are indicated.
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larger size and limited flexibility relative to all-trans-retinoic
acid or its 9-cis isomer, some of these analogues have shown
surprisingly potent activities as ligands of the RAR and RXR
subfamilies of nuclear receptors. The increase in binding affini-
ty is likely due to the higher degree of preorganization result-
ing in an overall shape that mimics the polyene native ligand
in the ligand binding pocket. Binding a preorganized ligand
implies that neither the enthalpic cost to acquire the binding
geometry nor the entropic penalty for freezing the favorable
conformations are paid. For example, the biological activity of
heteroarotinoid Bf80 (6) is similar to that of the native
ligand.[12, 13] This compound can be considered an s-trans-
locked analogue of prototype arotinoid TTNPB (2), which is the
conformation adopted by this ligand in the RARb binding
pocket.[14]


Based on these precedents, we hypothesized that the gain
in ligand–receptor interactions that result from the incorpora-
tion of substituents at the C3 position of Bf80 might be benefi-
cial for binding to and transactivation of the RARs. For a
straightforward entry into the collection of arotinoids with a
naphthofuran scaffold (a study expanded to benzofuran ana-
logues as well) we used the iodine-induced 5-endo-dig cycliza-
tion of o-methoxynaphthyl- (and o-methoxyphenyl)ethynyl
benzoates.[16, 17] Diverse aryl, alkenyl, and alkynyl substituents
were then appended using Suzuki/Sonogashira coupling reac-
tions. Remarkably, all the steps including the final saponifica-
tion were carried out with short reaction times and high yields
using microwave irradiation.[40, 41] Given the promising activity
measured for iodonaphthofuran 38 a, we extended the series
to the smaller chloro and bromo analogues 38 c and 38 b, and
also included parent system 6 in the comparative study.


The transcriptional activities of the series were determined
by HTS, which allowed the calculation of two constants, Kd A


and Kd R (values reported in Tables 1 and 2), for a particular
ligand as the best fit between experimental and theoretical
curves according to the models explained above. Kd app corre-
sponds to the AC50/IC50 value of the theoretically modeled
curve of the analogue in the absence of reference compound,
with the exception of full antagonists, for which Kd A = Kd R =


Kd app. Because the theoretically modeled curves are determined


by curve fitting based on all the experimental data of the
crossed curves experiments (70 data points, see Supporting In-
formation), the Kd app and Kd A/Kd R values represent more pre-
cisely the real activity values, as classical AC50/IC50 values are
determined by a single dose–response curve.


Most of the C3-substituted naphthofurans show Kd app values
in the nanomolar range, and the iodo derivative 38 a is a nano-
molar transactivator of RARb and RARg, and possibly activates
RARb at sub-nanomolar concentrations. Relative to 38 a, a gain
in potency and selectivity for subtype RARa is observed with
the chloro and bromo derivatives 38 c and 38 b. This is another
example of the beneficial effect of halogen atoms on the bio-
logical profile of ligands, most likely a consequence of their fa-
vorable interactions with the binding pocket residues. The con-
cept of a “halogen bond” or charge-transfer complex from a
heteroatom lone pair (Lewis base) to the halogen (Lewis acid)
has recently gained relevance in biology and chemistry.[51]


Conclusions


Whereas most of the 3-aryl and 3-alkynylnaphthofuran aroti-
noids (but not the 5,7-di-tert-butylbenzofurans with the same
substitution pattern at the C2 and C3 positions of the furan
ring) are potent pan-agonists of the RAR subtypes in the nano-
molar range, the analogues with halogen atoms (Cl, Br, I)
showed increased potency and subtype selectivity. The iodo
derivative 38 a is a low-nanomolar transactivator of RARb and
RARg, and the analogues with smaller halogen atoms (bromo
and chloro derivatives 38 b and 38 c, respectively) are more
potent than 38 a and more selective transactivators through
RARa.


A distinct feature of these heteroarylarotinoids is the almost
complete absence of the flexibility exhibited by native reti-
noids. Other retinoids with highly rigid skeletons are the series
of diazepinylbenzoic acids, which are selective RXR modula-
tors.[52–54] We have thereby shown that the decoration of a cen-
tral polycyclic heteroarotinoid scaffold with substituents of
varying size and electronic properties, in particular halogen
atoms, allows one to exploit the complementarity of ligands


Table 2. Transcriptional activities of benzofuran arotinoids.[a]


RARa RARb RARg RXRa


Compd Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A


39 NA[a] NA 4000 20 2000 20 NA NA
12 a NA NA 4000 15 NA NA NA NA
12 b NA NA NA NA 1000 1 8000 10
12 c NA NA 2000 20 NA NA NA NA
12 d NA NA NA NA NA NA 2000 1
12 e 4000 20 60 200 500 100 NA NA
12 f NA NA NA NA NA NA 5000 –
12 g NA NA 1000 50 4000 10 5000 –
12 h NA NA 4000 8 NA NA NA –
12 i 8000 10 1000 100 4000 7 NA NA


[a] For RARa and RARb, values of Kd R/Kd A�200 indicate full agonists, and lower values indicate partial agonists; for RARg, values of Kd R/Kd A�50 indicate
full agonists, and lower values indicate partial agonists. For all subtypes, values of Kd R/Kd A�2 and �0.5 indicate antagonists, and values of Kd R/Kd A<0.5 in-
dicate inverse agonists. [b] Not active.
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and receptors with regard to hydrophobic, polar, hydrogen
bonding and charged interactions.


Experimental Section


Chemistry


Ethyl-4-[(3-methoxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)ethynyl]benzoate (7): General procedure for the So-
nogashira reaction under microwave heating : Ethyl-4-ethynyl-
benzoate 20 (0.21 g, 1.21 mmol), [PdACHTUNGTRENNUNG(PPh3)2Cl2] (8 mg, 0.01 mmol),
and CuI (2 mg, 0.01 mmol) were added to a magnetically stirred so-
lution of 6-iodo-7-methoxy-1,1,4,4-tetramethyl-1,2,3,4-tetrahydro-
naphthalene 19 b (0.20 g, 0.61 mmol) and Et3N (1.2 mL) in a micro-
wave vessel. The vessel was flushed with Ar and then equipped
with a rubber septum. The resulting suspension was vigorously
stirred and degassed by freeze–thaw cycles (3 � ). The vessel was
placed in a microwave reactor. Microwave irradiation at 150 W was
used, and the temperature was ramped from 25 to 130 8C. The re-
action mixture was held at 130 8C for 15 min. The mixture was al-
lowed to cool to 25 8C, the reaction vessel was opened, and the
contents were poured into a separatory funnel. The solution was
washed with 10 % HCl(aq), and the aqueous layer was extracted
with EtOAc (2 � ). The combined organic layers were washed with
brine, dried (Na2SO4), filtered and evaporated to dryness under
vacuum. The residue was purified by flash chromatography (silica
gel, 85:15 hexanes/EtOAc) to afford ethyl-4-[(3-methoxy-5,5,8,8-tet-
ramethyl-5,6,7,8-tetrahydronaphthalen-2-yl)ethynyl]benzoate 7
(0.2 g, 85 % yield) as a white powder, mp: 108–110 8C (hexanes/
EtOAc); 1H NMR (CDCl3, 400.13 MHz) d= 1.29 (s, 6 H, 2 � CH3), 1.31
(s, 6 H, 2 � CH3), 1.41 (t, J = 7.1 Hz, 3 H, OCH2CH3), 1.69 (s, 4 H, 2 �
CH2), 3.91 (s, 3 H, OCH3), 4.39 (q, J = 7.1 Hz, 2 H, OCH2CH3), 6.82 (s,
1 H, ArH), 7.45 (s, 1 H, ArH), 7.63 (d, J = 8.2 Hz, 2 H, 2 � ArH),
8.03 ppm (d, J = 8.2 Hz, 2 H, 2 � ArH); 13C NMR (CDCl3, 100.62 MHz)
d= 14.3 (q), 31.6 (q, C ACHTUNGTRENNUNG(CH3)2), 31.8 (q, CACHTUNGTRENNUNG(CH3)2), 33.6 (s), 34.8 (s), 34.9
(t), 34.9 (t), 55.8 (q), 60.9 (t), 89.4 (s), 91.6 (s) 108.4 (d), 109.6 (s),
128.5 (s), 129.3 (d, 2 � ), 129.3 (s), 131.4 (d, 2 � ), 131.8 (d), 137.2 (s),
147.7 (s), 157.6 (s), 166.1 ppm (s); IR (NaCl): ñ= 2959 (s, C�H), 2931
(s, C�H), 2863 (m, C�H), 2211 (w, C�C), 1718 (s, C=O), 1603 (m),
1462 (m), 1393 (w), 1365 (w), 1271 (s), 1241 (m), 1174 (w),
1105 cm�1 (m); MS (EI+): m/z (%) 390 ([M]+ , 23), 376 (14), 375
(100); HRMS calcd for C26H30O3 [M]+ : 390.2195, found: 390.2198;
Anal. calcd (%): C 79.67, H 7.74, found: C 79.67, H 7.67.


Ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho-ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate (8): A solution of ethyl-4-[(3-methoxy-
5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthalen-2-yl)ethynyl]ben-
zoate 7 (0.10 g, 0.26 mmol) in CHCl3 (7 mL) was placed in a Schlenk
flask, and a solution of I2 (0.72 g, 0.28 mmol) in CHCl3 (7 mL) was
then added dropwise at 0 8C. The reaction mixture was stirred at
100 8C for 24 h. Excess I2 was removed by washing with a saturated
solution of Na2S2O3(aq). The mixture was then extracted with
EtOAc (2 � ). The organic layers were washed with brine, dried over
anhydrous Na2SO4, filtered, and concentrated to dryness under
vacuum. The residue was purified by flash chromatography (silica
gel, 95:5 hexanes/EtOAc) and recrystallized to afford ethyl-4-(3-
iodo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthoACHTUNGTRENNUNG[2,3-b]furan-2-yl)-
benzoate 8 (76 mg, 65 % yield) as a white powder, mp: 135–136 8C
(hexanes/EtOAc); 1H NMR (CDCl3, 400.13 MHz) d= 1.36 (s, 6 H, 2 �
CH3), 1.39 (s, 6 H, 2 � CH3), 1.42 (t, J = 7.2 Hz, 3 H, OCH2CH3), 1.76 (s,
4 H, 2 � CH2), 4.41 (q, J = 7.2 Hz, 2 H, OCH2CH3), 7.36 (s, 1 H, ArH),
7.46 (s, 1 H, ArH), 8.14 (d, J = 8.4 Hz, 2 H, 2 � ArH), 8.26 ppm (d, J =
8.4 Hz, 2 H, 2 � ArH); 13C NMR (CDCl3, 100.62 MHz) d= 14.3 (q), 32.5
(q, CACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (t), 35.1 (t), 61.1 (t), 63.1


(s), 108.6 (d), 119.4 (d), 126.8 (d, 2 � ) 126.9 (s), 129.6 (d, 2 � ), 130.2
(s), 130.3 (s), 134.3 (s), 141.5 (s), 144.9 (s), 151.4 (s), 152.6 (s),
166.1 ppm (s); IR (NaCl): ñ= 2960 (s, C�H), 2928 (s, C�H), 2864 (m,
C�H), 1718 (s, C=O), 1609 (m), 1464 (m), 1365 (m), 1275 (s),
1106 cm�1 (m); MS (EI+): m/z (%) 502 ([M]+ , 70), 488 (26), 487
(100), 277 (12), 70 (20); HRMS calcd for C25H27IO3 [M]+ : 502.1005,
found: 502.1003; Anal. calcd (%): C 59.77, H 5.42, found: C 59.33, H
5.51.


Ethyl-4-(5,5,8,8-tetramethyl-3-phenyl-5,6,7,8-tetrahydronaphtho-ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate (36 a): General procedure for the
Suzuki cross-coupling reaction with conventional heating : A so-
lution of ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (50 mg, 0.10 mmol)
in 1,2-dimethoxyethane (DME; 1.6 mL) was placed in a Schlenk
flask, and phenylboronic acid 34 a (24 mg, 0.20 mmol), Na2CO3


(0.18 mL, 3 m in H2O, 0.55 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (3.5 mg,
0.003 mmol) were then added. The resulting suspension was vigo-
rously stirred and degassed by freeze–thaw cycles (3 � ). The reac-
tion mixture was stirred at 100 8C for 21 h. After cooling to 25 8C, it
was diluted with EtOAc and poured into a separatory funnel con-
taining a 10 % HCl(aq). The aqueous layer was extracted with
EtOAc (2 � ). The combined organic layers were neutralized with a
saturated solution of NaHCO3(aq), washed with brine, dried
(Na2SO4), filtered, and evaporated to dryness under vacuum. The
residue was purified by flash chromatography (silica gel, 95:5 hex-
anes/EtOAc) to afford ethyl-4-(5,5,8,8-tetramethyl-3-phenyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 36 a (42 mg 93 %
yield) as a colorless oil ; 1H NMR (CDCl3, 400.13 MHz) d= 1.30 (s, 6 H,
2 � CH3), 1.37 (t, J = 7.1 Hz, 3 H, CH2CH3), 1.38 (s, 6 H, 2 � CH3), 1.74
(s, 4 H, 2 � CH2), 4.36 (q, J = 7.1 Hz, 2 H, OCH2CH3), 7.41 (s, 1 H, ArH),
7.50–7.44 (m, 5 H, ArH), 7.52 (s, 1 H, ArH), 7.66 (d, J = 8.6 Hz, 2 H, 2 �
ArH), 7.95 ppm (d, J = 8.6 Hz, 2 H, 2 � ArH); 13C NMR (CDCl3,
100.62 MHz) d= 14.3 (q), 32.5 (q, CACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s),
35.0 (s), 35.1 (t), 35.3 (t), 60.9 (t), 108.4 (d), 117.5 (d), 119.3 (s), 126.4
(d, 2 � ), 127.8 (d), 128.0 (s), 129.1 (d, 2 � ), 129.5 (s), 129.6 (d, 2 � ),
129.7 (d, 2 � ), 132.8 (s), 135.1 (s), 140.7 (s), 143.8 (s), 149.2 (s), 152.9
(s), 166.2 ppm (s) ; IR (NaCl): ñ= 2959 (s, C�H), 2927 (s, C�H), 2862
(m, C�H), 1717 (s, C=O), 1608 (m), 1465 (m), 1364 (m), 1273 (s),
1105 cm�1 (m); MS (EI+): m/z (%) 452 ([M]+ , 83), 438 (35), 437
(100); HRMS calcd for C31H32O3 [M]+ : 452.2351, found: 452.2364.


Ethyl-4-{3-(4-methoxyphenyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate (36 b): General pro-
cedure for the Suzuki cross-coupling reaction under microwave
heating : A solution of ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (75 mg, 0.15 mmol)
in DME (2.4 mL), 4-methoxyphenylboronic acid 34 b (45 mg,
0.30 mmol), Na2CO3 (0.27 mL, 3 m in H2O, 0.82 mmol), and [Pd-ACHTUNGTRENNUNG(PPh3)4] (5 mg, 0.004 mmol), and a magnetic stirring bar were
placed into a 10-mL glass vessel. The vessel was flushed with Ar
and then equipped with a rubber septum. The resulting suspen-
sion was vigorously stirred and degassed by freeze–thaw cycles
(3 � ). The vessel was placed in a microwave reactor (150 W); the
temperature was ramped from 25 to 150 8C. The reaction mixture
was held at 150 8C for 12 min. After the mixture was allowed to
cool to 25 8C, the reaction vessel was opened, and the contents
were poured into a separatory funnel. The solution was washed
with 10 % HCl(aq), and the aqueous layer was extracted with
EtOAc (2 � ). The combined organic layers were washed with brine,
dried (Na2SO4), filtered and evaporated to dryness under vacuum.
The residue was purified by flash chromatography (silica gel, 95:5
hexanes/EtOAc) to afford ethyl-4-{3-(4-methoxyphenyl)-5,5,8,8-tet-
ramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate 36 b
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(60 mg, 83 % yield) as a colorless oil ; 1H NMR (CDCl3, 400.13 MHz)
d= 1.31 (s, 6 H, 2 � CH3), 1.38 (s, 6 H, 2 � CH3), 1.49 (t, J = 7.1 Hz, 3 H,
OCH2CH3), 1.74 (s, 4 H, 2 � CH2), 3.90 (s, 3 H, OCH3), 4.37 (q, J =
7.1 Hz, 2 H, OCH2CH3), 7.03 (d, J = 8.7 Hz, 2 H, 2 � ArH), 7.3–7.4 (m,
3 H, ArH), 7.52 (s, 1 H, ArH), 7.69 (d, J = 8.4 Hz, 2 H, 2 � ArH),
7.96 ppm (d, J = 8.4 Hz, 2 H, 2 � ArH); 13C NMR (CDCl3, 100.62 MHz)
d= 14.3 (q), 32.5 (q, C ACHTUNGTRENNUNG(CH3)2), 32.6 (q, CACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (s), 35.1
(t), 35.3 (t), 55.3 (q), 60.9 (t), 108.4 (d), 114.6 (d, 2 � ), 117.5 (d), 119.0
(s) 124.8 (s), 126.3 (d, 2 � ), 128.2 (s), 129.3 (s), 129.6 (d, 2 � ), 130.8
(d, 2 � ), 135.2 (s), 140.6 (s), 143.7 (s), 148.9 (s), 152.9 (s), 159.3 (s),
166.3 ppm (s); IR (NaCl): ñ= 2959 (s, C�H), 2929 (s, C�H), 2863 (m,
C�H), 1717 (s, C=O), 1609 (m), 1516 (m), 1465 (m), 1365 (m), 1275
(s), 1248 (m), 1176 (m), 1105 cm�1 (m); MS (EI+): m/z (%) 482 ([M]+ ,
100), 468 (30), 467 (77), 424 (11); HRMS calcd for C32H34O4 [M]+ :
482.2457, found: 482.2450.


Ethyl-4-(5,5,8,8-tetramethyl-3-p-tolyl-5,6,7,8-tetrahydronaphtho-ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate (36 c): Following the general procedure
for the Suzuki cross-coupling reaction under microwave heating,
ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoate 8 (50 mg, 0.10 mmol) in DME (1.7 mL), p-tol-
ylboronic acid 34 c (27 mg, 0.20 mmol), Na2CO3 (0.18 mL, 3 m in
H2O, 0.55 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (3.5 mg, 0.003 mmol) afforded
ethyl-4-(5,5,8,8-tetramethyl-3-p-tolyl-5,6,7,8-tetrahydronaphthoACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoate 36 c (43 mg, 93 % yield) as a colorless oil ;
1H NMR (CDCl3, 400.13 MHz) d= 1.30 (s, 6 H, 2 � CH3), 1.38 (s, 6 H,
2 � CH3), 1.39 (t, J = 7.0 Hz, 3 H, OCH2CH3), 1.74 (s, 4 H, 2 � CH2), 2.46
(s, 3 H, Ar-CH3), 4.37 (q, J = 7.0 Hz, 2 H, OCH2CH3), 7.30 (m, 2 H, 2 �
ArH), 7.37 (m, 2 H, 2 � ArH), 7.41 (s, 1 H, ArH), 7.52 (s, 1 H, ArH), 7.69
(d, J = 8.3 Hz, 2 H, 2 � ArH), 7.96 ppm (d, J = 8.3 Hz, 2 H, 2 � ArH);
13C NMR (CDCl3, 100.62 MHz) d= 14.3 (q), 21.4 (q), 32.5 (q, CACHTUNGTRENNUNG(CH3)2),
32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (s), 35.1 (t), 35.3 (t), 60.9 (t), 108.4 (d),
117.6 (d), 119.2 (s), 126.3 (d, 2 � ), 128.1 (s), 129.4 (s), 129.5 (d, 2 � )
129.5 (s), 129.6 (d, 2 � ), 129.8 (d, 2 � ), 135.2 (s), 137.6 (s), 140.6 (s),
143.7 (s), 149.0 (s), 152.9 (s), 166.3 ppm (s); IR (NaCl): ñ= 2958 (m,
C�H), 2925 (m, C�H), 2861 (w, C�H), 1717 (s, C=O), 1608 (m), 1465
(m), 1365 (m), 1273 (s), 1179 (m), 1105 cm�1 (s) ; MS (EI+): m/z (%)
466 ([M]+ , 98), 452 (35), 451 (100); HRMS calcd for C32H34O3 [M]+ :
466.2508, found: 466.2510.


Ethyl-4-{3-(biphenyl-4-yl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate (36 d): Following
the general procedure for the Suzuki cross-coupling reaction under
microwave heating, ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (50 mg, 0.10 mmol)
in DME (1.7 mL), biphenyl-4-ylboronic acid 34 d (39 mg,
0.20 mmol), Na2CO3 (0.18 mL, 3 m in H2O, 0.55 mmol), and [Pd-ACHTUNGTRENNUNG(PPh3)4] (3.5 mg, 0.003 mmol) afforded ethyl-4-{3-(biphenyl-4-yl)-
5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}ben-
zoate 36 d (48 mg, 92 % yield) as a colorless oil ; 1H NMR (CDCl3,
400.13 MHz) d= 1.35 (s, 6 H, 2 � CH3), 1.40 (t, J = 7.1 Hz, 3 H,
OCH2CH3), 1.41 (s, 6 H, 2 � CH3), 1.78 (s, 4 H, 2 � CH2), 4.39 (q, J =
7.1 Hz, 3 H, OCH2CH3), 7.4–7.5 (m, 1 H, ArH), 7.5–7.6 (m, 3 H, ArH),
7.6–7.7 (m, 3 H, ArH), 7.7–7.8 (m, 6 H, ArH), 8.01 ppm (d, J = 8.6 Hz,
2 H, 2 � ArH); 13C NMR (CDCl3, 100.62 MHz) d= 14.3 (q), 32.5 (q, C-ACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (s), 35.1 (t), 35.2 (t), 60.9 (t),
108.4 (d), 117.5 (d), 118.8 (s), 126.5 (d, 2 � ), 127.0 (d, 2 � ), 127.5 (s),
127.7 (d, 2 � ), 127.5 (d) 127.9 (s), 128.9 (d, 2 � ), 129.5 (s), 129.6 (d,
2 � ), 130.0 (d, 2 � ), 131.7 (s), 135.0 (s), 140.5 (s), 140.7 (s), 143.8 (s),
149.3 (s), 153.0 (s), 166.2 ppm (s); IR (NaCl): ñ= 2957 (s, C�H), 2926
(s, C�H), 2858 (w, C�H), 1719 (s, C=O), 1609 (m), 1464 (m), 1365
(m), 1274 (s), 1178 (m), 1105 cm�1 (m); MS (EI+): m/z (%) 528 ([M]+ ,
100), 514 (32), 513 (80); HRMS calcd for C37H36O3 [M]+ : 528.2664,
found: 528.2665.


Ethyl-4-{3-(4-formylphenyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate (36 f): Following
the general procedure for the Suzuki cross-coupling reaction under
microwave heating, ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (50 mg, 0.10 mmol)
in DME (1.7 mL), 4-formylphenylboronic acid 34 f (30 mg,
0.20 mmol), Na2CO3 (0.18 mL, 3 m in H2O, 0.55 mmol), and [Pd-ACHTUNGTRENNUNG(PPh3)4] (3.5 mg, 0.003 mmol) afforded ethyl-4-{3-(4-formylphenyl)-
5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}ben-
zoate 36 f (28 mg, 70 % yield) as a colorless oil ; 1H NMR (CDCl3,
400.13 MHz) d= 1.31 (s, 6 H, 2 � CH3), 1.37 (t, J = 7.1 Hz, 3 H,
OCH2CH3), 1.38 (s, 6 H, 2 � CH3), 1.75 (s, 4 H, 2 � CH2), 4.37 (q, J = 7.1,
Hz, 3 H, OCH2CH3), 7.41 (s, 1 H, ArH), 7.55 (s, 1 H, ArH), 7.6–7.7 (m,
4 H, ArH), 7.9–8.0 (m, 4 H, ArH), 10.10 ppm (s, 1 H, CHO); 13C NMR
(CDCl3, 100.62 MHz) d= 14.3 (q), 32.5 (q, C ACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2),
34.6 (s), 35.0 (s), 35.1 (t), 35.2 (t), 61.1 (t), 108.7 (d), 117.1 (d), 117.9
(s), 126.7 (d, 2 � ), 127.2 (s) 129.7 (d, 2 � ), 130.1 (s), 130.3 (d, 2 � ),
130.5 (d, 2 � ), 134.4 (s), 135.6 (s), 139.5 (s), 141.2 (s), 144.2 (s), 150.0
(s), 153.1 (s), 166.0 (s), 191.7 ppm (d, CHO); MS (EI+): m/z (%) 480
([M]+ , 80), 466 (34), 465 (100); HRMS calcd for C32H32O4 [M]+ :
480.2301, found: 480.2302.


Ethyl-4-{3-(3,3-dimethylbut-1-ynyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate (36 h): Following
the general procedure for the Sonogashira cross-coupling reaction
under microwave heating, ethyl-4-(3-iodo-5,5,8,8-tetramethyl-
5,6,7,8-tetrahydronaphthoACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (50 mg,
0.10 mmol) in Et3N (1.0 mL), 3,3-dimethylbut-1-yne 35 h (16 mg,
0.20 mmol), [PdACHTUNGTRENNUNG(PPh3)2Cl2] (1.4 mg, 0.002 mmol), and CuI (0.4 mg,
0.002 mol) afforded ethyl-4-{3-(3,3-dimethylbut-1-ynyl)-5,5,8,8-tetra-
methyl-5,6,7,8-tetrahydronaphthaACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate 36 h
(43 mg, 96 % yield) as a colorless oil ; 1H NMR (CDCl3, 400.13 MHz)
d= 1.35 (s, 6 H, 2 � CH3), 1.38 (s, 6 H, 2 � CH3), 1.42 (t, J = 7.1 Hz, 3 H,
OCH2CH3), 1.46 (s, 9 H, tBu), 1.74 (s, 4 H, 2 � CH2), 4.41 (q, J = 7.1 Hz,
3 H, OCH2CH3), 7.44 (s, 1 H, ArH), 7.53 (s, 1 H, ArH), 8.12 (d, J =
8.5 Hz, 2 H, 2 � ArH), 8.34 ppm (d, J = 8.6 Hz, 2 H, 2 � ArH); 13C NMR
(CDCl3, 100.62 MHz) d= 14.3 (q), 28.7 (s), 31.0 (q, C ACHTUNGTRENNUNG(CH3)3), 32.5 (q,
C ACHTUNGTRENNUNG(CH3)2), 32.6 (q, CACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (t), 35.1 (s), 35.2 (t), 61.0 (t),
70.9 (s), 101.6 (s), 107.3 (s), 108.3 (d) 117.7 (d), 125.1 (d, 2 � ), 126.8
(s), 127.8 (s), 129.6 (d, 2 � ), 134.6 (s), 140.8 (s), 144.2 (s), 152.5 (s),
154.0 (s), 166.3 ppm (s); IR (NaCl): ñ= 2964 (s, C�H), 2928 (s, C�H),
2865 (m, C�H), 2222 (w, C�C), 1718 (s, C=O), 1608 (m), 1466 (m),
1365 (m), 1274 (s), 1181 (m), 1105 cm�1 (s) ; MS (EI+): m/z (%) 456
([M]+ , 100), 442 (27), 441 (82), 177 (10); HRMS calcd for C31H36O3


[M]+ : 456.2664, found: 456.2670.


(E)-Ethyl-4-{5,5,8,8-tetramethyl-3-(2-phenylethen-1-yl)-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate (36 g): Following
the general procedure for the Suzuki cross-coupling reaction under
microwave heating, ethyl-4-(3-iodo-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoate 8 (50 mg, 0.10 mmol)
in DME (1.7 mL), (E)-styrylboronic acid 34 g (29 mg, 0.20 mmol),
Na2CO3 (0.18 mL, 3 m in H2O, 0.55 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (3.5 mg,
0.003 mmol) afforded (E)-ethyl-4-{5,5,8,8-tetramethyl-3-(2-phenyl-
ethen-1-yl)-5,6,7,8-tetrahydronaphtha ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoate
36 g (46 mg, 98 % yield) as a colorless oil ; 1H NMR (CDCl3,
400.13 MHz) d= 1.38 (s, 6 H, 2 � CH3), 1.41 (t, J = 7.1 Hz, 3 H,
OCH2CH3), 1.42 (s, 6 H, 2 � CH3), 1.78 (s, 4 H, 2 � CH2), 4.42 (q, J =
7.1 Hz, 3 H, OCH2CH3), 7.3–7.4 (m, 3 H), 7.4–7.5 (m, 2 H), 7.51 (s, 1 H),
7.57 (d, J = 8.2 Hz, 2 H), 7.8–7.9 (m, 3 H), 8.16 ppm (d, J = 8.4 Hz,
2 H); 13C NMR (CDCl3, 100.62 MHz) d= 14.3 (q), 32.4 (q, CACHTUNGTRENNUNG(CH3)2),
32.7 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.0 (t), 35.0 (s), 35.3 (t), 61.1 (t) 108.6 (d),
116.1 (s), 118.5 (d), 119.7 (d), 124.4 (s), 125.6 (s), 126.4 (d, 2 � ), 127.3
(d, 2 � ), 127.8 (d), 128.8 (d, 2 � ), 129.9 (d, 2 � ), 131.9 (d), 135.2 (s),
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137.6 (s), 140.7 (s), 143.8 (s), 151.6 (s), 153.4 (s), 166.2 ppm (s); IR
(NaCl): ñ= 2958 (s, C�H), 2927 (s, C�H), 2861 (m, C�H), 1715 (s, C=
O), 1603 (m), 1468 (m), 1365 (m), 1274 (s), 1178 (m), 1105 cm�1 (s) ;
MS (EI+): m/z (%) 478 ([M]+ , 100), 464 (22), 463 (64), 361 (16);
HRMS calcd for C33H34O3 [M]+ : 478.2508, found: 478.2506.


4-(3-Iodo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoic acid (38 a): General procedure for the sapo-
nification of esters under microwave heating : A 2 m solution of
KOH in MeOH (2.6 mL), ester 8 (39 mg, 0.08 mmol), and a magnetic
stirring bar were placed in a 10-mL microwave glass vessel. The
vessel was flushed with Ar, equipped with a rubber septum, and
placed into a microwave reactor (75 W); the temperature was
ramped from 25 to 120 8C. The reaction mixture was held at 120 8C
for 15 min. After the mixture was allowed to cool to 25 8C, the re-
action vessel was opened, and the contents were poured into a
separatory funnel. The solution was washed with 10 % HCl(aq), and
the aqueous layer was extracted with CH2Cl2 (3 � ). The combined
organic layers were washed with H2O and brine, dried over Na2SO4,
filtered, and evaporated to dryness. The residue was purified by
flash chromatography (silica gel, 95:5 CH2Cl2/MeOH), then by HPLC
(Waters Spherisorb S5NH2, 10 � 250 mm, 2.5:98:0.5 MeOH/CH2Cl2/
AcOH, 2 mL min�1, tR = 12 min), and crystallized to afford 4-(3-iodo-
5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)ben-
zoic acid 38 a (30 mg, 82 % yield) as a white powder, mp: 291–
292 8C (CH2Cl2/EtOAc); 1H NMR (CD2Cl2/CD3OD, 400.13 MHz) d=
1.32 (s, 6 H, 2 � CH3), 1.34 (s, 6 H, 2 � CH3), 1.78 (s, 4 H, 2 � CH2), 7.35
(s, 1 H, ArH), 7.45 (s, 1 H, ArH), 8.11 (d, J = 8.1 Hz, 2 H, 2 � ArH),
8.25 ppm (d, J = 8.1 Hz, 2 H, 2 � ArH); 13C NMR (CD2Cl2/CD3OD,
100.62 MHz) d= 32.5 (d, CACHTUNGTRENNUNG(CH3)2), 32.7 (d, CACHTUNGTRENNUNG(CH3)2), 35.0 (s), 35.3 (t),
35.5 (t), 35.5 (s), 63.3 (s), 108.9 (d), 119.8 (d), 127.3 (d, 2 � ), 130.3 (d,
2 � ), 130.3 (s), 130.6 (s), 134.8 (s), 142.0 (s), 145.5 (s), 151.9 (s), 153.1
(s), 168.5 ppm (s) ; IR (NaCl): ñ= 3600–3000 (br, OH), 2950 (s, C�H),
2921 (s, C�H), 2855 (s, C�H), 1689 (s, C=O), 1606 (s), 1460 (m),
1427 (s), 1370 (s), 1284 cm�1 (s) ; MS (EI+): m/z (%) 474 ([M]+ , 65),
460 (28), 459 (100); HRMS calcd for C23H23IO3 [M]+ : 474.0692,
found: 474.0688; Anal. calcd (%): C 56.11, H 5.12, found: C 55.63, H
4.89.


4-(5,5,8,8-Tetramethyl-3-phenyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoic acid (9 a): Following the general procedure
for the saponification of esters under microwave heating, ester
36 a (8 mg, 0.02 mmol) provided 9 a (7 mg, 99 % yield) as a white
powder, mp: 248–250 8C (CH2Cl2/EtOAc); 1H NMR (CDCl3,
400.13 MHz) d= 1.30 (s, 6 H, 2 � CH3), 1.38 (s, 6 H, 2 � CH3), 1.74 (s,
4 H, 2 � CH2), 7.3–7.6 (m, 7 H, ArH), 7.70 (d, J = 8.6 Hz, 2 H, 2 � ArH),
8.00 ppm (d, J = 8.6 Hz, 2 H, 2 � ArH); 13C NMR (CDCl3, 100.62 MHz)
d= 32.5 (q, C ACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.1 (s), 35.1 (t), 35.3
(t), 108.4 (d), 117.6 (d), 119.7 (s), 126.5 (d, 2 � ), 127.9 (s), 128.0 (d),
129.2 (d, 2 � ), 129.7 (d, 2 � ), 129.7 (s), 130.3 (d, 2 � ), 132.7 (s), 136.0
(s), 140.8 (s), 144.0 (s), 148.9 (s), 153.0 (s), 170.4 ppm (s) ; IR (NaCl):
ñ= 3600–3000 (br, OH), 2954 (s, C�H), 2925 (s, C�H), 2857 (m, C�
H), 1688 (s, C=O), 1609 (m), 1423 (m), 1361 (m), 1285 (m),
1219 cm�1 (s) ; MS (EI+): m/z (%) 424 ([M]+ , 63), 410 (33), 409 (100),
366 (10), 97 (12), 85 (14), 83 (12), 71 (16), 69 (15); HRMS calcd for
C29H28O3 [M]+ : 424.2038, found: 424.2022.


4-{3-(4-Methoxyphenyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoic acid (9 b): Following
the general procedure for the saponification of esters under micro-
wave heating, ester 36 b (37 mg, 0.08 mmol) afforded 9 b (28 mg,
80 % yield) as a white powder, mp: 300–301 8C (CH2Cl2/EtOAc);
1H NMR (CD2Cl2/CD3OD, 400.13 MHz) d= 1.19 (s, 6 H, 2 � CH3), 1.27
(s, 6 H, 2 � CH3), 1.64 (s, 4 H, 2 � CH2), 3.80 (s, 3 H, OCH3), 6.95 (d, J =
8.7 Hz, 2 H, 2 � ArH), 7.3–7.4 (m, 3 H, ArH), 7.41 (s, 1 H, ArH), 7.61 (d,


J = 8.1 Hz, 2 H, 2 � ArH), 7.85 ppm (d, J = 8.1 Hz, 2 H, 2 � ArH);
13C NMR (CD2Cl2/CD3OD, 100.62 MHz) d= 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 32.7 (q,
C ACHTUNGTRENNUNG(CH3)2), 34.9 (s), 35.4 (d), 35.4 (s), 35.6 (d), 55.6 (q), 108.7 (d), 115.0
(d, 2 � ), 117.9 (d), 119.4 (s), 125.2 (s), 126.6 (d, 2 � ), 128.7 (s), 130.2
(d, 2 � ), 131.2 (d, 2 � ), 131.2 (s), 135.6 (s), 141.2 (s), 144.3 (s), 149.3
(s), 153.4 (s), 159.9 (s), 170.6 ppm (s) ; IR (NaCl): ñ= 3600–3000 (br,
OH), 2955 (s, C�H), 2923 (s, C�H), 2858 (m, C�H), 1688 (s, C=O),
1606 (s), 1516 (w), 1462 (m), 1419 (m), 1358 (m), 1283 (s),
1246 cm�1 (m); MS (EI+): m/z (%) 454 ([M]+ , 99), 441 (11), 440 (47),
439 (100), 396 (13); HRMS calcd for C30H30O4 [M]+ : 454.2144, found:
454.2134.


4-(5,5,8,8-Tetramethyl-3-p-tolyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoic acid (9 c): Following the general procedure
for the saponification of esters under microwave heating, ester
36 c (53 mg, 0.11 mmol) provided 9 c (38 mg, 76 % yield) as a white
powder, mp: 320–322 8C (CH2Cl2/EtOAc); 1H NMR (CDCl3/CD2Cl2,
400.13 MHz) d= 1.29 (s, 6 H, 2 � CH3), 1.37 (s, 6 H, 2 � CH3), 1.74 (s,
4 H, 2 � CH2), 2.45 (s, 3 H, Ar-CH3), 7.30 (d, J = 7.8 Hz, 2 H, 2 � ArH),
7.36 (d, J = 7.8 Hz, 2 H, 2 � ArH), 7.40 (s, 1 H, ArH), 7.51 (s, 1 H, ArH),
7.71 (d, J = 8.4 Hz, 2 H, 2 � ArH), 7.99 ppm (d, J = 8.4 Hz, 2 H, 2 �
ArH); 13C NMR (CDCl3/CD2Cl2, 100.62 MHz) d= 21.4 (q), 32.5 (q, C-ACHTUNGTRENNUNG(CH3)2), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 34.6 (s), 35.1 (s), 35.1 (t), 35.3 (t), 108.4 (d),
117.7 (d), 119.7 (s), 126.4 (d, 2 � ), 127.9 (s), 128.1 (s), 129.5 (d, 2 � ),
129.5 (s), 129.9 (d, 2 � ), 130.2 (d, 2 � ), 136.1 (s), 137.7 (s), 140.7 (s),
143.9 (s), 148.8 (s), 153.0 (s), 170.5 ppm (s) ; IR (NaCl): ñ= 3600–3000
(br, OH), 2950 (s, C�H), 2924 (s, C�H), 2858 (m, C�H), 1684 (s, C=O),
1608 (m), 1465 (m), 1423 (m), 1360 (s), 1284 cm�1 (s) ; MS (EI+): m/z
(%) 438 ([M]+ , 18), 423 (23), 369 (13), 368 (26), 348 (14), 333 (38),
313 (11), 236 (19), 218 (11), 98 (14), 97 (22), 95 (19), 85 (18), 83 (30),
81 (21), 71 (27), 69 (100); HRMS calcd for C30H30O3 [M]+ : 438.2195,
found: 438.2181.


4-{3-(Biphenyl-4-yl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoic acid (9 d): Following
the general procedure for the saponification of esters under micro-
wave heating, ester 36 d (48 mg, 0.09 mmol) provided 9 d (38 mg,
84 % yield) as a white powder, mp: 328–330 8C (CH2Cl2/EtOAc);
1H NMR (CD2Cl2/CD3OD, 400.13 MHz) d= 1.20 (s, 6 H, 2 � CH3), 1.27
(s, 6 H, 2 � CH3), 1.64 (s, 4 H, 2 � CH2), 7.28 (t, J = 7.4, 1 H, ArH), 7.3–
7.4 (m, 3 H, ArH), 7.5–7.6 (m, 3 H, ArH), 7.6–7.7 (m, 1 H, ArH), 7.7–7.8
(m, 5 H, ArH), 7.8–7.9 ppm (m, 2 H, ArH); IR (NaCl): ñ= 3600–3000
(br, OH), 2955 (s, C�H), 2925 (s, C�H), 2857 (m, C�H), 1686 (s, C=O),
1606 (m), 1465 (w), 1416 (m), 1357 (s), 1282 cm�1 (s) ; MS (EI+): m/z
(%) 500 ([M]+ , 12), 485 (13), 348 (46), 347 (24), 334 (28), 333 (100),
127 (11), 113 (12), 111 (19), 99 (17), 97 (29), 85 (34), 83 (25); HRMS
calcd for C35H32O3 [M]+ : 500.2351, found: 500.2350.


4-{3-(4-Formylphenyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoic acid (9 f): Following
the general procedure for the saponification of esters under micro-
wave heating, ester 36 f (34 mg, 0.07 mmol) afforded 9 f (32 mg,
100 % yield) as a white powder, mp: 335–336 8C (CH2Cl2/EtOAc);
1H NMR (CD2Cl2/CD3OD, 400.13 MHz) d= 1.21 (s, 6 H, 2 � CH3), 1.29
(s, 6 H, 2 � CH3), 1.67 (s, 4 H, 2 � CH2), 7.35 (s, 1 H, ArH), 7.47 (s, 1 H,
ArH), 7.6–7.7 (m, 5 H, ArH), 7.89 (d, J = 7.6 Hz, 1 H, ArH), 7.93 (d, J =
8.2 Hz, 2 H, 2 � ArH), 9.99 ppm (s, CHO); 13C NMR (CD2Cl2/CD3OD,
100.62 MHz) d= 32.5 (d, C ACHTUNGTRENNUNG(CH3)2), 32.6 (d, C ACHTUNGTRENNUNG(CH3)2, 35.0 (s), 35.4 (t),
35.5 (t), 35.6 (s), 108.9 (d), 117.6 (d), 118.5 (s), 127.2 (d, 2 � ), 127.7
(s), 130.4 (d, 2 � ), 130.8 (s), 130.9 (d, 2 � ), 135.0 (d, 2 � ), 135.0 (s),
136.2 (s), 140.1 (s), 141.7 (s), 144.8 (s), 150.5 (s), 153.6 (s), 170.2 (s),
192.9 ppm (d, CHO); IR (NaCl): ñ= 3600–3000 (br, OH), 2951 (s, C�
H), 2926 (s, C�H), 2859 (m, C�H), 1689 (s, C=O), 1609 (m), 1562 (w),
1465 (w), 1424 (m), 1362 (s), 1283 (m), 1179 cm�1 (m); MS (EI+): m/
z (%) 452 ([M]+ , 64), 439 (13), 438 (37), 437 (100), 127 (14), 125
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(14), 111 (22), 99 (19), 97 (42), 95 (12), 85 (42), 84 (14), 83 (37);
HRMS calcd for C30H28O4 [M]+ : 452.1988, found: 452.1989.


4-{3-(3,3-Dimethylbut-1-ynyl)-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoic acid (9 h): Following
the general procedure for the saponification of esters under micro-
wave heating, ester 36 h (38 mg, 0.08 mmol) provided 9 h (31 mg,
86 % yield) as a white powder, mp: 255–256 8C (CH2Cl2/EtOAc);
1H NMR (CD2Cl2/MeOD, 400.13 MHz) d= 1.26 (s, 6 H, 2 � CH3), 1.27
(s, 6 H, 2 � CH3), 1.37 (s, 9 H, 3 � CH3), 1.66 (s, 4 H, 2 � CH2), 7.38 (s,
1 H, ArH), 7.45 (s, 1 H, ArH), 8.04 (br s, 2 H, 2 � ArH), 8.25 ppm (br s,
2 H, 2 � ArH); 13C NMR (CD2Cl2/MeOD, 100.62 MHz) d= 29.1 (s), 31.1
(q, C ACHTUNGTRENNUNG(CH3)3), 32.6 (q, C ACHTUNGTRENNUNG(CH3)2), 32.7 (q, CACHTUNGTRENNUNG(CH3)2), 35.0 (s), 35.4 (t), 35.5
(s), 35.6 (t), 71.2 (s), 101.9 (s), 107.9 (s), 108.8 (d), 118.1 (d), 125.5 (s),
125.5 (d, 2 � ), 128.2 (s), 130.4 (d, 2 � ), 134.9 (s), 141.6 (s), 144.9 (s),
153.1 (s), 154.5 (s), 169.2 ppm (s) ; IR (NaCl): ñ= 3600–3000 (br, OH),
2963 (s, C�H), 2926 (s, C�H), 2864 (m, C�H), 1690 (s, C=O), 1608
(m), 1463 (w), 1419 (m), 1362 (m), 1284 (s), 1219 cm�1 (m); MS
(EI+): m/z (%) 429 ([M]+ , 92), 415 (18), 414 (68), 413 (100), 149 (14);
HRMS calcd for C29H32O3 [M]+ : 428.2351, found: 428.2336.


(E)-4-{5,5,8,8-Tetramethyl-3-(2-phenylethen-1-yl)-5,6,7,8-
tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl}benzoic acid (9 g): Following
the general procedure for the saponification of esters under micro-
wave heating, ester 36 g (46 mg, 0.10 mmol) afforded 9 g (28 mg,
62 % yield) as a white powder, mp: 239–240 8C (CH2Cl2/EtOAc);
1H NMR (CD2Cl2/MeOD, 400.13 MHz) d= 1.28 (s, 6 H, 2 � CH3), 1.31
(s, 6 H, 2 � CH3), 1.68 (s, 4 H, 2 � CH2), 7.2–7.3 (m, 1 H), 7.3–7.4 (m,
4 H), 7.4–7.5 (s, 1 H), 7.5–7.6 (s, 2 H), 7.8–7.9 (m, 3 H), 8.06 ppm (s,
2 H); 13C NMR (CD2Cl2/MeOD, 100.62 MHz) d= 32.5 (q, C ACHTUNGTRENNUNG(CH3)2), 32.8
(q, C ACHTUNGTRENNUNG(CH3)2), 35.0 (s), 35.4 (s), 35.5 (t), 35.8 (t), 109.0 (d), 116.6 (s),
119.0 (d), 120.1 (d), 124.8 (d), 126.1 (s), 126.8 (d, 2 � ), 127.8 (d, 2 � ),
128.3 (d), 129.3 (d, 2 � ), 130.6 (d), 132.5 (d, 2 � ), 135.7 (s), 138.2 (s),
141.4 (s), 144.4 (s), 152.2 (s), 154.1 (s), 170.2 ppm (s) ; IR (NaCl): ñ=
3600–3000 (br, OH), 2958 (s, C�H), 2926 (s, C�H), 2861 (m, C�H),
1690 (s, C=O), 1607 (m), 1466 (w), 1419 (m), 1363 (m), 1283 cm�1


(s) ; MS (EI+): m/z (%) 450 ([M]+ , 100), 436 (30), 435 (82), 333 (12),
149 (11); HRMS calcd for C31H30O3 [M]+ : 450.2195, found: 450.2182.


4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-
yl)benzoic acid (6): Following the general procedure for hydrolysis,
ethyl-4-[(3-hydroxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtha-
len-2-yl)ethynyl]benzoate 42 (50 mg, 0.13 mmol) afforded acid 6
(45 mg, 97 % yield) as a white powder, mp: 308–310 8C (CH2Cl2/
EtOAc); 1H NMR ([D6]DMSO, 400.13 MHz) d= 1.32 (s, 12 H, 4 � CH3),
1.70 (s, 4 H, 2 � CH2), 7.47 (s, 1 H, ArH), 7.59 (s, 1 H, ArH), 7.63 (s, 1 H,
ArH), 7.99 (d, J = 8.4 Hz, 2 H, 2 � ArH), 8.04 ppm (d, J = 8.4 Hz, 2 H,
2 � ArH); 13C NMR ([D6]DMSO, 100.62 MHz) d= 32.1 (q, (CH3)2), 32.3
(q, (CH3)2), 34.1 (s), 34.5 (t), 34.6 (s), 34.7 (t), 103.6 (d), 108.2 (d),
118.6 (d), 124.2 (d, 2 � ), 126.5 (s), 129.9 (d, 2 � ), 140.2 (s), 142.9 (s),
145.3 (s), 146.7 (s), 153.3 (s), 153.8 (s), 167.4 ppm (s) ; IR (NaCl): ñ=
3600–3000 (br, OH), 2953 (m, C�H), 2920 (m, C�H), 2856 (w, C�H),
1714 (m, C=O), 1660 (s), 1611 (m), 1538 (s), 1454 (s), 1422 (s),
1219 cm�1 (s) ; MS (EI+): m/z (%) 348 ([M]+ , 6), 333 (18), 213 (15),
207 (20), 199 (21), 185 (33), 141 (32), 135 (30), 131 (30), 125 (30),
117 (33), 112 (37), 111 (65); HRMS calcd for C23H24O3 [M]+ : 348.1725,
found: 348.1725.


4-(3-Chloro-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoic acid (38 c): A solution of 4-(5,5,8,8-tetrameth-
yl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoic acid 6 (58 mg,
0.17 mmol) in THF (0.7 mL) was placed in a Schlenk flask, and a so-
lution of NCS (26 mg, 0.20 mmol) in THF (0.7 mL) was then added
dropwise at 0 8C. The reaction mixture was stirred at 25 8C for 24 h.
Excess Cl2 was removed by washing with a saturated solution of


Na2S2O3(aq). The solution was washed with 10 % HCl(aq), and the
aqueous layer was extracted with CH2Cl2 (3 � ). The combined or-
ganic layers were washed with H2O and brine, dried over Na2SO4,
filtered, and evaporated to dryness. The residue was purified by
flash chromatography (silica gel, 95:5 CH2Cl2/MeOH), then by HPLC
(Waters Spherisorb S5NH2, 10 � 250 mm, 2.5:98:0.5 MeOH/CH2Cl2/
AcOH, 2 mL min�1, tR = 10 min), and crystallized to afford 4-(3-
chloro-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-
yl)benzoic acid 38 c (60 mg, 94 % yield) as a white powder, mp:
280–281 8C (CH2Cl2/EtOAc); 1H NMR ([D6]DMSO, 400.13 MHz) d=
1.33 (s, 6 H, 2 � CH3), 1.34 (s, 6 H, 2 � CH3), 1.71 (s, 4 H, 2 � CH2), 7.57
(s, 1 H, ArH), 7.70 (s, 1 H, ArH), 8.11 (d, J = 8.4 Hz, 2 H, 2 � ArH),
8.17 ppm (d, J = 8.4 Hz, 2 H, 2 � ArH); 13C NMR ([D6]DMSO,
100.62 MHz) d= 32.0 (q, C ACHTUNGTRENNUNG(CH3)2), 32.2 (q, CACHTUNGTRENNUNG(CH3)2), 34.2 (s), 34.3 (t),
34.4 (t), 34.8 (s), 108.5 (s), 109.1 (d), 115.9 (d, 2 � ), 124.9 (s), 125.5
(d, 2 � ), 129.9 (d), 131.2 (s), 132.0 (s), 141.4 (s), 144.9 (s), 147.0 (s),
151.0 (s), 166.8 ppm (s); IR (NaCl): ñ= 3600–3000 (br, OH), 3021 (s),
2923 (m, C�H), 1697 (w), 1656 (m), 1612 (m), 1532 (m), 1427 (s),
1216 (s), 1105 cm�1 (m); MS (EI+): m/z (%) 384 ([M+] , 2), 382 ([M+] ,
5), 369 (6), 367 (22), 348 (13), 334 (11), 333 (100), 291 (14); HRMS
calcd for C23H23


35ClO3 [M]+ : 382.1336, found: 382.1345.


4-(3-Bromo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-
b]furan-2-yl)benzoic acid (38 b): A solution of 4-(5,5,8,8-tetrameth-
yl-5,6,7,8-tetrahydronaphtho ACHTUNGTRENNUNG[2,3-b]furan-2-yl)benzoic acid 6 (58 mg,
0.17 mmol) in THF (0.7 mL) was placed in a Schlenk flask, and a so-
lution of NBS (36 mg, 0.20 mmol) in THF (0.7 mL) was then added
dropwise at 0 8C. The reaction mixture was stirred at 25 8C for 24 h.
Excess Br2 was removed by washing with a saturated solution of
Na2S2O3(aq). The solution was washed with 10 % HCl(aq), and the
aqueous layer was extracted with CH2Cl2 (3 � ). The combined or-
ganic layers were washed with H2O and brine, dried over Na2SO4,
filtered, and evaporated to dryness. The residue was purified by
flash chromatography (silica gel, 95:5 CH2Cl2/MeOH), then by HPLC
(Waters Spherisorb S5NH2, 10 � 250 mm, 2.5:98:0.5 MeOH/CH2Cl2/
AcOH, 2 mL min�1, tR = 10 min), and crystallized to afford 4-(3-
bromo-5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthoACHTUNGTRENNUNG[2,3-b]furan-2-
yl)benzoic acid 38 b (65 mg, 91 % yield) as a white powder, mp:
278–280 8C (CH2Cl2/EtOAc); 1H NMR ([D6]DMSO, 400.13 MHz) d=


1.33 (s, 6 H, 2 � CH3), 1.35 (s, 6 H, 2 � CH3), 1.71 (s, 4 H, 2 � CH2), 7.47
(s, 1 H, ArH), 7.70 (s, 1 H, ArH), 8.11 (d, J = 8.4 Hz, 2 H, 2 � ArH),
8.20 ppm (d, J = 8.4 Hz, 2 H, 2 � ArH); 13C NMR ([D6]DMSO,
100.62 MHz) d= 32.0 (q, C ACHTUNGTRENNUNG(CH3)2), 32.2 (q, CACHTUNGTRENNUNG(CH3)2), 34.2 (s), 34.3 (t),
34.4 (t), 34.8 (s), 94.9 (s), 108.9 (d), 116.7 (d), 125.9 (d, 2 � ), 126.5 (s),
129.8 (d, 2 � ), 131.3 (s), 132.4 (s), 141.3 (s), 144.8 (s), 148.4 (s), 151.4
(s), 166.8 ppm (s) ; IR (NaCl): ñ= 3600–3000 (br, OH), 3014 (m), 2959
(s, C�H), 2926 (s, C�H), 2860 (m, C�H), 1698 (s), 1608 (m), 1512 (w),
1460 (m), 1422 (s), 1364 (s), 1284 (s), 1230 cm�1 (m); MS (EI+): m/z
(%) 428 ([M+] , 4), 426 ([M+] , 4), 413 (14), 411 (15), 348 (15), 334
(15), 333 (100), 291 (18), 290 (12); HRMS calcd for C23H23


79BrO3 [M]+


: 426.0831, found: 426.0836.


Cell lines, cell cultures, and transactivation assays


The activity of the synthesized ligands was measured with two
types of in vivo cellular transactivation systems. The first system
comprises HeLa cells stably transfected with two plasmids: chimer-
ic RARACHTUNGTRENNUNG(a, b, g)–ER-DBD-puro receptors and the cognate ERE-bGlob-
Luc-SV-Neo reporter gene. The cells were seeded into 96-well
plates at a rate of 10 000 cells per well in 100 mL DMEM without
phenol red and supplemented with 10 % defatted calf serum. The
plates were then incubated at 37 8C and 7 % CO2 for 4 h. The vari-
ous dilutions of test compounds and reference ligands were added
in a volume of 5 mL per well. Plates were then incubated at 37 8C,
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7 % CO2. The culture medium was removed by inversion of the
plates, and 100 mL of a 1:1 PBS/luciferin reagent was added to
each well. After 5 min, the plates were read with a Microbeta Trilux
luminescence reader (Wallac).


The second system comprises HeLa reporter cells stably transfected
with a (17m)5-bG-Luc-Neo reporter and Gal4-mRARa (or -b, -g) or
Gal4-hRXRb plasmids. They were maintained in DMEM containing
5 % fetal calf serum (FCS), supplemented with geneticin G418
(0.8 mg mL�1), puromycin (0.3 mg mL�1), hygromycin (0.2 mg mL�1;
added additionally only for the Gal4-hRXRb-engineered HeLa cell
line), and gentamycin (40 mg mL�1). The ligand binding assays
were performed in DMEM without phenol red with 5 % charcoal-
treated FCS. To determine the RARa, RARb, and RARg induction po-
tential of the ligands, equal aliquots (160 000 cells per well) of the
corresponding cell line were seeded in a 24-well plate, and 12 h
later the medium was replaced by a solution of the corresponding
ligand in medium. The cells were incubated at 37 8C in 5 % CO2 for
12 h. The cells were then washed (PBS) and lysed (50 mL lysis
buffer : 25 mm Tris phosphate (pH 7.8), 2 mm EDTA, 1 mm DTT,
10 % glycerol, and 1 % Triton X-100) for 15 min. Equal aliquots
(50 mL) of the cell lysates were transferred to an Optiplate-96, and
the luminescence in relative luminescence units (RLU) was deter-
mined on a MicroLumat LB96P luminometer (Berthold) after auto-
matic injection of 50 mL luciferin buffer (20 mm Tris phosphate
(pH 7.8), 1.07 mm MgCl2, 2.67 mm MgSO4, 0.1 mm EDTA, 33.3 mm


DTT, 0.53 mm ATP, 0.47 mm luciferin, and 0.27 mm coenzyme A).
The receptor activation potential of each compound was present-
ed as the fold induction measured as the ratio of the RLU of the
compound over the RLU of the vehicle control.
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Highly Potent Naphthofuran-Based
Retinoic Acid Receptor Agonists


A series of arotinoids with a central
benzofuran or naphthofuran ring struc-
ture were synthesized by an efficient
three-step process. Most of these 3-sub-
stituted naphthofuran arotinoids are
potent agonists of the retinoic acid re-
ceptor (RAR) subtypes, with activities in
the nanomolar range.
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Studies of Benzamide- and Thiol-Based Histone
Deacetylase Inhibitors in Models of Oxidative-Stress-
Induced Neuronal Death: Identification of Some HDAC3-
Selective Inhibitors
Yufeng Chen,[a] Rong He,[a] Yihua Chen,[a] Melissa A. D’Annibale,[b] Brett Langley,[b, c] and
Alan P. Kozikowski*[a]


Introduction


The amino-terminal tails of histones are subject to a variety of
post-translational modifications, and in particular through the
acetylation of lysine residues. Histone deacetylases (HDACs)
and histone acetyl transferases (HATs) determine the pattern of
histone acetylation, which together with other dynamic, se-
quential post-translational modifications such as methylation
and phosphorylation represent a “code” that can be recog-
nized by transcriptional factors that are involved in the regula-
tion of gene expression.[1] The ability of HATs and HDACs to
modify non-histone substrates and participate in multi-protein
complexes also contributes to the regulation of gene transcrip-
tion, cell cycle progression, differentiation, and stress respons-
es.[2]


Perturbation of acetylation homeostasis is emerging as a
central event in the pathogenesis of a host of common diseas-
es. HDAC inhibitors represent an exciting new class of chemo-
therapeutics that regulate gene expression by enhancing the
acetylation status of histones or other non-histone substrates.
Although initially derived from the study of differentiation
agents, HDAC inhibitors have now been shown to be potent
inducers of growth arrest and apoptotic cell death,[3] and thus
the application of these agents in cancer therapy has been ex-
plored. Several such inhibitory agents, including suberoylani-
lide hydroxamic acid (SAHA) and depsipeptide (FR901228)[4]


have reached clinical trials, and SAHA has been approved by
the FDA for use in cutaneous T-cell lymphoma (CTCL).[5]


In contrast to their anticancer effects, HDAC inhibitors have
also been shown to exhibit valuable neuroprotective proper-
ties in both cellular and animal models of brain injury such as
stroke[6, 7] and ischemia.[8–10] Mechanisms leading to cell death
during cerebral ischemic injury are complex and include excito-


toxicity, ionic imbalances, oxidative/nitrosative stress, and in-
flammation. HDAC inhibitors have been shown to attenuate
these disease processes through multiple pathways. Moreover,
an increasing number of reports suggest the potential for
using HDAC inhibitors to treat chronic neurological disorders
such as the polyglutamine-expansion diseases,[4] amyotrophic
lateral sclerosis,[11] spinal muscular atrophy,[12] and Alzheimer’s
disease.[13] The wide range of protective properties of certain
HDAC inhibitors in a host of neurological disease models sug-
gests that the loss of HAT activity (or gain of HDAC activity),
decreased histone (or other protein) acetylation, and transcrip-
tional dysregulation might be common underlying mecha-
nisms in neurodegeneration.


The utility of HDAC inhibitors in medicine appears to be tre-
mendous, but further translation of these ideas to the clinic
will ultimately require the design of potent, isozyme-selective,
and drugable molecules that have a minimum of side effects.
In mammalian cells, there are now 11 HDACs that operate by
zinc-dependent mechanisms (class I includes HDAC1, -2, -3,
and -8, class II includes HDAC4, -5, -6, -7, -9, and -10, and clas-


We compare three structurally different classes of histone de-
acetylase (HDAC) inhibitors that contain benzamide, hydroxa-
mate, or thiol groups as the zinc binding group (ZBG) for their
ability to protect cortical neurons in culture from cell death in-
duced by oxidative stress. This study reveals that none of the
benzamide-based HDAC inhibitors (HDACIs) provides any neu-
roprotection whatsoever, in distinct contrast to HDACIs that
contain other ZBGs. Some of the sulfur-containing HDACIs,


namely the thiols, thioesters, and disulfides present modest
neuroprotective activity but show toxicity at higher concentra-
tions. Taken together, these data demonstrate that the HDAC6-
selective mercaptoacetamides that were reported previously
provide the best protection in the homocysteic acid model of
oxidative stress, thus further supporting their study in animal
models of neurodegenerative diseases.
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s IV includes HDAC11).[1, 14, 15] Class I HDACs are ubiquitously ex-
pressed, are predominantly in nucleus, and mainly function as
transcriptional co-repressors that are linked to cell proliferation
and survival.[16] The distribution of the class II enzymes are
more tissue specific ; this suggests distinct functions in cellular
differentiation and developmental processes.[17] Although the
connections between certain HDAC isoforms and pathophysi-
ology are still evolving, accumulating data suggest that target-
ing specific HDACs might ameliorate certain disease conditions
while limiting side effects.[18, 19]


In contrast to the now fairly extensive study of structural di-
verse HDAC inhibitors as cancer therapeutics, only a few proto-
typical HDAC inhibitors, including the hydroxamates such as
trichostatin A (TSA) and SAHA, together with short-chain fatty
acids such as phenylbutyrate and valproic acid have been
studied in neurological disease models. One major concern in
testing relatively nonselective HDAC inhibitors in such disease
models relates to the ability to disassociate the neuroprotec-
tive actions of HDAC inhibition from any toxicity that might be
caused by the inhibition of inappropriate isoforms, or from off-
target effects. To pursue our aims to create unique HDAC in-
hibitors as potential candidates for use in CNS disorders, we
have compared the protective effect of some mercaptoaceta-
mide-based inhibitors with hydroxamate-based inhibitors in
the HCA-induced model of oxidative stress.[20, 21] Two mercap-
toacetamides, 1 and 2 (Figure 1) were identified that showed
complete neuroprotection in a range from 10 to 50 mm, where-
as all the hydroxamates showed bell-shaped dose–response
curves and a narrow safety threshold with the highest protec-
tion being achieved around 1 mm. Isoform inhibition studies re-
vealed that some of the mercaptoacetamides are relatively se-
lective for HDAC6 over the class I HDACs, which might corre-
late with their lower toxicity. Also, previously the toxic effect of
TSA was found to be linked to its exposure time; a pulsed ex-
posure mode resulted in durable neuroprotection without tox-
icity in a cortical neuron model (2 h).[6] The evaluation of the
druglike properties of one of these mercaptoacetamide-based
HDAC inhibitor has shown that it possess favorable solubility,
lipophilicity, permeability and plasma-stability features.[22]


Moreover, we have tested one of the mercaptoacetamide-
based HDAC inhibitors, 4-dimethylamino-N-[5-(2-mercaptoace-
tylamino)pentyl]benzamide (DMA-PB), in a rat model of trau-
matic brain injury, and found that DMA-PB is able to increase


histone H3 acetylation, decrease the microglia inflammatory re-
sponse, and preserve neurons when administered immediately
following TBI.[23]


Herein we compare the neuroprotection profiles of newly
synthesized benzamide-based inhibitors with structurally relat-
ed hydroxamate and sulfur-based inhibitors, with the aim to
further elucidate the protective effects of HDAC inhibitors that
contain different ZBGs in cultured neurons. The prototypical
benzamide-based HDAC inhibitor, MS-275, selectively inhibits
class I HDACs and is in phase I/II clinical studies for cancer che-
motherapy (Figure 2).[24, 25] MS-275 has also been shown to in-


crease the Ac-H3–RELN and Ac-H3–GAD67 promoter interaction
in the frontal cortex, which might be relevant to both schizo-
phrenia and bipolar disorder.[26] Another benzamide, BML-210,
is able to induce the accumulation of acetylated histone, but it
has no effect on the acetylation status of a-tubulin.[27] BML-210
and its analogues were reported to reverse gene silencing in
Friedreich’s ataxia.[28] Furthermore, the benzamide K-183 atte-
nuated the decrease of cardiac output and the increase of ef-
fective arterial elastance in the hypertrophied heart, although
it failed to prevent the formation of isoproterenol-induced car-
diac hypertrophy.[29]


The synthesis of new benzamides that bear either phenyl-
thiazolyl or triazolylphenyl CAPs (end-group for surface recog-
nition)[21, 30, 31] are reported herein, and some of these are
shown to be HDAC3-selective inhibitors. The ability of these
compounds to protect cortical neurons from HCA-induced oxi-


dative stress is examined in turn. As will be apparent,
the present results demonstrate that these benz-ACHTUNGTRENNUNGamides, as well as the hydroxamates, display signifi-
cant toxicity to primary cortical neurons in culture
and thus provide little or no protection against oxi-
dative stress-induced neuronal death. These results
are contrasted with the neuroprotective activity that
has been shown by HDACIs that contain a thiol
group as the ZBG.


Figure 1. Mercaptoacetamide-based and parent hydroxamate-based HDAC inhibitors.


Figure 2. Known benzamide-based HDAC inhibitors.
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Results and Discussion


Chemical synthesis


Syntheses of the phenylthiazolyl and triazolylphenyl-based
benzamide ligands are outlined in Scheme 1 and require
straightforward coupling of the corresponding acids with o-
phenylenediamine. Thus ester 6[30] was hydrolyzed by LiOH to
acid 7,[30] which was coupled with o-phenylenediamine by 1-
hydroxy-7-azabenzotriazole (HOAt) and 4-dimethylaminopyri-
dine (DMAP) to afford benzamide 8. Other benzamide ligands
11, 14 a, 14 c, 14 d, and 14 e were obtained by similar proce-
dures. The amine 14 b was obtained from the nitro compound
14 a by catalytic hydrogenation. Treatment of the ester 12 e[21]


with NH2OH and KOH in methanol afforded the hydroxamate
15, which was used as one of the control ligands in our study.


Scheme 2 outlines the synthesis of the prodrug-based thio-
ester and disulfide ligands by starting from 4-(3-nitrophenyl)th-


iazol-2-ylamine (16) and 8-bromooctanoic acid (17) by using
POCl3 in pyridine to give compound 19. Treatment of bromide
19 with excess potassium thioacetate for two days gave the
doubly acetylated product 20. Subsequent hydrolysis of 20 by
10 % NaOH gave free thiol 21, which was characterized by
ESIMS and HRMS. Similarly, the thioester 22 was obtained by
treating the bromide 19 with thiol benzoic acid and potassium
carbonate in DMF. Compound 22 was hydrolyzed and oxidized
to the disulfide 23, which was characterized as the dimer by
ESIMS and HRMS.


Scheme 3 outlines the synthesis of some ligands that con-
tain two ZBGs. Ligand 26 can be viewed as a SAHA analogue
that contains an aminobenzamide CAP and a hydroxamate
ZBG. Ligand 30 contains a 2-aminobenzamide as both the CAP
group and the ZBG. To synthesize these compounds, 7-benzyl-ACHTUNGTRENNUNGoxycarbamoylheptanoic acid (24) was coupled with o-phenyle-
nediamine by using HOAt and DMAP to give 25, which was
converted into the hydroxamate 26 by catalytic hydrogena-


Scheme 1. Synthesis of ligands 8, 11, 14 b–e, and 15 : a) LiOH, RT; b) o-phenylenediamine, HOAt, Et3N, DMAP, RT; c) AcCl, Et3N, 0 8C; d) ethyl chloroformate,
THF, reflux, 10 h; e) H2, 10 % Pd/C, RT; f) NH2OH, KOH, RT.


Scheme 2. Synthesis of ligands 20, 21, 22, and 23 : a) 17, POCl3, pyridine, 0 8C; b) H2, 5 % Pd/C, RT; c) KSAc (20 equiv), 48 h, RT; d) 10 % NaOH, air, 12 h;
e) PhCOSH, K2CO3, 12 h, RT.
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tion. The thioesters 28 and 29 and disulfide 30 were prepared
from o-phenylenediamine and 8-bromooctanoic acid (17) ac-
cording to the methods that are provided in Scheme 2. The
symmetrical octanedioic acid bis-[(2-aminophenyl)amide] (32)
was prepared according to a published procedure[32] and used
as a control in the neuroprotection assays.


We further note here that some structurally related free
thiols (much like the mercaptoacetamides that were first re-
ported by us) and thioester-based prodrugs have been report-
ed previously by Suzuki and Miyata. Their studies show that
these inhibitors can induce the accumulation of both acetylat-
ed histone H4 and acetylated a-tubulin, modulate the genera-
tion of reactive oxygen species (ROS),[33] and show low-micro-
molar inhibitory activity against several cancer cell lines.[34–36]


For comparison purposes, we
have also examined the utility of
this class of HDACIs in the neu-
roprotection models.


HDAC isoform inhibition assay


The inhibitory effects of new
benzamides against the various
HDAC isoforms were determined
by using a fluorescence-based
assay in which electrophoretic
separation of substrate and
product was carried out by
using a microfluidic system fol-
lowed by quantitation of fluores-
cence intensity in the substrate
and product peaks. The assays
were performed by using isolat-
ed HDAC isoforms that had
been expressed as 6 � His-tagged
fusion proteins in a baculovirus
expression system in Sf9 cells.


HDAC1, -2, -3, -6, and -8 were expressed as full-length fusion
proteins. The HDAC10 fusion protein was expressed as a car-
boxy-terminal deletion of 38 amino acids (residues 632–669).
HDAC3 was co-expressed with a fragment of the SMRT gene
(residues 395–489) to generate enzymatically active protein.
The data are presented as IC50 values. TSA was used as a posi-
tive control. The recently published inhibitory data for MS-275
against a panel of recombinant HDACs are also presented for
comparison (Table 1).[37]


As apparent from Table 1, the newly synthesized benzamide-
based ligands 8, 11, 14 b, 14 c, 14 d, 14 e, 25, and 32 selectively
inhibit HDAC3 over the other tested HDAC isoforms. Consis-
tent with the previously reported data for MS-275, the newly
synthesized benzamides selectively inhibit the class I HDACs.


Scheme 3. Synthesis of ligands 25, 26, 28, 29, 30, and 32 : a) o-phenylenediamine, HOAt, Et3N, DMAP, RT; b) H2, 10 % Pd/C, RT; c) KSAc, 12 h, RT; d) PhCOSH,
K2CO3, 12 h, RT; e) 10 % NaOH, air, 12 h, RT.


Table 1. HDAC inhibitory activity of the new benzamide-bearing ligands, TSA, and MS-275.


IC50 [mm][a]


Compd HDAC1 HDAC2 HDAC3 HDAC8 HDAC10 HDAC6


3 0.113 0.678 0.287 3.97 0.188 0.0048
4 0.018 0.064 0.0072 2.78 0.0277 0.0096


5 b 0.0038 0.0265 0.0021 1.95 0.0037 0.0033
5 c 0.0025 0.0245 0.0013 0.787 0.0021 0.00079
5 d 0.0042 0.021 0.0017 2.58 0.0057 <0.00017
15 0.00189 0.0061 0.0021 1.17 0.00161 0.00307


MS-275[b] 0.181 1.155 2.311 >10 NA >10
TSA 0.004 0.014 0.002 1.380 0.005 0.001


8 >30 >30 1.50 >30 >30 >30
11 >30 >30 0.12 >30 >30 >30


14 b 2.49 0.147 0.0603 >30 2.91 >30
14 c 24.8 0.88 0.060 >30 >30 >30
14 d 4.2 1.1 0.16 >30 5.30 1.50
14 e 3.20 0.20 0.030 >30 3.0 11.2
25 13.8 4.49 0.552 >30 13.73 >30
26 0.0672 0.101 0.0211 2.36 0.0493 0.00993
32 14.64 4.8 0.988 >30 16.02 >30


SAHA 0.0874 0.213 0.0295 2.29 0.0918 0.0174


[a] The isoform inhibition was tested at Nanosyn [http://www.nanosyn.com/ (accessed March 10, 2009)] ; NA =


not assayed. [b] Data from reference [37] .
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The structural difference between our new benzamides and
MS-275, especially as it relates to the difference in the linker
region (alkyl versus aromatic linker), might explain the ob-
served HDAC3 selectivity, although more extensive structure–
activity relationship (SAR) comparisons will be needed. Because
of the instability of the free thiol form of compounds 21, 23,
and 30, it is difficult to accurately assay their inhibitory action
by using the purified enzymes. Thus, they were synthesized as
their prodrug ester forms (compounds 20, 23, 28, and 29), and
the HDAC inhibitory activity of these prodrugs was then as-
sessed by measuring their ability to induce histone H4 acetyla-
tion together with their ability to protect immature cortical
neurons against oxidative-stress-induced death.


Hyperacetylation of histone protein


To investigate whether the neuroprotective concentrations of
the HDAC inhibitors that were used result in histone acetyla-
tion in neurons and thus, potentially, changes in gene tran-
scription, the relative acetylation levels of histone H4 were
evaluated after treatment with the HDAC inhibitors (Figure 3).


Histone proteins were acid-precipitated from cell nuclear ex-
tracts that were obtained from rat primary cortical neurons
that were treated with controls and the new ligands at 10 mm


for 8 h. Western blot analysis by using acetyl-histone H4-specif-
ic antibodies (Upstate Cell Signaling Solutions, Charlottesville,
VA) demonstrates that acetylation of H4 histone proteins is
promoted by some but not all of the HDAC inhibitors. The hy-
droxamates 4, 5 b, and 15 induce significant increases in his-
tone acetylation, as do the thiol-based ligands 20–23. Com-
pounds 11 and 25 were found to induce only a marginal in-
crease in H4 acetylation, which suggests that the inhibition of
HDAC3 might not play an important role in H4 acetylation, at
least in the cases that were studied here. The acid 13 b is an
intermediate in the synthesis of compound 14 b. Because it


lacks an effective ZBG, it fails to induce an increase in H4 ace-
tylation, and thus serves as a negative control in this study.


Neuroprotective activity


A comparison of the neuroprotective ability of the benzamide-
based ligands to the corresponding hydroxamate and sulfur-
based ligands was assessed by using an in vitro model of oxi-
dative-stress-induced neurodegeneration in primary cortical
neurons.[38] In this model, neurodegeneration is induced by the
presence of a 5 mm concentration of the glutamate analogue,
homocysteate (HCA), which depletes the cellular antioxidant
glutathione by the competitive inhibition of cyst(e)ine uptake
at the level of the plasma membrane cystine–glutamate anti-
porter system xc�. Because cysteine is required for the synthe-
sis of glutathione, the inhibition of its uptake results in gluta-
thione depletion. Cellular redox homeostasis therefore be-
comes disrupted, and the accumulation of endogenously pro-
duced and unopposed oxidants results in neuronal degenera-
tion between 12 and 24 h. Importantly, primary neurons at this
early developmental stage lack ionotropic and metabotropic


receptors and are not susceptible to excitotoxicity,
rather death is induced by accumulation of unop-
posed free radicals and the neurons exhibit a
number of apoptotic features.


The dose-dependent neuroprotection graphs for
the new HDACIs reported herein by using the HCA–
cortical neuron model of oxidative stress over 48 h
are summarized in Figure 4. These graphs are divided
into five groups according to the nature of their
ZBGs. For comparison purposes, data for two mer-
captoacetamide-based HDACIs 1 and 2 are provided.
As is apparent, these mercaptoacetamides show a
gradated increase in neuroprotection from HCA toxic-
ity as the dosage of the HDACI is increased, with no
apparent toxicity caused by the HDACIs when tested
in the absence of HCA. The majority of the hydroxa-
mates (compounds 3, 4, 5 b, 5 c, and 5 d) show signif-
icant toxicity resulting in approximately bell-shaped
curves with the greatest protection being reached at
approximately 1 mm, which is consistent with the
data that we reported previously for other hydroxa-
mates. In contrast, the benzamide-based HDACIs, in-


cluding MS-275, display considerable toxicity on their own and
show no ability to block the toxicity of HCA. The differential
protective effects of these diverse HDACIs appear to be related
to the chemical nature of their ZBG as well as to their HDAC
isozyme selectivity. Because the benzamides 8 and 11 show
HDAC3-selectivity, we tentatively conclude that the inhibition
of HDAC3 has little effect against oxidative stress in this
model, however, we cannot rule out the possibility that our re-
sults stem from off-target effects or even from cellular metabo-
lism of the benzamides to toxic (semi)quinone imines.[39] Com-
pound 14 c, like MS-275, is a class-I-selective inhibitor, and it
also fails to provide neuroprotection. These data further sup-
port our previous contention that neuroprotection in the corti-
cal neuron model can best be achieved by certain class-II-se-


Figure 3. Acetylation levels of histone H4 after treatment with some of the HDAC inhibi-
tors.
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lective mercaptoacetamides, and in particular, those acting
through the inhibition of HDAC6, which may, in turn, be cou-


pled to the hyperacetylation of HSP90. The thioesters 20 and
22, free thiol 21, and disulfide-based (23) HDACIs show toxicity


Figure 4. Dose-dependent neuroprotection for structurally diverse HDAC inhibitors and controls in the HCA–cortical neuron model in the absence (blue bars)
or presence (red bars) of HCA.
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at the higher concentrations, but 20–22 show modest neuro-
protective activity at concentrations of about 10 mm. Clearly,
however, these particular sulfur-based compounds do not
appear to be very useful as neuroprotective agents. The neuro-
protective activity that was found for compounds 26, 28, 29,
30, and 32, which contain two ZBG groups depends on the
nature of the ZBG. Compound 26, which contains both a hy-
droxamate and a benzamide group as well as 32, which con-
tains two benzamide groups are unable to protect neurons
from HCA toxicity. Compounds 28, 29, and 30, which contain
both benzamide and thioester or thiol ZBGs (assuming the di-
sulfide 30 is reductively cleaved to thiol, as is known to be the
case for the drug FK-228)[40] show modest neuroprotection
that is similar to that shown by the thioester-based HDACIs.
The present results thus complement other published work in
the HDAC field, and thus add a cautionary note to the selec-
tion of HDACIs that are used in studies in animal models of
neurodegenerative diseases. Of all the compounds that we
have tested, the mercaptoacetamides like 1 and 2 offer the
best levels of neuroprotection. Whereas HDAC3-selective com-
pounds do not protect neurons in culture against oxidative
stress, they might be efficacious against other types of stress
or underlying factors of neurodegeneration in vivo. For exam-
ple, targeting HDAC3 in Friedreich’s ataxia can correct the fra-
taxin gene expression deficiency.[41]


Conclusions


In summary, we have synthesized a series of structurally
unique benzamide-containing HDAC inhibitors that represent
analogues of our previously reported highly potent phenylthia-
zolyl- and triazolylphenyl-bearing HDAC inhibitors. Some mem-
bers of this class of benzamides were found to be reasonably
selective for HDAC3 in isolated enzyme inhibition assays. We
have compared the neuroprotection profiles of these HDAC3-
selective benzamides as well as other less-selective benz-ACHTUNGTRENNUNGamides with structurally related HDAC inhibitors that bear hy-
droxamates or thiol groups as the ZBGs. We found that none
of these benzamide-based HDACIs were able to provide any
degree of neuroprotection, whereas the thioester-containing li-
gands were modestly neuroprotective. The benzamides thus
behave like the hydroxamate-containing HDACIs in their toxici-
ty to cortical neurons making it difficult to assess their ability
to protect from HCA-induced oxidative stress. These data
strongly support the contention that neuroprotection in the
cortical neuron model of oxidative stress can best be achieved
by class-II-selective agents, such as observed with certain mer-
captoacetamides, through the inhibition of HDAC6.


Experimental Section


Chemistry


General. 1H NMR and 13C NMR spectra were recorded on a Bruker
spectrometer at 300/400 and 75/100 MHz, respectively, by using
TMS as an internal standard. Standard abbreviation indicating mul-
tiplicity was used as follows: s = singlet, d = doublet, t = triplet, q =
quartet, quin = quintuplet, m = multiplet and br = broad. HRMS


data were obtained with a Q-TOF-2TM instrument (Micromass). TLC
was performed with Merck 250 mm 60 F254 silica gel plates. Prepa-
rative TLC was performed with Analtech 1000 mm silica gel GF
plates. Column chromatography was performed by using Merck
silica gel (40–60 mesh). HPLC was carried out on ACE AQ columns
(100 � 4.6 mm and 250 � 10 mm), with detection at 254 nm on a
Shimadzu SPD-10A VP detector; flow rate: 2.0–3.5 mL min�1; from
10 % CH3CN in H2O to 100 % CH3CN with 0.05 % TFA.


7-[4-(1-Benzyl-1H-[1,2,3]triazol-4-yl)phenylcarbamoyl]heptanoic
acid (7): LiOH·H2O (0.199 g, 4.75 mmol) was added to a solution of
compound 6[30] (0.100 g, 0.23 mmol) in a 1:1 mixture of MeOH
(5 mL) and H2O (5 mL), and the mixture was stirred at room tem-
perature for 1 h. The reaction was acidified by dropwise addition
of 1 n HCl to pH 5, and the product was extracted with EtOAc. The
organic layer was washed with H2O and brine, dried over Na2SO4,
and then filtered. The solvent was evaporated to give acid 7
(0.078 g, 89 %). 1H NMR ([D6]DMSO, 400 MHz): d= 1.29 (br s, 4 H),
1.49 (t, J = 6.8 Hz, 2 H), 1.58 (t, J = 6.8 Hz, 2 H), 2.19 (t, J = 7.6 Hz,
2 H), 2.30 (t, J = 7.2 Hz, 2 H), 5.62 (s, 2 H), 7.38–7.35 (m, 5 H), 7.65 (d,
J = 8.8 Hz, 2 H), 7.75 (d, J = 8.4 Hz, 2 H), 8.52 (s, 1 H), 9.94 (s, 1 H),
11.98 ppm (br s, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d= 24.8, 25.3,
28.7, 28.8, 34.0, 36.8, 53.4, 119.6, 121.3, 125.7, 126.0, 128.3, 128.5,
129.2, 136.4, 139.4, 147.0, 171.7, 174.9 ppm.


Octanedioic acid (2-aminophenyl)amide-[4-(1-benzyl-1H-[1,2,3]-
triazol-4-yl)phenyl]amide (8): HOAt (0.066 g, 0.45 mmol), Et3N
(0.21 mL, 1.50 mmol) and DMAP (0.018 g, 0.15 mmol) were added
sequentially to a stirred solution of acid 7 (0.061 g, 0.15 mmol) and
o-phenylenediamine (0.162 g, 1.50 mmol) in dry DMF (10 mL) at
room temperature, and the stirring was continued overnight. The
mixture was diluted with EtOAc, washed with H2O, satd NaHCO3


solution, satd NH4Cl solution, and brine, dried over Na2SO4, filtered,
and concentrated. The crude material was purified by preparative
HPLC to give compound 8 (0.030 g, 40 %). HPLC purity: 95 %; Rf =
0.25 (EtOAc); 1H NMR ([D6]DMSO, 400 MHz): d= 1.34 (br s, 4 H), 1.60
(br s, 4 H), 2.32–2.28 (m, 4 H), 4.80 (s, 2 H), 5.62 (s, 2 H), 6.52 (t, J =
8.0 Hz, 1 H), 6.70 (d, J = 8.0 Hz, 1 H), 6.87 (t, J = 8.0 Hz, 1 H), 7.14 (d,
J = 7.2 Hz, 1 H), 7.40–7.33 (m, 5 H), 7.65 (d, J = 8.8 Hz, 2 H), 7.75 (d,
J = 8.8 Hz, 2 H), 8.53 (s, 1 H), 9.08 (s, 1 H), 9.96 ppm (s, 1 H); 13C NMR
([D6]DMSO, 90 MHz): d= 25.8, 26.0, 29.3, 36.5, 37.2, 53.7, 116.6,
116.9, 120.0, 121.6, 124.3, 126.1, 126.3, 126.5, 128.7, 128.9, 129.6,
136.8, 139.8, 142.7, 147.3, 171.9, 172.1 ppm; ESI-HRMS: m/z calcd
for [C29H32N6O2+H]+ : 497.2659; found: 497.2659 [M+H]+ .


Octanedioic acid (2-aminophenyl)amide-[3-(1-phenyl-1H-[1,2,3]
triazol-4-yl)phenyl]amide (11): Compound 11 (yield 30 %, two
steps) was prepared from ester 9[30] according to the procedure for
the preparation of compound 8 from compound 6. HPLC purity:
95 %; Rf = 0.30 (EtOAc); 1H NMR ([D6]DMSO, 400 MHz): d= 1.36 (br s,
4 H), 1.63–1.61 (m, 4 H), 2.36–2.29 (m, 4 H), 4.81 (br s, 1 H), 6.53 (t,
J = 8.0 Hz, 1 H), 6.71 (d, J = 8.0 Hz, 1 H), 6.88 (t, J = 8.0 Hz, 1 H), 7.14
(d, J = 4.0 Hz, 1 H), 7.41 (t, J = 8.0 Hz, 1 H), 7.65–7.50 (m, 5 H), 7.98
(d, J = 8.0 Hz, 2 H), 8.27 (s, 1 H), 9.09 (s, 1 H), 9.26 (s, 1 H), 10.03 ppm
(S, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d= 25.5, 25.6, 28.9, 36.1,
36.8, 116.3, 116.6, 119.3, 120.4, 120.7, 124.0, 125.7, 125.8, 126.1,
129.1, 129.7, 130.3, 131.0, 137.0, 140.3, 142.3, 147.7, 171.5,
171.8 ppm. ESI-HRMS: m/z calcd for [C28H30N6O2+H]+ : 483.2503;
found: 483.2502 [M+H]+ .


7-[4-(3-Ethoxycarbonylaminophenyl)thiazol-2-ylcarbamoyl]hep-
tanoic acid methyl ester (12 c): A mixture of 12 b[21] (0.200 g,
0.55 mmol) and ethyl chloroformate (0.600 g, 5.53 mmol) in THF
(20 mL) was reflux for 5 h. The solvent was then evaporated in va-
cuo, and the residue was dissolved in EtOAc, washed with satd
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NaHCO3 solution and brine, dried over Na2SO4, filtered and concen-
trated. The residue was purified by column chromatography on
silica gel (EtOAc/hexane, 1:2) to give compound 12 c (0.178 g,
74 %). Rf = 0.80 (hexane/EtOAc, 1:1) ; 1H NMR (CD3OD, 400 MHz): d=
1.33 (t, J = 7.0 Hz, 3 H), 1.41 (br s, 4 H), 1.64 (t, J = 7.0 Hz, 2 H), 1.73 (t,
J = 7.0 Hz, 2 H), 2.34 (t, J = 7.3 Hz, 2 H), 2.49 (t, J = 7.4 Hz, 2 H), 3.66
(s, 3 H), 4.21 (q, J = 7.0 Hz, 2 H), 7.37–7.29 (m, 3 H), 7.57 (d, J =
7.3 Hz, 1 H), 8.03 ppm (s, 1 H); 13C NMR (CD3OD, 100 MHz): d= 13.5,
24.3, 24.7, 28.3, 28.4, 33.2, 35.0, 50.5, 60.4, 107.3, 116.0, 117.8, 120.3,
125.8, 128.6, 135.2, 139.2, 149.5, 154.7, 157.9, 172.3 ppm.


7-[4-(3-Acetylaminophenyl)thiazol-2-ylcarbamoyl]heptanoic acid
methyl ester (12 e): Acetyl chloride (0.156 g, 1.99 mmol) was
added dropwise to a solution of 12 b (0.180 g, 0.49 mmol) and
Et3N (0.70 mL, 4.97 mmol) in dry CH2Cl2 (20 mL) at 0 8C. This solu-
tion was stirred at this temperature for 2 h, then diluted with
EtOAc and washed thoroughly with satd aq NH4Cl solution and
brine, dried over Na2SO4, filtered, and concentrated. The residue
was purified by column chromatography on silica gel (EtOAc/
hexane, 3:2) to give compound 12 e (0.120 g, 59 %). Rf = 0.31
(hexane/EtOAc, 1:1) ; 1H NMR ([D6]DMSO, 300 MHz): d= 1.28 (br s,
4 H), 1.59–1.49 (m 4 H), 2.05 (s, 3 H), 2.28 (t, J = 7.2 Hz, 2 H), 2.44 (t,
J = 7.2 Hz, 2 H), 3.57 (s, 3 H), 7.32 (t, J = 7.8 Hz, 1 H), 7.41 (d, J =
8.1 Hz, 1 H), 7.47 (s, 1 H), 7.54 (d, J = 7.5 Hz, 1 H), 8.22 (s, 1 H), 9.98
(s, 1 H), 12.23 ppm (s, 1 H); 13C NMR ([D6]DMSO, 75 MHz): d= 24.9,
25.1, 25.3, 28.9, 29.0, 34.0, 35.6, 52.0, 108.7, 117.4, 119.3, 121.3,
129.8, 135.6, 140.5, 149.6, 158.7, 169.1, 172.4, 174.1 ppm.


7-[4-(3-Ethoxycarbonylaminophenyl)thiazol-2-ylcarbamoyl]hep-
tanoic acid (13 c): Compound 13 c (yield 75 %) was prepared from
ester 12 c[21] according to the procedure for the preparation of
compound 7. 1H NMR (CD3OD, 400 MHz): d= 1.33 (t, J = 7.0 Hz,
3 H), 1.43 (br s, 4 H), 1.65 (t, J = 7.0 Hz, 2 H), 1.75 (t, J = 7.0 Hz, 2 H),
2.31 (t, J = 7.3 Hz, 2 H), 2.51 (t, J = 7.4 Hz, 2 H), 4.21 (q, J = 7.0 Hz,
2 H), 7.35–7.29 (m, 3 H), 7.58 (d, J = 7.4 Hz, 1 H), 8.02 ppm (s, 1 H);
13C NMR (CD3OD, 100 MHz): d= 13.5, 24.4, 24.8, 28.4, 33.4, 35.1,
60.4, 107.2, 116.0, 117.8, 120.3, 128.6, 135.2, 139.2, 149.5, 154.7,
157.9, 172.4, 176.2 ppm.


Octanedioic acid (2-aminophenyl)amide-[4-(3-nitrophenyl)thia-
zol-2-yl]amide (14 a): Compound 14 a (yield 24 %, two steps) was
prepared from ester 12 a[21] according to the procedure for the
preparation of compound 11. Rf = 0.40 (MeOH/EtOAc, 5:95);
1H NMR ([D6]DMSO, 400 MHz): d= 1.33 (br s, 4 H), 1.61 (br s, 4 H),
2.30 (t, J = 6.9 Hz, 2 H), 2.46 (t, J = 6.9 Hz, 2 H), 4.81 (s, 2 H), 6.51 (t,
J = 7.5 Hz, 1 H), 6.70 (d, J = 7.8 Hz, 1 H), 6.87 (t, J = 7.5 Hz, 1 H), 7.14
(d, J = 7.8 Hz, 1 H), 7.72 (t, J = 8.1 Hz, 1 H), 7.90 (s, 1 H), 8.16 (d, J =
8.1 Hz, 1 H), 8.33 (d, J = 7.5 Hz, 1 H), 8.72 (s, 1 H), 9.08 (s, 1 H),
12.33 ppm (s, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d= 25.4, 26.0,
29.2, 29.3, 35.7, 36.5, 111.2, 116.7, 117.0, 120.9, 123.1, 124.4, 126.1,
126.5, 131.2, 132.5, 136.7, 142.7, 147.1, 149.1, 159.2, 171.9,
172.6 ppm.


Octanedioic acid (2-aminophenyl)amide [4-(3-aminophenyl) thia-
zol-2-yl]amide (14 b): A suspension of compound 14 a (0.045 g,
0.096 mmol) and Pd/C (10 wt %, 10 mg) in EtOH (10 mL) was stirred
under a H2 atmosphere at room temperature for 5 h. The catalyst
was removed by filtration through a pad of Celite and washed
thoroughly with MeOH. The solvent was evaporated, and the resi-
due was purified by column chromatography on silica gel (EtOAc/
hexane, 3:1) to give compound 14 b (0.024 g, 56 %). HPLC purity:
95 %; Rf = 0.43 (EtOAc); 1H NMR (CD3OD, 400 MHz): d= 1.41 (br s,
4 H), 1.71 (br s, 4 H), 2.48–2.37 (m, 4 H), 6.68–6.66ACHTUNGTRENNUNG(m, 2 H), 6.83 (d,
J = 8.1 Hz, 1 H), 7.11–6.98 (m, 3 H), 7.25–7.21 ppm (m, 3 H); 13C NMR
(CD3OD, 100 MHz): d= 23.6, 24.3, 27.3, 27.4, 33.9, 34.6, 105.6, 111.6,


113.7, 114.8, 116.0, 117.0, 122.6, 124.6, 125.7, 127.8, 134.1, 140.7,
146.3, 149.0, 156.6, 171.2, 172.5 ppm; ESI-HRMS: m/z calcd for
[C23H27N5O2S1+H]+ : 438.1958; found: 438.1954 [M+H]+ .


(3-{2-[7-(2-Aminophenylcarbamoyl)heptanoylamino]thiazol-4-yl}-
phenyl)carbamic acid ethyl ester (14 c): Compound 14 c (yield
42 %) was prepared from acid 13 c[21] according to the procedure
for the preparation of compound 8. HPLC purity: 95 %; Rf = 0.52
(EtOAc); 1H NMR (CD3OD, 400 MHz): d= 1.32 (t, J = 7.2 Hz, 3 H),
1.49–1.47 (m, 4 H), 1.77–1.75 (m, 4 H), 2.44 (t, J = 7.2 Hz, 2 H), 2.52 (t,
J = 7.6 Hz, 2 H), 4.20 (q, J = 7.2 Hz, 2 H), 6.74–6.72 (m, 1 H), 6.86–6.84
(m, 1 H), 7.08–7.01 (m, 2 H), 7.36–7.30 (m, 3 H), 7.57 (d, J = 7.2 Hz,
1 H), 8.01 ppm (s, 1 H); 13C NMR (CD3OD, 100 MHz): d= 15.0, 25.1,
25.6, 28.8, 35.3, 36.1, 60.6, 108.4, 116.1, 116.3, 116.6, 118.2, 120.3,
124.0, 125.7, 126.1, 129.4, 135.3, 140.0, 142.3, 149.2, 154.0, 158.3,
171.5, 172.0 ppm; ESI-HRMS: m/z calcd for [C26H31N5O4S1+H]+ :
510.2169; found: 510.2063 [M+H]+ .


(3-{2-[7-(2-Aminophenylcarbamoyl)heptanoylamino]thiazol-4-yl}-
phenyl)carbamic acid tert-butyl ester (14 d): Compound 14 d
(yield 17 %, two steps) was prepared from acid 13 d[21] according to
the procedure for the preparation of compound 8. HPLC purity:
95 %; Rf = 0.52 (EtOAc); 1H NMR ([D6]DMSO, 400 MHz): d= 1.36 (br s,
4 H), 1.53 (s, 9 H), 1.70 (br s, 4 H), 2.38 (br s, 2 H), 2.54 (br s, 2 H), 6.83
(s, 1 H), 7.08–6.94 (m, 3 H), 7.30–7.23 (m, 3 H), 7.40–7.35 (m, 2 H),
7.87 (s, 1 H), 8.43 ppm (br s, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d=
24.8, 25.3, 27.2, 28.4, 28.5, 35.0, 35.6, 107.2, 116.0, 117.8, 120.0,
125.6, 126.8, 128.5, 135.1, 139.4, 149.6, 153.9, 157.8, 172.4 ppm;
ESI-HRMS: m/z calcd for [C28H35N5O4S1+H]+ : 538.2482; found:
538.2475 [M+H]+ .


Octanedioic acid [4-(3-acetylaminophenyl)thiazol-2-yl]amide-(2-
aminophenyl)amide (14 e): Compound 14 e (yield 29 %, two steps)
was prepared from acid 13 e[21] according to the procedure for the
preparation of compound 8. HPLC purity: 95 %; Rf = 0.28 (MeOH/
EtOAc, 5:95); 1H NMR ([D6]DMSO, 400 MHz): d= 1.34 (br s, 4 H),
1.63–1.61 (m, 4 H), 2.34 (t, J = 7.6 Hz, 2 H), 2.46 (t, J = 7.2 Hz, 2 H),
6.87 (t, J = 8.0 Hz, 1 H), 6.98 (d, J = 8.0 Hz, 1 H), 7.06 (t, J = 8.0 Hz,
1 H), 7.21 (d, J = 8.0 Hz, 1 H), 7.32 (t, J = 8.0 Hz, 1 H), 7.40 (d, J =
8.0 Hz, 1 H), 7.48 (s, 1 H), 7.54 (d, J = 8.0 Hz, 1 H), 8.23 (s, 1 H), 9.52
(s, 1 H), 10.00 (s, 1 H), 12.26 ppm (s, 1 H); 13C NMR ([D6]DMSO,
100 MHz): d= 24.4, 25.0, 25.6, 28.8, 35.3, 36.1, 108.3, 116.4, 116.8,
117.0, 118.9, 120.9, 124.1, 125.7, 126.1, 129.4, 135.2, 140.1, 142.0,
149.2, 158.3, 168.7, 171.5, 172.0 ppm. ESI-HRMS: m/z calcd for
[C25H29N5O3S+H]+ : 480.2063; found: 480.2061 [M+H]+ .


Octanedioic acid [4-(3-acetylaminophenyl)thiazol-2-yl]amide hy-
droxyamide (15): KOH (2.55 g, 45.6 mmol) was added at 40 8C over
10 min to a solution of hydroxylamine hydrochloride (3.16 g,
45.6 mmol) in MeOH (20 mL). The mixture was cooled to 0 8C and
filtered. Compound 12 e (0.092 g, 0.22 mmol) was added to the fil-
trate followed by KOH (0.255 g, 4.56 mmol), and the solution was
stirred at room temperature for 30 min. The mixture was extracted
with EtOAc, the organic layer was washed with satd aq NH4Cl solu-
tion and brine, dried over Na2SO4, filtered and concentrated. The
residue was purified by preparative HPLC to give compound 15
(0.034 g, 36 %). HPLC purity: 95 %; 1H NMR (CD3OD, 300 MHz): d=
1.39 (br s, 4 H), 1.62 (t, J = 6.6 Hz, 2 H), 1.71 (t, J = 6.9 Hz, 2 H), 2.08 (t,
J = 7.5 Hz, 2 H), 2.13 (s, 3 H), 2.47 (t, J = 7.2 Hz, 2 H), 7.34–7.28 (m,
2 H), 7.43 (d, J = 8.1 Hz, 1 H), 7.61 (d, J = 7.5 Hz, 1 H), 8.12 ppm (s,
1 H); 13C NMR (CD3OD, 75 MHz): d= 21.2, 23.6, 23.9, 27.1, 27.2, 31.1,
33.9, 68.9, 106.3, 116.2, 118.0, 120.3, 127.4, 134.0, 137.6, 148.2,
156.8, 169.1, 170.4, 171.3 ppm; ESI-HRMS: m/z calcd for
[C19H24N4O4S1+H]+ : 405.1591; found: 405.1590 [M+H]+ .
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8-Bromooctanoic acid [4-(3-nitrophenyl)thiazol-2-yl]amide (18):
POCl3 (0.758 g, 4.94 mmol) was added to a solution of 16 (0.911 g,
4.11 mmol) and 17 (0.919 g, 4.11 mmol) in dry pyridine (30 mL) at
0 8C dropwise. This solution was stirred at this temperature for 1 h,
then diluted with EtOAc and washed thoroughly with satd aq
KHSO4 and brine, dried over Na2SO4, filtered, and concentrated.
The residue was purified by column chromatography on silica gel
(EtOAc/hexane, 1:2) to give compound 18 (0.715 g, 40 %). Rf = 0.26
(hexane/EtOAc, 1:1) ; 1H NMR ([D6]DMSO, 300 MHz): d= 1.37–1.30
(m, 6 H), 1.61 (br s, 2 H), 1.78 (t, J = 6.3 Hz, 2 H), 2.46 (t, J = 7.2 Hz,
2 H), 3.52 (dt, J = 6.6 and 2.4 Hz, 2 H), 7.72 (dt, J = 8.1 and 2.7 Hz,
1 H), 7.92 (d, J = 2.7 Hz, 1 H), 8.16 (d, J = 8.1 Hz, 1 H), 8.33 (d, J =
7.8 Hz, 1 H), 8.72 (d, J = 1.2 Hz, 1 H), 12.32 ppm (s, 1 H); 13C NMR
([D6]DMSO, 75 MHz): d= 25.3, 28.2, 28.6, 29.1, 33.0, 35.6, 36.0, 111.2,
120.9, 123.1, 131.2, 132.5, 136.6, 147.1, 149.2, 159.2, 172.6 ppm.


8-Bromooctanoic acid [4-(3-aminophenyl)thiazol-2-yl]amide (19):
Compound 19 (yield 83 %) was prepared from 18 according to the
procedure for the preparation of compound 14 b. 1H NMR
([D6]DMSO, 400 MHz): d= 1.37–1.29 (m, 6 H), 1.59 (t, J = 6.8 Hz, 2 H),
1.78 (t, J = 7.2 Hz, 2 H), 2.43 (t, J = 7.2 Hz, 2 H), 3.51 (t, J = 6.8 Hz,
2 H), 5.11 (br s, 2 H), 6.51 (d, J = 6.8 Hz, 1 H), 7.07–7.00 (m, 3 H), 7.35
(s, 1 H), 12.16 ppm (s, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d= 25.0,
27.7, 28.2, 28.7, 32.6, 35.2, 35.6, 107.3, 111.7, 114.0, 125.8, 129.5,
135.3, 149.2, 150.0, 157.9, 171.9 ppm.


Thioacetic acid S-{7-[4-(3-acetylaminophenyl)thiazol-2-ylcarba-
moyl]heptyl}ester (20): A solution of 19 (0.060 g, 0.15 mmol) and
KSAc (0.345 g, 3.02 mmol) in DMF (5 mL) was stirred at room tem-
perature for 48 h. The mixture was diluted with EtOAc, washed
with brine, dried over Na2SO4, filtered, and concentrated. The resi-
due was purified by column chromatography on silica gel (EtOAc/
hexane, 1:2) to give compound 20 (0.035 g, 53 %). HPLC purity:
95 %; 1H NMR ([D6]DMSO, 400 MHz): d= 1.27 (br s, 6 H), 1.48 (t, J =
6.4 Hz, 2 H), 1.59 (t, J = 6.4 Hz, 2 H), 2.05 (s, 3 H), 2.30 (s, 3 H), 2.43 (t,
J = 7.2 Hz, 2 H), 2.81 (t, J = 7.2 Hz, 2 H), 7.31 (t, J = 8.0 Hz, 1 H), 7.40
(d, J = 8.0 Hz, 1 H), 7.47 (s, 1 H), 7.53 (d, J = 7.6 Hz, 1 H), 8.21 (s, 1 H),
9.98 (s, 1 H), 12.22 ppm (s, 1 H); 13C NMR ([D6]DMSO, 100 MHz): d=
24.4, 25.0, 28.3, 28.5, 28.7, 28.8, 29.5, 31.0, 35.2, 108.3, 117.0, 118.9,
120.9, 129.4, 135.2, 140.1, 149.2, 158.3, 168.7, 172.0, 195.7 ppm;
ESI-HRMS: m/z calcd for [C21H27N3O3S2�H]� : 432.1421; found:
432.1419 [M�H]� .


8-Mercaptooctanic acid [4-(3-acetylaminophenyl)thiazol-2-yl]-ACHTUNGTRENNUNGamide (21): A solution of 2 n aq NaOH (1 mL, 2.00 mmol) was
added to a solution of 20 (0.030 g, 0.07 mmol) in EtOH (2 mL), and
the mixture was stirred at room temperature for 12 h. The mixture
was poured into H2O and extracted with EtOAc. The organic layer
was separated, washed with brine, dried over Na2SO4, filtered, and
concentrated. The residue was purified by column chromatography
on silica gel (EtOAc/hexane, 2:1) to give compound 21 (0.017 g,
66 %). HPLC purity: 98 %; Rf = 0.72 (MeOH/EtOAc, 5:95); 1H NMR
(CD3OD, 300 MHz): d= 1.38 (m, 6 H), 1.60 (t, J = 6.3 Hz, 4 H), 2.05 (s,
3 H), 2.45 (t, J = 8.0 Hz, 2 H), 2.68 (t, J = 8.0 Hz, 2 H), 7.31 (t, J =
8.0 Hz, 1 H), 7.40 (d, J = 8.0 Hz, 1 H), 7.47 (s, 1 H), 7.53 (d, J = 7.6 Hz,
1 H), 8.23 (s, 1 H), 9.98 (s, 1 H),12.22 ppm (s, 1 H); 13C NMR (CD3OD,
75 MHz): d= 22.8, 23.9, 25.3, 28.2, 28.8, 29.1, 34.1, 35.5, 107.8,
117.8, 119.5, 121.8, 129.0, 135.6, 139.2, 149.8, 158.3, 170.7,
172.9 ppm; ESI-HRMS: m/z calcd for [C19H25N3O2S2+Na]+ : 414.1286;
found: 414.1261 [M+Na]+ .


Thiobenzoic acid S-{7-[4-(3-aminophenyl)thiazol-2-ylcarbamoyl]-
heptyl}ester (22): Thiobenzoic acid (0.264 g, 1.91 mmol) and K2CO3


powder (0.264 g, 1.91 mmol) were added to a solution of 19
(0.120 g, 0.30 mmol) in DMF (10 mL), and the mixture was stirred


at room temperature for 12 h. The reaction was diluted with EtOAc
and washed with brine, dried over Na2SO4, filtered, and concentrat-
ed. The residue was purified by column chromatography on silica
gel (EtOAc/hexane, 1:1) to give compound 22 (0.105 g, 78 %). HPLC
purity: 95 %; 1H NMR (CD3OD, 400 MHz): d= 1.44–1.39 (m, 6 H),
1.72–1.62 (m, 4 H), 2.47 (t, J = 7.2 Hz, 2 H), 3.06 (t, J = 7.6 Hz, 2 H),
6.70–6.67 (m, 1 H), 7.14 (t, J = 7.6 Hz, 1 H), 7.27–7.22 (m, 3 H), 7.47 (t,
J = 7.6 Hz, 2 H), 7.59 (t, J = 7.6 Hz, 1 H), 7.93 ppm (d, J = 7.2 Hz, 2 H);
13C NMR (CD3OD, 100 MHz): d= 24.8, 28.2, 28.3, 28.6, 29.2, 35.1,
106.7, 112.7, 114.8, 115.9, 126.6, 128.3, 128.8, 133.1, 135.3, 137.1,
147.4, 150.1, 157.7, 172.4, 192.0 ppm; ESI-HRMS: m/z calcd for
[C24H27N3O2S2�H]� : 452.1471; found: 452.1469 [M�H]� .


8-{7-[4-(3-Aminophenyl)thiazol-2-ylcarbamoyl]heptyldisulfanyl}-ACHTUNGTRENNUNGoctanoic acid [4-(3-aminophenyl)thiazol-2-yl]amide (23): Com-
pound 23 (yield 58 %) was prepared according to the procedure
for the preparation of compound 30. Rf = 0.76 (MeOH/EtOAc, 5:95);
HPLC purity: 95 %; 1H NMR (CD3OD, 400 MHz): d= 1.20–1.12 (m,
8 H), 1.32–1.25 (m, 8 H), 1.52–1.48 (m, 4 H), 1.65–1.62 (m, 4 H), 2.08
(t, J = 7.2 Hz, 4 H), 2.65 (t, J = 6.8 Hz, 4 H), 6.68–6.65 (m, 2 H), 7.10 (s,
2 H), 7.17 (d, J = 1.2 Hz, 2 H), 7.21–7.19 (m, 4 H), 11.24 ppm (s, 2 H);
13C NMR (CD3OD, 100 MHz): d= 24.6, 28.0, 28.6, 28.7, 28.9, 35.8,
39.1, 107.7, 112.6, 115.0, 116.5, 129.8, 135.2, 146.8, 149.7, 159.2,
171.6 ppm; ESI-HRMS: m/z calcd for [C34H44N6O2S4�H]� : 695.2335;
found: 695.2335 [M�H] ]� .


Octanedioic acid (2-aminophenyl)amide benzyloxyamide (25):
Compound 25 (yield 28 %) was prepared from acid 24 and phenyl-
diamine according to the procedure for the preparation of com-
pound 8. HPLC purity: 95 %; Rf = 0.72 (acetone); 1H NMR
([D6]DMSO, 400 MHz): d= 1.27 (br s, 4 H), 1.49 (t, J = 6.4 Hz, 2 H),
1.58 (t, J = 6.4 Hz, 2 H), 1.94 (t, J = 7.2 Hz, 2 H), 2.32 (t, J = 7.6 Hz,
2 H), 4.77 (s, 2 H), 6.88 (t, J = 7.2 Hz, 1 H), 6.99 (d, J = 7.6 Hz, 1 H),
7.06 (t, J = 8.0 Hz, 1 H), 7.21 (d, J = 7.6 Hz, 1 H), 7.38–7.33 (m, 5 H),
9.53 (s, 1 H), 10.94 ppm (br s, 1 H); 13C NMR ([D6]DMSO, 100 MHz):
d= 25.2, 25.4, 28.7, 28.8, 32.6, 36.0, 77.1, 125.8, 126.4, 128.6, 128.7,
129.1, 172.1 ppm; ESI-HRMS: m/z calcd for [C21H27N3O3+H]+ :
370.2125; found: 370.2124 [M+H]+ .


Octanedioic acid (2-aminophenyl)amide hydroxyamide (26): A
suspension of compound 25 (0.060 g, 0.16 mmol) and Pd/C
(10 wt %, 10 mg) in EtOAc (10 mL) was stirred under H2 atmosphere
at room temperature for 2 h. The catalyst was removed by filtration
through a pad of Celite and washed thoroughly with MeOH. The
solvent was evaporated, and the residue was purified by prepara-
tive HPLC to give compound 26 (0.016 g, 35 %). HPLC purity: 95 %;
1H NMR (CD3OD, 400 MHz): d= 1.41–1.39 (m, 4 H), 1.68–1.63 (m,
2 H), 1.76–1.72 (m, 2 H), 2.12 (t, J = 7.2 Hz, 2 H), 2.50 (t, J = 7.2 Hz,
2 H), 7.35–7.31 (m, 1 H), 7.39–7.37 ppm (m, 1 H), 7.42–7.41 (m, 2 H);
13C NMR (CD3OD, 100 MHz): d= 24.8, 25.0, 28.3, 28.4, 32.2, 35.5,
123.4, 125.4, 126.3, 127.0, 128.4, 131.0, 171.6, 174.4 ppm; ESI-
HRMS: m/z calcd for [C14H21N3O3+H]+ : 280.1655; found: 280.1655
[M+H]+ .


8-Bromooctanoic acid (2-aminophenyl)amide (27): Compound 27
(yield 30 %) was prepared from 8-bromooctanoic acid 17 and phe-
nyldiamine according to the procedure for the preparation of com-
pound 8. 1H NMR (CDCl3, 400 Hz): d= 1.37 (br s, 4 H), 1.49–1.43 (m,
2 H), 1.75–1.67 (m, 2 H), 1.90–1.83 (m, 2 H), 2.35 (t, J = 7.6 Hz, 2 H),
3.41 (t, J = 6.8 Hz, 2 H), 6.80–6.77 (m, 2 H), 7.05 (t, J = 8.0 Hz, 1 H),
7.15 (d, J = 7.2 Hz, 1 H), 7.46 ppm (br s, 1 H); 13C NMR (CDCl3,
100 Hz): d= 25.6, 27.9, 28.4, 29.0, 32.6, 33.9, 36.8, 118.1, 119.5,
124.3, 125.3, 127.1, 140.7, 171.9 ppm.


Thiobenzoic acid S-[7-(2-aminophenylcarbamoyl)heptyl]ester
(28): A solution of 27 (0.100 g, 0.31 mmol) and KSAc (0.072 g,
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0.63 mmol) in DMF (5 mL) was stirred at room temperature for
12 h. The reaction was diluted with EtOAc, washed with brine,
dried over Na2SO4, filtered, and concentrated. The residue was puri-
fied by column chromatography on silica gel (EtOAc/hexane, 1:1)
to give compound 28 (0.074 g, 52 %). HPLC purity: 95 %; Rf = 0.76
(EtOAc); 1H NMR (CDCl3, 300 Hz): d= 1.44–1.39 (m, 4 H), 1.71–1.63
(m, 4 H), 2.35 (t, J = 7.2 Hz, 2 H), 3.07 (t, J = 7.2 Hz, 2 H), 6.79–6.77
(m, 2 H), 7.05 (t, J = 7.8 Hz, 1 H), 7.15 (d, J = 7.8 Hz, 1 H), 7.57–7.42
(m, 2 H), 7.97 ppm (d, J = 7.5 Hz, 2 H); 13C NMR (CDCl3, 75 Hz): d=
26.1, 29.0, 29.1, 29.3, 29.4, 29.8, 37.2, 118.5, 119.8, 124.7, 125.7,
127.5, 128.9, 133.6, 137.6, 141.2, 172.4, 192.6 ppm; ESI-HRMS: m/z
calcd for [C21H26N2O2S+H]+ : 371.1787; found: 371.1785 [M+H]+ .


Thiobenzoic acid S-[7-(2-aminophenylcarbamoyl)heptyl]ester
(29): Thiobenzoic acid (0.264 g, 1.91 mmol) and K2CO3 powder
(0.264 g, 1.91 mmol) were added to a solution of 27 (0.120 g,
0.38 mmol) in DMF (10 mL), and the mixture was stirred at room
temperature for 12 h. The reaction was diluted with EtOAc, washed
with brine, dried over Na2SO4, filtered, and concentrated. The resi-
due was purified by column chromatography on silica gel (EtOAc/
hexane, 1:1) to give compound 29 (0.074 g, 52 %). HPLC purity:
95 %; Rf = 0.76 (EtOAc); 1H NMR (CDCl3, 300 Hz): d= 1.44–1.39 (m,
4 H), 1.71–1.63 (m, 4 H), 2.35 (t, J = 7.2 Hz, 2 H), 3.07 (t, J = 7.2 Hz,
2 H), 6.79–6.77 (m, 2 H), 7.05 (t, J = 7.8 Hz, 1 H), 7.15 (d, J = 7.8 Hz,
1 H), 7.57–7.42 (m, 2 H), 7.97 ppm (d, J = 7.5 Hz, 2 H); 13C NMR
(CDCl3, 75 Hz): d= 26.1, 29.0, 29.1, 29.3, 29.4, 29.8, 37.2, 118.5,
119.8, 124.7, 125.7, 127.5, 128.9, 133.6, 137.6, 141.2, 172.4,
192.6 ppm; ESI-HRMS: m/z calcd for [C21H26N2O2S+H]+ : 371.1787;
found: 371.1785 [M+H]+ .


8-[7-(2-Aminophenylcarbamoyl)heptyldisulfanyl]octanoic acid
(2-aminophenyl)amide (30): A solution of 2 n aq NaOH (2 mL,
4.00 mmol) was added to a solution of 29 (0.050 g, 0.13 mmol) in
EtOH (5 mL), and the mixture was stirred at room temperature for
12 h. The mixture was poured into H2O and extracted with EtOAc.
The organic layer was separated, washed with brine, dried over
Na2SO4, filtered, and concentrated. The residue was purified by
column chromatography on silica gel (EtOAc/hexane, 2:1) to give
compound 30 (0.014 g, 39 %). HPLC purity: 95 %; Rf = 0.40 (EtOAc);
1H NMR (CDCl3, 300 Hz): d= 1.37 (br s, 12 H), 1.69 (br s, 8 H), 2.34 (t,
J = 7.5 Hz, 4 H), 2.69 (t, J = 7.2 Hz, 4 H), 6.76–6.74 (m, 4 H), 7.04 (t,
J = 7.5 Hz, 2 H), 7.12 (d, J = 8.1 Hz, 2 H), 7.58 ppm (br s, 2 H); 13C NMR
(CDCl3, 75 Hz): d= 26.1, 28.6, 29.3, 29.4, 29.5, 37.2, 39.5, 118.4,
119.7, 124.7, 125.8, 127.5, 141.2, 172.5 ppm; ESI-HRMS: m/z calcd
for [C28H42N4O2S2+H]+ : 531.2821; found: 531.2816 [M+H]+ .


Biological assays


HDAC inhibition assays. Purified HDACs were incubated with
1 mm carboxyfluorescein (FAM)-labeled acetylated peptide sub-
strate and test compound for 17 h at 25 8C in HDAC assay buffer
that contained 100 mm HEPES (pH 7.5), 25 mm KCl, 0.1 % BSA and
0.01 % Triton X-100. Reactions were terminated by the addition of
buffer that contained 0.078 % SDS for a final SDS concentration of
0.05 %. Substrate and product were separated electrophoretically
by using a Caliper LabChip 3000 system with blue laser excitation
and green fluorescence detection (CCD2). The fluorescence intensi-
ty in the substrate and product peaks was determined by using
the Well Analyzer software on the Caliper system. The reactions
were performed in duplicate for each sample. IC50 values were au-
tomatically calculated by using the IDBS XLFit version 4.2.1 plug-in
for Microsoft Excel and the XLFit 4 Parameter Logistic Model (sig-
moidal dose–response model): A+ ACHTUNGTRENNUNG{(B�A)/[1+ ACHTUNGTRENNUNG(C/x)D]}, in which x is
compound concentration, A is the estimated minimum and B is


the estimated maximum of percent inhibition, C is the inflection
point, and D is the Hill slope of the sigmoidal curve. The standard
errors of the IC50 values were automatically calculated by using the
IDBS XLFit version 4.2.1 plug-in for Microsoft Excel and the formula
xf4_FitResultStdError(). (Enzyme was prepared in-house. Peptides
were synthesized by Biopeptide Co. Inc. (HDAC1, -2, -6, -8, -10 pep-
tides), and by Synpep (HDAC3 peptide)).


Primary neurons and cell culture. Cell cultures were obtained
from the cerebral cortex of fetal Sprague–Dawley rats (embryonic
day 17) as described previously.[42] All experiments were initiated
24 h after plating. Under these conditions, the cells are not suscep-
tible to glutamate-mediated excitotoxicity.


Neuron viability assays. For cytotoxicity studies, cells were rinsed
with warm PBS and then placed in minimum essential medium (In-
vitrogen) that contained 5.5 g L�1 glucose, 10 % fetal calf serum,
2 mmL glutamine, and 100 mm cystine. Oxidative stress was in-
duced by the addition of the glutamate analogue homocysteate
(HCA; 5 mm) to the media. HCA was diluted from 100-fold-concen-
trated solutions that were adjusted to pH 7.5. In combination with
HCA, commercially available HDAC inhibitors, or the novel HDAC
inhibitors were used at the concentrations specified. Viability was
assessed after 48 h by the MTT assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) method.


Histone precipitation and Western blotting. Approximately 1 �
107 treated neurons were incubated in hypotonic lysis buffer
(1 mL) that contained 10 mm Tris-HCl pH 8, 1 mm KCl, 1.5 mm


MgCl2, 1 mm DTT, 1 mm aprotinin, 1 mm pepstatin, and 0.4 mm


PMSF for 30 min by rotating at 4 8C. Nuclei were pelleted by centri-
fugation for 10 min at 10 000 rpm (9000 g), resuspended in 0.4 N
H2SO4 (200 mL), and rotated for 12 h at 4 8C. Following centrifuga-
tion at 13 000 rpm (16 000 g) for 10 min, the supernatant was trans-
ferred to a new tube, and histone proteins were precipitated by
adding 100 % TCA (66 mL) dropwise followed by a 30 min incuba-
tion on ice. Histone proteins were pelleted by centrifugation at
13 000 rpm (16 000 g) for 10 min, washed twice with ice-cold ace-
tone, dried at room temperature for 20–40 min and resuspended
in 50 mL H2O. Total histone proteins (15 mg) were boiled in Laemmli
buffer and electrophoresed under reducing conditions on 15 %
polyacrylamide gel. Histone proteins were transferred to a nitrocel-
lulose membrane (Bio-Rad). Nonspecific binding was inhibited by
incubation in Tris-buffered saline with Tween 20 (TBST: 50 mm Tris-
HCl, pH 8.0, 0.9 % NaCl, and 0.1 % Tween 20) that contained 5 %
nonfat dried milk for at least 1.5 h. Primary antibodies against ace-
tylated histone H3 (Upstate) were diluted 1:1000 in TBST that con-
tained 5 % milk and incubated with the membrane overnight at
4 8C followed by incubation with anti-rabbit horseradish perox-
idase-conjugated secondary antibodies for 2 h at room tempera-
ture. Acetyl histone H3 immunoreactivity was detected according
to the enhanced chemiluminescent protocol (Amersham Biosci-
ences).
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Studies of Benzamide- and Thiol-
Based Histone Deacetylase Inhibitors
in Models of Oxidative-Stress-Induced
Neuronal Death: Identification of
Some HDAC3-Selective Inhibitors


Less stress : We compare three structur-
ally different classes of histone deacety-
lase (HDAC) inhibitors that contain ben-
zamide, hydroxamate, or thiol groups as
the zinc binding group (ZBG) for their
ability to protect cortical neurons in cul-


ture from cell death induced by oxida-
tive stress. Novel benzamide-based li-
gands selectively inhibit HDAC3 but
provide no neuroprotection in the
HCA–cortical neuron model of oxidative
stress.
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Amido-Functionalised Prodigiosenes: Synthesis and Anticancer Properties


Rosa I. S�ez D�az, Sarah M. Bennett, and Alison Thompson*[a]


Prodigiosin (1, Figure 1)[1] is the parent member of the tripyr-
rolic red pigments produced by microorganisms such as Strep-
tomyces and Serratia. This family of natural products exhibits
promising anticancer, antimicrobial and immunosuppressive
activities.[2–5] Published work,[2, 6–9] including some from com-
mercial ventures, demonstrates that interest in the anticancer
activities of prodigiosin analogues is currently high. While bio-
logical studies on synthetic prodigiosin derivatives (prodigio-
senes)[10] showed that the methoxy group in ring B is essential
for anticancer activity,[11, 12] fine tuning of the structure through
derivatisation of the A and C rings is somewhat tolerated.[13, 14]


Our group has previously reported the synthesis and biological
evaluation of novel C ring-functionalised prodigiosenes deco-
rated with b-carbonyl and pendant ester functional groups,[15]


which have been shown to have potent anticancer activity in
vitro.[16] Importantly, a carbonyl group conjugated to the C ring
facilitated isolation of the prodigiosenes, imparted stability to
the tripyrrolic skeleton, and did not inherently reduce the abili-
ty of the prodigiosenes to effect copper(II)-catalysed DNA
cleavage[17–19] and chloride anion transport.[20, 21]


The pendant ester of 2 serves as a potential position for fur-
ther manipulation, particularly for the attachment of targeting
moieties.[22] In an effort to identify more potent synthetic ana-
logues and to enhance the range of synthetically available pro-
digiosenes likely to be stable under physiological conditions,
we investigated the facile preparation of derivatives of prodi-
giosene 2 (Figure 1), a compound that we have described pre-
viously.[15] Structurally, the only difference between the parent
prodigiosin (1) and the synthetic prodigiosene 2 is the substi-
tution pattern on the C ring: the additional methyl group, the
b-carbonyl group and the pendant ester. Given the currentACHTUNGTRENNUNGinterest in prodigiosin and its analogues, the goal of the cur-
rent investigation was to develop robust methodology by
which derivatives of the prodigiosene 2 could be generated.


To this end, novel amido derivatives were successfully pre-
pared, along with a prodigiosene containing a pendant ester.


Maintaining the structural core of 2, a group of commercially
available primary amines was selected in order to generate
prodigiosene analogues whereby the pendant ester moiety
would be replaced by amide functionality. Although indolic de-
rivatives[2, 23, 24] of prodigiosin are known,[23, 24] to the best of our
knowledge, derivatives of prodigiosin bearing amide function-
ality have not been previously reported, although a singular
amino-containing prodigiosene is known.[25] Although several
new approaches[24–27] now complement the more traditional
synthetic routes[3, 5] to prodigiosenes, the methodology devel-
oped by D’Alessio[12] provides efficient access to C ring-modi-
fied prodigiosenes that can be prepared through the utilisation
of Knorr-type pyrroles. Scheme 1 shows an abbreviated synthe-
sis of 2[15] and indicates three possible stages at which pendant
amide functionality might be introduced. Strategy A: coupling
of ethyl 6-(5-formyl-2,4-dimethyl-1H-pyrrol-3-yl)-6-oxo-ACHTUNGTRENNUNGhexanoate[15] and 4-methoxy-3-pyrrolin-2-one[28–30] gives the de-
sired dipyrrinone skeleton of 4, but with concurrent saponifica-
tion of the ester;[15] re-esterification could potentially beACHTUNGTRENNUNGreplaced by formation of an amide and thus the saponification
step would be necessary; the corresponding amido-containing
dipyrrinone 6 could then be used in the subsequent synthesis
of prodigiosenes 3 a-e·HCl. Strategy B: the fully-formed prodi-
giosene 2·HCl could be derivatised through protection of the
NH groups via complexation; saponification and then coupling
of the resultant carboxylic acid with the amine of choice
would give 3 a-e·HCl. Strategy C: if NH protection is unneces-
sary, direct saponification and coupling could also be exploited
in the synthesis of 3 a-e·HCl. All three routes are efficient in
that ethyl 6-(5-formyl-2,4-dimethyl-1H-pyrrol-3-yl)-6-oxohexa-
noate, readily available[15] through modification of a Knorr-type
pyrrole, could be utilised with efficient late-stage incorporation
of the amide functionality.


To investigate the feasibility of strategy A, aniline was react-
ed with dipyrrinone 4 in the presence of a variety of activating
agents: HBTU/DMAP with an excess of aniline provided the
best yield of phenyl amide 6 a (Scheme 2).[31] Subsequent trifla-
tion of the lactam in 6 a is required to synthesise the desired
prodigiosene. Although a competitive reaction of the terminal
amide with triflic anhydride was anticipated,[32] dipyrrinone 6 a
proved to be surprisingly unreactive under our standard condi-
tions[15] and only starting material was recovered in almost
quantitative yield. More vigorous reaction conditions, such as
an excess of triflic anhydride and heating at reflux, led to nei-
ther decomposition of the starting material nor significant for-
mation of the triflate. These unexpected results indicated that
this approach was not suitable for the synthesis of prodigio-
senes bearing amide functionality and our efforts thus turned
to strategy B.


[a] Dr. R. I. S�ez D�az, S. M. Bennett, Dr. A. Thompson
Department of Chemistry, Dalhousie University
Halifax, NS B3H 4J3 (Canada)
Fax: (+ 1) 902-494-1310
E-mail : Alison.Thompson@dal.ca


Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.200900003.


Figure 1. Prodigiosin (1) and a functionalised derivative (2).
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To date, little is known about the tolerance and robustness
of prodigiosenes towards synthetic manipulation and little can
be garnered from equivalent reactions with dipyrrins, for
which only a handful of functional group interconversions
have been reported.[33] To study the reactivity of prodigiosene
2, complexation was performed to give the known dimeric
prodigiosene 7[15] (Scheme 1). This approach was modelled on
the chemistry of porphyrins where most chemical transforma-
tions occur with the pyrrolic nitrogen atoms in the tetracycle
complexed to a metal ion. In our case, the stabilizing template
effect does not play a role, as it does with porphyrins, but pos-
sible unwanted side reactions would be prevented byACHTUNGTRENNUNGcomplexation/protection of the ionisable NH groups in 2. Thus,
2 was reacted with ZnACHTUNGTRENNUNG(OAc)2 to give the dimeric prodigiosene
7 in excellent yield (Scheme 3). Hydrolysis of the methyl ester
groups in the dimeric complex was performed using aqueous
KOH at reflux temperature[34] and, after acidification, 8 was iso-
lated by filtration. Next, the peptidic bond formation was ach-
ieved by coupling the dimeric carboxylic acid 8 with aniline,


again using HBTU and DMAP.
Decomplexation of the resulting
product by treatment with con-
centrated HCl led to the desired
prodigiosene analogue as the
hydrochloric salt 3 a·HCl.


Having accomplished the syn-
thesis of the first example of a
prodigiosene bearing a pendant
amide and before following the
same approach for the other de-
sired analogues, we evaluated
the efficiency of strategy C. Strat-
egy B requires four synthetic
steps to transform prodigiosene
2·HCl into 3 a·HCl, while strate-
gy C would only require two. In
fact, hydrolysis of the methyl
ester in 2 was successful under
the same reaction conditions as
for strategy B, giving the carbox-
ylic acid 10·HCl in quantitative
yield (Scheme 4). This result is an
improvement in relation to strat-
egy B, where the yield for the
saponification step was 69 %,
and indicates that NH protection
is not required for the saponifi-
cation of terminal esters within
prodigiosenes. Subsequent acti-


vation of 10·HCl with HBTU and DMAP followed by reaction
with a variety of primary amines, gave the desired amido pro-
digiosenes 3 a-e·HCl in generally good yields (Scheme 4) with
the overall yield of 3 a·HCl being much better than that ob-
tained via strategy B (28 % from 2·HCl for strategy B; 58 %
from 2·HCl for strategy C).


Strategy C represents a general convergent route by which
to prepare prodigiosene derivatives with various pendant func-


Scheme 1. Strategies for the synthesis of amido prodigiosenes.


Scheme 2. Synthesis of amide 6 a. Reagents and conditions : a) HBTU, DMAP,
PhNH2, DMF, 64 %.


Scheme 3. Execution of strategy B. Reagents and conditions : a) Zn ACHTUNGTRENNUNG(OAc)2,
NaOAc, CHCl3/MeOH (1:1), 97 %; b) KOH, THF/H2O (1:1) ; c) HCl, 69 % (2
steps) ; d) HBTU, DMAP, PhNH2, DMSO, 60 %; e) concd HCl, 46 %.
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tional groups: aryl, aliphatic, tertiary, and benzyl/allylic deriva-
tives may all be prepared using this approach. To demonstrate
that the scope of this approach is not confined to amines and
the preparation of amides, ethanol was reacted with 10·HCl
under the same reaction conditions as for the amines, and the
known ethyl ester derivative[15] was isolated in 48 % yield.


Of the synthesised amido prodigiosenes, 3 a·HCl, 3 b·HCl,
3 d·HCl, and 3 e·HCl were selected by the U.S. National Cancer
Institute for evaluation against 60 human cell lines derived
from nine cancer cell types. The mean GI50, TGI, and LC50


values from two five-dose screens are given in Table 1 along
with the values for the lead methyl ester 2·HCl[15] and prodigio-
sin itself. The amido-functionalised prodigiosenes all inhibit the
growth of cancerous cells, and are all somewhat cytotoxic.
However, compared to the parent methyl ester (2·HCl) the
amido-functionalised prodigiosenes show a decrease in their
average ability to both inhibit growth and kill cells in the
cancer cell lines tested, rendering the amido-linkage unfavour-
able for future development of prodigiosene-derived anticanc-
er agents. The evaluated prodigiosenes all show similar mean
activities in the screens, indicating that the nature of the
amido group does not significantly influence the anticancer ef-
fects of these compounds.


In summary, we have developed an efficient approach for
the synthesis of amido-functionalised prodigiosin analogues
and report the evaluation of four of these compounds against
60 human cell lines representing nine cancer cell types. The
synthetic route is extremely convergent as the amino variation


is introduced in the final synthetic step. This represents a
breakthrough in the availability of prodigiosenes as, to our
knowledge, there is only one other report of direct derivatisa-
tion of a prodigiosene, namely the formation of thio-prodigio-
senes through a photoinduced redox reaction with thiol.[35]


Our methodology can be extended to the coupling of amines
with differing reactivity profiles, as well as to alcohols, and rep-
resents a general and useful tool for the derivatisation of pro-
digiosenes.


Experimental Section


6-[5-(4-Methoxy-1H,1’H-[2,2’]bipyrrolyl-5-ylmethylene)-2,4-di-
methyl-5H-pyrrol-3-yl]-6-oxohexanoic acid phenyl amide hydro-
chloric salt (3 a·HCl): Prodigiosene 10·HCl (41 mg, 0.10 mmol) was
suspended in CH2Cl2 (5 mL) under N2. DMAP (22 mg, 0.02 mmol),
HBTU (73 mg, 0.20 mmol), and aniline (35 mL, 0.04 mmol) were
added consecutively at 0 8C. After stirring at RT for 24 h, the reac-
tion mixture was diluted with CH2Cl2 (10 mL) and washed with sat.
NaHCO3 solution (25 mL), 2 % aq HCl solution (25 mL) and brine
(25 mL). The combined organic layers were dried (MgSO4), filtered
and concentrated in vacuo. The crude product was recrystallised
from CHCl3/hexanes to yield 3 a·HCl (33 mg, 69 %) as a red solid:
mp: 135 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.63–1.64 (4 H, m),
2.32–2.35 (2 H, m), 2.44 (3 H, s), 2.72 (3 H, s), 2.80–2.83 (2 H, m), 4.08
(3 H, s), 6.49 (1 H, s), 6.86 (1 H, s), 6.99–7.02 (1 H, m), 7.11 (1 H, t, J =
7.3 Hz), 7.25–7.29 (2 H, m), 7.57–7.59 (3 H, m), 7.66 (1 H, s), 9.86 (1 H,
br s), 12.54 (1 H, br s), 12.76 (1 H, br s), 12.86 ppm (1 H, br s) ;
13C NMR (125 MHz, [D6]DMSO, DEPTQ-135, one signal missing): d=


12.6, 15.5, 23.7, 25.3, 36.9, 42.4, 60.1, 95.4, 112.3, 113.3, 119.5, 120.5,
122.3, 123.1, 123.4, 124.9, 129.1, 129.7, 137.8, 139.8, 147.9, 151.3,
167.5, 171.6, 196.8 ppm; UV/Vis (CHCl3): lmax (e) = 500 (34 906),
529 nm (70 495); MS (ESI+): m/z (%): 471.24 (100) [M�Cl]+; HRMS:
[M�Cl]+ calcd for C28H31N4O3 : 471.2391; found 471.2394.


6-[5-(3-Methoxy-5-oxo-1,5-dihydro-pyrrol-2-ylidenemethyl)-2,4-
dimethyl-1H-pyrrol-3-yl]-6-oxo-hexanoic acid phenylamide (6 a):
A suspension of dipyrrinone 4[15] (100 mg, 0.29 mmol) in DMF
(2 mL) was treated with DMAP (37 mg, 0.31 mmol), HBTU (117 mg,
0.31 mmol) and aniline (0.05 mL, 0.60 mmol) consecutively at 0 8C
under N2. The orange reaction mixture was stirred at RT for 48 h,
further aniline (0.05 mL, 0.60 mmol) was then added and the reac-
tion was stirred for a further 48 h. Finally, the reaction mixture was
heated for 1 h at 60 8C under N2 before diluting with CH2Cl2 (5 mL).
Filtration gave the desired amide 6 a (78 mg, 64 %) as a yellow
solid: mp: 283 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.61–1.64 (4 H,
m), 2.23 (3 H, s), 2.32 (2 H, t, J = 6.7 Hz), 2.49 (3 H, s), 2.72 (2 H, t, J =
6.7 Hz), 3.86 (3 H, s), 5.26 (1 H, s), 6.03 (1 H, s), 7.01 (1 H, t, J =
7.3 Hz), 7.27 (2 H, t, J = 7.9 Hz), 7.57 (2 H, d, J = 7.9 Hz), 9.63 (1 H, s),
9.84 (1 H, s), 10.81 ppm (1 H, s) ; 13C NMR (125 MHz, [D6]DMSO): d=
11.6, 14.6, 23.5, 24.9, 36.4, 41.5, 58.4, 91.4, 94.4, 119.0, 121.6, 121.9,
122.9, 123.2, 125.5, 128.6, 138.0, 139.3, 166.8, 170.8, 171.1,
196.4 ppm; MS (ESI+): m/z (%): 420.3 (100) [M+H]+; HRMS: [M+H]+


calcd for C24H26N3O4 : 420.1929; found 420.1917.


Bis[6-[5-(4-methoxy-1H,1’H-[2,2’]bipyrrolyl-5-ylmethylene)-2,4-di-
methyl-5H-pyrrol-3-yl]-6-oxohexanoic acid] zinc(II) (8): Prodigio-
sene 7[15] (49 mg, 0.06 mmol) was dissolved in THF (6 mL) under N2.
The solution was treated with aq KOH (6 mL, 5 m) and the reaction
mixture was stirred at 70 8C for 24 h under N2. The reaction was
then cooled to RT, the THF was removed in vacuo and the aq solu-
tion was adjusted to pH 2 with concd HCl. The precipitate was iso-


Table 1. Mean in vitro activity of prodigiosenes against 60 cancer cell
lines.[a]


Compd Log10 mean [GI50] Log10 mean [TGI] Log10 mean [LC50]


prodigiosin[b] �7.85 �5.68 �6.65
2·HCl[b] �6.19 �5.65 �5.19
3 a·HCl �5.72 �5.23 �4.73
3 b·HCl �5.59 �5.11 �4.55
3 d·HCl[c] �5.55 �5.00 �4.37
3 e·HCl �5.78 �5.28 �4.61


[a] average of two repeat screens; screening details can be found here:
http://dtp.nci.nih.gov/branches/btb/ivclsp.html. [b] reported previously.[15]


[c] one five-dose screen.


Scheme 4. Execution of strategy C. Reagents and conditions : a) KOH, THF/
H2O (1:1); b) HCl, quant (2 steps) ; c) RNH2, HBTU, DMAP, CH2Cl2; d) HCl,
yields shown are the average of two experiments (2 steps).
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lated by filtration, washed with H2O and hexanes and dried in va-
cuo to give the desired compound 8 (32 mg, 69 %) as a dark red
solid: mp: 175 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.44–1.57 (8 H,
m), 1.94 (6 H, s), 2.10–2.23 (4 H, m), 2.40 (6 H, s), 2.55–2.68 (4 H, m),
3.96 (6 H, s), 5.87 (2 H, s), 6.49–6.52 (4 H, m), 6.89 (2 H, s), 7.21 (2 H,
s), 11.49 (2 H, br s), 11.95 ppm (2 H, br s); 13C NMR (125 MHz,
[D6]DMSO): d= 12.6, 16.9, 23.3, 24.2, 33.7, 41.4, 58.5, 95.4, 109.9,
110.6, 116.9, 123.1, 125.8, 126.1, 131.5, 132.9, 136.6, 153.6, 155.2,
166.6, 174.4, 196.1 ppm; MS (ESI�): m/z (%): 851 (100) [M�H]� ;
HRMS: [M�H]� calcd for C44H47N6O8Zn: 851.2752; found 851.2700.


Bis[6-[5-(4-methoxy-1H,1’H-[2,2’]bipyrrolyl-5-ylmethylene)-2,4-di-
methyl-5H-pyrrol-3-yl]-6-oxohexanoic acid phenyl amide] zinc
(II) (9): A solution of 8 (13 mg, 0.02 mmol) in DMSO (0.8 mL) under
N2 was treated consecutively at RT with DMAP (4 mg, 0.03 mmol),
HBTU (12 mg, 0.03 mmol) and aniline (5.5 mL, 0.06 mmol). The reac-
tion mixture was stirred under N2 at RT for 3 days. CH2Cl2 (5 mL)
was added to the suspension, and the organic phase was washed
with sat. NaHCO3 solution (5 mL), 2 % aq. HCl solution (5 mL), H2O
(5 mL) and brine (5 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. After filtration over an
alox pad (CH2Cl2/MeOH, 0!1 %) and recrystallisation from CHCl3/
hexanes, the desired amide 9 (9 mg, 60 %) was obtained as a red
solid: mp: 120 8C; 1H NMR (500 MHz, CDCl3): d= 1.70–1.74 (8 H, m),
2.18 (6 H, s), 2.36–2.38 (4 H, m), 2.55 (6 H, s), 2.75–2.76 (4 H, m), 3.99
(6 H, s), 6.07 (2 H, s), 6.11 (2 H, s), 6.52 (2 H, s), 6.63 (2 H, s), 7.05–7.07
(4 H, m), 7.29–7.31 (2 H, m), 7.36 (2 H, s), 7.62 (4 H, d, J = 7.8 Hz),
8.23 (2 H, s), 9.25 ppm (2 H, s); 13C NMR (125 MHz, CDCl3): d= 13.3,
18.2, 23.5, 25.3, 37.6, 42.1, 58.6, 96.2, 110.9, 114.6, 117.9, 120.0,
123.3, 124.0, 126.5, 126.8, 129.0, 132.2, 133.2, 138.6, 138.7, 155.9
(2C), 167.2, 171.4, 197.8 ppm; MS (ESI�): m/z (%): 1001.3 (100)
[M�H]� ; HRMS: [M�H]� calcd for C56H57N8O6Zn: 1001.3698; found
1001.3662.


6-[5-(4-Methoxy-1H,1’H-[2,2’]bipyrrolyl-5-ylmethylene)-2,4-di-
methyl-5H-pyrrol-3-yl]-6-oxohexanoic acid] hydrochloric salt
(10·HCl): A solution of prodigiosene 2·HCl[15] (70 mg, 0.17 mmol) in
THF (17 mL) under N2 was treated with aq. KOH (17 mL, 5 m) and
stirred at 70 8C under N2 for 24 h. The reaction was then cooled to
RT, the THF was removed in vacuo and the aq solution was adjust-
ed to pH 2 with concd HCl. The precipitate was isolated by filtra-
tion, washed with H2O and hexanes and dried in vacuo to give the
desired prodigiosene 10·HCl (73 mg, 99 %) as a dark red solid: mp:
140 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.49–1.61 (4 H, m), 2.23–
2.24 (2 H, m), 2.42 (3 H, s), 2.71 (3 H, s), 2.77–2.78 (2 H, m), 4.06 (3 H,
s), 6.49 (1 H, s), 6.85 (1 H, s), 7.11 (1 H, s), 7.56 (1 H, s), 7.68 (1 H, s),
12.03 (1 H, br s), 12.56 (1 H, br s), 12.80 (1 H, br s), 12.89 ppm (1 H,
br s) ; 13C NMR: Due to the low solubility properties of 10·HCl no
data was obtained; MS (ESI+): m/z (%): 396.4 (100) [M�Cl]+; HRMS:
[M�Cl]+ calcd for C22H26N3O4 : 396.1918; found 396.1909.
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Amido-Functionalised Prodigiosenes:
Synthesis and Anticancer Properties


Prodigiosin : Amido-functionalised pro-
digiosin-derived compounds were syn-
thesised via a robust and efficient syn-
thetic route. These compounds were
then evaluated against 60 human cell
lines consisting of nine diverse tumour
cell types and their anticancer activities
were assessed.


ChemMedChem 0000, 00, 1 – 4 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &5&


These are not the final page numbers! ��



www.chemmedchem.org






DOI: 10.1002/cmdc.200800424


Surface-Functionalized Ultrasmall Superparamagnetic
Nanoparticles as Magnetic Delivery Vectors for
Camptothecin
Feride Cengelli,[a] Justyna A. Grzyb,[b] Auxia Montoro,[a] Heinrich Hofmann,[c]


Stephen Hanessian,*[b] and Lucienne Juillerat-Jeanneret*[a]


Introduction


The vast majority of clinically used therapies for cancer capital-
ize on differences in the rate of cell replication between tumor-
al and nontumoral cells. In general, therapeutic agents distrib-
ute through the whole body, which results in general toxicity,
a suboptimal concentration of the therapeutic agent in the
tumor and poor therapeutic response.[1] Therefore, in order to
improve cancer treatments, it is necessary to optimize the de-
livery and biodistribution of drugs to diseased organs, tissues
or cells, by devising therapeutic formulations that allow in-
creased localized concentrations of the therapeutic agents in
the target tissues for longer time periods.


Most solid tumors possess defective vascular architecture, in-
creased vascular permeability and leaky vessels. The enhanced
permeability and retention (EPR) effect allows the passage and
distribution of micro/nanoparticulate devices, offering thera-
peutic windows for the delivery of drug substances. To take
advantage of these defects in tumor vasculature, drugs have
been linked to macromolecular structures, polymers or micro/
nanocarriers as vectors.[2–7] However, the retention time in dis-
eased tissue is generally low. Therefore, it is imperative that
nanoparticulate drug carriers are capable of residing in defined
locations for longer periods of time, while releasing therapeu-
tic agents in the appropriate environment at the requisite rate
and dose.


Sustained and elevated tissue concentrations were achieved
with intra-articularly administered ultrasmall superparamagnet-
ic iron oxide nanoparticles (USPIOs) when an external magnet
was applied on the joint.[8] Colloidal dispersions of USPIOs add
a unique function to nanoparticles due to their magnetic prop-
erties.[9–12] A strategically interesting way to achieve site-selec-
tive delivery is by chemical attachment of therapeutic agents
to USPIOs via a cell-specific labile linkage, and steering the


drug–USPIO assembly to specific diseased areas in the body
under the influence of an external magnetic field. This implies
that the drug–nanoparticle assembly must be internalized by
cells, that this uptake be enhanced by an external magnetic
field, and subsequently, that the drug be released intracellular-
ly to exert its expected therapeutic effects.


The design, preparation and evaluation of magnetic nano-
particles displaying drugs at their surface are only in their early
phase of development.[7] Creating the toolbox of anticancer
molecules that can be hierarchically assembled into an or-
dered, spatially and chemically defined architecture at the sur-
face of magnetically active nanoparticles is a major synthetic
challenge. The attachment of drugs to biocompatible USPIOs
through ester linkages that can be cleaved by esterases once
inside a cancer cell would offer a possible solution to selective
drug delivery.[13] The potential of drug delivery based on mag-
netically activated nanoparticles has been evaluated in vivo


The linking of therapeutic drugs to ultrasmall superparamag-
netic iron oxide nanoparticles (USPIOs) allowing intracellular re-
lease of the active drug via cell-specific mechanisms would
achieve tumor-selective magnetically-enhanced drug delivery.
To validate this concept, we covalently attached the anticancer
drug camptothecin (CPT) to biocompatible USPIOs (iron oxide
core, 9–10 nm; hydrodynamic diameter, 52 nm) coated with
polyvinylalcohol/polyvinylamine (PVA/aminoPVA). A bifunction-
al, end-differentiated dicarboxylic acid linker allowed the at-


tachment of CPT to the aminoPVA as a biologically labile ester
substrate for cellular esterases at one end, and as an amide at
the other end. These CPT–USPIO conjugates exhibited antipro-
liferative activity in vitro against human melanoma cells. The
intracellular localization of CPT–USPIOs was confirmed by
transmission electron microscopy (iron oxide core), suggesting
localization in lipid vesicles, and by fluorescence microscopy
(CPT). An external static magnetic field applied during expo-
sure increased melanoma cell uptake of the CPT–USPIOs.
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with significant advantages, in-
cluding the possibility of achiev-
ing targeted delivery and de-
creased off-target effects.[14–20]


For example, the covalent at-
tachment of methotrexate at the
surface of USPIOs and its release
in vivo by lysosomal proteases
has led to a study of its thera-
peutic potential.[21–23] However,
to the best of our knowledge,
the attachment and delivery of
ester-linked anticancer agents to
USPIOs has not been exploited
successfully.


The plant alkaloid camptothe-
cin (CPT) and its analogues are
specific inhibitors of the nuclear
DNA topoisomerase I,[24, 25] and
are active as cytostatic drugs
against many solid tumors, in-
cluding melanoma.[26] To im-
prove the low solubility of CPT, chemical modifications, conju-
gation to polymers, intercalation into liposomes, solubilization
in microemulsions, and entrapment in microspheres and micel-
lar colloidal particles have been studied.[27, 28]


We have previously reported the preparation and characteri-
zation of various USPIOs coated with polyvinylalcohol/polyvi-
nylamine mixtures, which were internalized by nonphagocytic
human tumor cells.[29–31] Bifunctional linkers to which the anti-
cancer drugs doxorubicin or 5-fluorouridine were attached by
either amide or ester linkages were also previously reported.[32]


In the present work, we studied the efficacy of the potent anti-
cancer agent CPT attached as an ester to an amide-linked bi-
functional spacer to aminoPVA polymers containing USPIOs.
Herein, we report the uptake of such CPT–USPIO conjugates,
their effect on cells, and the potential utility of an external
magnet to enhance their uptake in human melanoma cancer
cells.


Results and Discussion


Chemistry


Firstly, CPT was covalently attached via its hydroxyl group at
position 20 to the aminoPVA polymer through an end-differen-
tiated azido dicarboxylic acid linker 1.[32] This linker contains
two carboxylic acid groups, which were used for attachment of
CPT at one end, and coupling to the aminoPVA at the other,
prior to addition of the ferrofluid to formulate the final CPT–
USPIOs 4 (Scheme 1). Esterification of the tertiary alcohol of
CPT was done in the presence of EDC and DMAP. Cleavage of
the Me3Si ethyl ester gave the carboxylic acid 2, which was
coupled with aminoPVA in aqueous DMF to give the CPT–
linker conjugate 3. The product was purified by dialysis and re-
sidual free drug was removed from a lyophilized white solid by
repeated trituration with CH2Cl2. In order to quantify the


amount of drug linked to the polymer, an azide group was in-
corporated in the linker to calculate the ratio of the area under
the azide peak at 2100 cm�1 to that of a reference peak in the
aminoPVA at 1100 cm�1 in the IR spectra of coupled products,
as previously described.[32] This method demonstrated that
24 % of the amino groups of the aminoPVA were substituted
by CPT.


Preparation and characterization of CPT–USPIOs 4


Superparamagnetic iron oxide nanoparticles (9 nm iron oxide
core, ferrofluid) were prepared by alkaline coprecipitation of
ferric and ferrous salts, as previously described.[29–31] The CPT–
USPIO conjugate 4 was prepared by adding the ferrofluid to
mixtures of PVA/aminoPVA/CPT–linker–aminoPVA 3 to obtain
homogeneous amber-brown colored solutions. We previously
showed that USPIO conjugates coated with PVA/aminoPVA at
a ratio of 45:1 (w/w) and a polymer/iron ratio of 10:1 (w/w),
with a defined positivity, are biocompatible and efficiently
taken up by cells.[29–31] Therefore, a constant ratio of total poly-
mer to iron of 10 was maintained, and the positively charged
surface of CPT–USPIO conjugate 4 was maintained by compen-
sating for the loss of the amino groups of the aminoPVA (due
to drug substitution) by increasing the ratio of aminoPVA to
PVA during coating of the ferrofluid (Table 1).


The hydrodynamic size and surface charge determined by
photon correlation spectroscopy (PCS), electrophoretic mobili-
ties (charge/size ratio) and zeta (z) potential of the CPT–USPIO
conjugate 4 and the model aminoPVA-USPIOs[30] were very
comparable (Table 2). The physicochemical characteristics of
CPT–USPIO conjugate 4 were consistent with their expected
composition. CPT–USPIO conjugate 4 had comparable particle
size and size distribution to aminoPVA-USPIOs as measured by
PCS, but slightly lower charge positivity.


Scheme 1. Reagents and conditions : a) camptothecin, EDC, DMAP, CH2Cl2, RT, o/n; b) TFA/CH2Cl2 (1:1), RT, 40 min;
c) EDC, HOBt, aminoPVA, DMF/H2O, RT, 1 d; d) ferrofluid.
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Cellular assays


The human Me300 melanoma
cells were selected from a panel
of human cancer cells for their
high uptake of aminoPVA-USPIO
and CPT–USPIO. To evaluate the
stability of the CPT–USPIO conju-
gate 4 at physiological pH, gel
filtration was performed at pH 7,
and the elution profile of iron
and PVA was compared to the
fluorescence associated with CPT
(Figure 1). The CPT–USPIO conju-
gate 4 eluted as a major single
high molecular weight fraction
encompassing iron, PVA and CPT
(Figure 1 a). The gel filtration
fractions were evaluated for bio-
logical activity and revealed that
a peak corresponding to a major
high molecular weight compo-
nent, combining CPT, the PVA
polymer and iron, corresponding
to CPT–USPIO conjugate 4, effi-
ciently decreased DNA synthesis
in melanoma cells (Figure 1 a,
insert).


A minor, iron-negative and
PVA-negative, lower molecular
weight peak exhibited some effi-
cacy in inhibiting DNA synthesis
in melanoma cells (Figure 1 a,
insert), suggesting only minimal
hydrolytic release of CPT from
the carrier at this pH over time,
which alone can not account for


the observed effects. AminoPVA-USPIOs had no effect on DNA
synthesis in melanoma cells (results not shown). In order to de-
termine whether the bulky structure of CPT–USPIO conjugate
4 could be a substrate for melanoma cell esterases, it was ex-
posed to human Me300 melanoma cell extracts and the specif-
ic CPT fluorescence, as well as iron and PVA, were evaluated by
gel-filtration (Figure 1 b). The results clearly demonstrated an


important increase in free CPT
fluorescence in the low molecu-
lar weight fractions, providing
evidence that the ester bond
linking CPT to the USPIOs via
the linker was accessible to cel-
lular esterases of human melano-
ma cells, and that these esteras-
es have the potential to release
the drug from the nanoparticle–
linker carrier, despite the bulky
structure of the conjugate.


Table 1. Quantitative composition determination of the CPT–USPIOs 4.[a]


CPT–aminoPVAACHTUNGTRENNUNG[%, w/v]
PVAACHTUNGTRENNUNG[%, w/v]


aminoPVAACHTUNGTRENNUNG[%, w/v]
IronACHTUNGTRENNUNG[%, w/v]


CPT
[mm]


CPT–USPIOs 4 0.8 37.5 0.2 3.8 357


[a] The substitution by CPT of the amino groups of the aminoPVA repre-
sented 24 % of the total number of amino groups.


Table 2. Size, amino group concentration, electrophoretic mobility and z-potential of the amino-USPIOs and
CPT–USPIOs 4.


Size[a]


[nm]
Free amino groups[b]


[mm]
Mobility


[10�8 ms�1 V�1 m]
z-potential


[mV]


aminoPVA-USPIOs 56.4�4.1 1.59 1.33�0.04 17.0�0.5
CPT–USPIOs 4 52.1�7.7 1.49 0.42�0.13 6.4�1.3


[a] Nanoparticle hydrodynamic diameter. [b] Residual free amino groups on the aminoPVA were calculated
from the known number (2.5 % N, w/w) of amino groups in unfunctionalized aminoPVA and the number of
bound CPT per aminoPVA.


Figure 1. The CPT–USPIOs were gel filtrated on Sephadex G-75 in PBS at pH 7. Iron and PVA were quantified at
690 nm by Prussian blue and iodine reactions, respectively, and camptothecin (CPT) by fluorescence in H2O at lex/
lem of 360/460 nm. a) Gel filtration of CPT–USPIOs 4 ; Iron (&) ; PVA (^) ; CPT (~). Insert : biological activity of the gel
filtration fractions evaluated by inhibition of DNA synthesis in human Me300 melanoma cells (3HT incorporation
[cpm]) (*). b) Evaluation by gel filtration of the release of CPT from CPT–USPIOs 4 pre-incubated for 24 h at 37 8C
with PBS extract of Me300 cells. Iron (&) ; PVA (^) ; CPT (~).
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The amount of CPT–USPIO conjugate 4 taken up by human
Me300 melanoma cells after 16 h and 36 h as a function of the
number of nanoparticles added was determined by the
amount of cell-associated iron and cell-associated CPT fluores-
cence (Figure 2 a and b, inserts) as compared with that of the
previously described aminoPVA-USPIOs.[30] After 16 h, the
uptake of aminoPVA-USPIOs and CPT–USPIO conjugate 4 was
comparable (Figure 2 a). However, after 36 h, uptake of cyto-
toxic conjugate 4 continued to increase in the still-surviving
cells, whereas the uptake of noncytotoxic aminoPVA-USPIOs
had ceased due to saturation (Figure 2 b). Histological determi-


nation of cell-associated iron (Figure 2 c) and CPT fluorescence
(Figure 2 d) showed incorporation of CPT–USPIO conjugate 4 in
the melanoma cells. The intracellular localization of the iron
oxide core of the conjugate 4 in cell organelles was further
demonstrated by transmission electron microscopy (TEM) (Fig-
ure 2 e). The appearance of the vesicles was suggestive of lipid
vesicles. In order to confirm the localization of CPT–USPIO 4 in
melanoma cells, histological staining for lipids (Figure 3 a
and b), TEM imaging (Figure 3 c) and elemental analysis of
USPIO containing granules (Figure 3 d) were performed, strong-
ly suggesting localization of CPT–USPIO in lipid vesicles.


Figure 2. Human Me300 melanoma cells were exposed for a) 16 h or b) 36 h to increasing concentrations of the CPT–USPIOs 4 or aminoPVA-USPIOs and cell
iron content was determined. CPT–USPIOs 4 (&) ; aminoPVA-USPIOs (�). The uptake by cells of CPT associated to the USPIOs was determined by its specific
cell-associated fluorescence in the intact cell layer (&, inserts). The uptake of CPT–USPIOs (0.7 mm CPT in CPT–USPIOs, 8 mg Fe mL�1) after 36 h was also exam-
ined in parallel cultures of Me300 cells grown on histological slides: c) histological Prussian blue reaction; d) CPT cell-associated characteristic fluorescence;
and e) transmission electron microscopy (TEM) demonstrating the iron oxide core of the CPT–USPIOs in intracellular organelles (%).
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The effect of CPT–USPIO con-
jugate 4, compared with free
CPT, on the survival of human
melanoma cells was evaluated
using the Alamar Blue reaction
and DNA synthesis (Figure 4).
The effect of free CPT either on
DNA synthesis or cell survival
was already apparent after 16 h
exposure (Figure 4 a) and was
enhanced after 36 h (Figure 4 b).
As expected for this type of anti-
cancer agent, inhibition of DNA
synthesis preceded decrease in
cell survival, which was apparent
only after 36 h of exposure (Fig-
ure 4 b). The time dependency of
antiproliferative activity of CPT–
USPIO conjugate 4 was slower
than that of free CPT.


Due to the superparamagnetic
properties of USPIOs, we expect-
ed the local concentration at the
cell surface and/or uptake by
cells of CPT–USPIO conjugate 4,
compared to free CPT, to be en-
hanced by applying an external
magnetic field. An experimental
system was devised consisting
of a 48-well plate whose wells
were filled with round static
magnets and inserted under a
similar 48-well plate containing
the human melanoma cells (Fig-


Figure 3. Human Me300 melanoma cells were exposed to CPT–USPIOs (8 mg Fe mL�1, 0.7 mm CPT) for 36 h, and
a) stained by Sudan for lipid visualization (brownish spots, see b) for magnification) or c) examined by TEM imag-
ing. d) Elemental analysis of iron was also performed.


Figure 4. Human Me300 melanoma cells were exposed for a) 16 h or b) 36 h to increasing concentrations of CPT or the CPT–USPIOs 4 and either cell survival
(Alamar Blue reduction, AlaB) or DNA synthesis ([3H]-thymidine incorporation, 3HT) were determined. CPT–USPIOs 4 (AlaB) (^, g) ; CPT–USPIOs 4 (3HT) (^,
c) ; free CPT (AlaB) (~, g) ; free CPT (3HT) (~, c).
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ure 5 a). The loss of the magnetic field as a function of the dis-
tance to the magnet was calculated (Figure 5 b). Under the ex-
perimental conditions, the cell layer was exposed to a 265 mT
magnetic field that decreased almost linearly to reach less


than 100 mT at the surface of the cell culture medium. The re-
sults clearly demonstrated that exposure to the magnetic field
increased the binding of the conjugate 4 to human melanoma
cells as measured by cell-associated iron (not shown) and CPT
fluorescence (Figure 6 a). Thus, the superparamagnetic proper-
ties of drug–USPIOs with an iron oxide core of ~10 nm in-
creased cell-associated iron and drug content. However,
whereas the magnetic field increased cell content of the conju-
gate 4, the time-dependent antiproliferative effect of the con-
jugate was not increased (Figure 6 b and c). This information
strongly suggests that the limiting rate for antiproliferative effi-
cacy is not the uptake of these drug–USPIOs by cells, but the
release of the drug from its nanoparticulate carrier via an ester-
olytic step, and its diffusion out of the cell organelle(s) and
into the cell nucleus.


Conclusions


In summary, a viable synthetic route to USPIOs containing a
polymer, a linker and a covalently linked anticancer drug (CPT)
have been examined in this study. We demonstrated that a hi-


erarchical building of a covalent drug–USPIO assembly is possi-
ble, even for highly hydrophobic drugs like CPT. The uptake of
the CPT–USPIOs by human melanoma cells resulted in de-
creased cell survival as estimated from the decrease in meta-
bolic activity and DNA synthesis after long-term exposure. The
exposure of the melanoma cell layer to a permanent static
magnet increased the amount of cell-associated CPT–USPIOs in
melanoma cells, suggesting that the same effect could be ach-
ieved in vivo. However, the rate-limiting step for therapeutic
efficacy is the bioprocessing of these superparamagnetic vec-
tors by cellular mechanisms. The cell uptake mechanisms, the
accessibility of the conjugate to esterolytic enzymes for drug
release, and the intracellular routing of these CPT–USPIO as-
semblies are of utmost importance and must be collectively
considered for efficient drug delivery. Further studies in this
fascinating area of magnetically-directed drug delivery are
under active investigation and will be reported in due course.


Experimental Section


Chemistry


General


All commercially available reagents were used without further pu-
rification. All reactions were performed under nitrogen atmos-
phere. NMR (1H, 13C) spectra were recorded on Bruker ARX-400, AV-
300 and AV-400 RG spectrometers. Low- and high-resolution mass
spectra were recorded using electrospray technique. Optical rota-
tions were recorded on a Perkin–Elmer Model 343 polarimeter in a
1 dm cell at room temperature. Analytical TLC was performed on
precoated silica gel plates. Flash column chromatography was per-
formed using (40–63 mm) silica gel. IR was measured on a Perkin–
Elmer Spectrum One FT-IR spectrometer. IR spectra of organic com-
pounds were taken as films, while of polymer mixtures were taken
after an aqueous polymer sample was mixed with KBr and lyophi-
lized to give a fine powder that was pressed into a disk.


Nanoparticle synthesis


[2-Azidomethyl-3-(4-ethyl-3,13-dioxo-3,4,12,13-tetrahydro-1H-2-
oxa-6,12a-diaza-dibenzo ACHTUNGTRENNUNG[b,h]fluoren-4-yloxycarbonylmethoxy)-2-
methyl-propoxy]-acetic acid (2): The synthesis and characteriza-
tion of 1 has been previously described.[32] A solution of 1 (0.093 g,
0.26 mmol) in CH2Cl2 (3.5 mL) was treated with camptothecin
(0.060 g, 0.17 mmol), DMAP (0.015 g, 0.12 mmol) and EDC (0.132 g,
0.69 mmol) and the reaction mixture was stirred overnight at RT.
The solvent was evaporated and the residue was purified by
column chromatography (CHCl3/MeOH, 100:0!99:1) to give the
coupled product as a yellow solid (0.109 g, 92 %); mp 112–114 8C;
1H NMR (300 MHz, CDCl3): d= 8.40 (1 H, s), 8.22 (1 H, d, J = 8.5 Hz),
7.94 (1 H, d, J = 8.1 Hz), 7.87–7.81 (1 H, m), 7.70–7.65 (1 H, m), 7.21
(1 H, d, J = 1.3 Hz), 5.67 (1 H, d, J = 17.2 Hz), 5.39 (1 H, d, J = 17.2 Hz),
5.29 (2 H, s), 4.34–4.16 (4 H, m), 4.10–3.98 (2 H, m), 3.46–3.30 (6 H,
m), 2.36–2.11 (2 H, m), 1.04–0.94 (8 H, m), 0.04–0.01 ppm (9 H, m);
13C NMR (75 MHz, CDCl3): d= 170.5, 169.5, 167.3, 157.3, 152.3,
148.9, 146.5, 145.5, 131.3, 130.8, 129.6, 128.5, 128.3, 128.2, 128.1,
120.3, 95.9, 76.4, 74.5, 74.1, 68.8, 68.4, 67.2, 63.1, 55.2, 50.0, 41.1,
31.9, 17.8, 17.4, 7.6, �1.5 ppm; IR (neat/NaCl): ñ= 2950, 2102, 1755,
1672, 1623, 1128 cm�1; LRMS (ESI): m/z [MH]+ 692.


Figure 5. Experimental setting: magnetic flux density [mT] as a function of
the distance to the magnet surface [mm]. Magnet (0 mm): 424 mT; cell layer
(2.8 mm): 212 mT; upper level of the CPT–USPIOs solution in the culture
wells (6 mm): 85 mT.
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The ester (0.109 g, 0.16 mmol) was dissolved in TFA/CH2Cl2 (1:1,
6 mL) and stirred at RT for 40 min. The solvent was removed in va-
cuo and traces of TFA were removed by co-evaporating with
MeOH. Column chromatography (CH2Cl2/MeOH, 9:1) gave the de-
sired product 2 as an off-white solid (0.082 g, 88 %). Warning; CHCl3


or CDCl3 may cause decomposition of this compound ; 1H NMR
(400 MHz, [D6]DMSO): d= 8.66 (1 H, s), 8.15–8.08 (2 H, m), 7.85 (1 H,
t, J = 7.7 Hz), 7.69 (1 H, t, J = 7.4 Hz), 7.12 (1 H, s), 5.53 (2 H, s), 5.26
(2 H, s), 4.55–4.27 (2 H, m), 3.92 (2 H, s), 3.42–3.26 (6 H, m), 2.20–2.12


(2 H, m), 0.94 (3 H, t, J = 7.1 Hz), 0.89 ppm (3 H, s); 13C NMR
(100 MHz, [D6]DMSO): d= 171.7, 169.4, 167.1, 156.5, 152.3, 147.9,
146.1, 145.1, 131.5, 130.4, 129.8, 128.9, 128.5, 128.0, 127.7, 118.8,
94.9, 76.3, 73.9, 73.3, 68.2, 67.9, 66.3, 54.8, 50.2, 40.6, 30.2, 17.5,
7.5 ppm; IR (neat/NaCl): ñ= 3400, 2931, 2102, 1755, 1661, 1615,
1129 cm�1; LRMS; (ESI): m/z [MH]+ 592; HRMS (ESI): m/z
[MH]+ calcd for C29H29N5O9 592.2038, found 592.2029; [MNa]+ calcd
for C29H29N5O9Na 614.1857, found 614.1832.


Figure 6. a) Human Me300 melanoma cells were grown in 48 well-plates and exposed for 16 h or 36 h to CPT–USPIOs (21 mg Fe mL�1) either in the absence of
or on a permanent static magnet, then CPT uptake by cells was quantified by fluorescence at 360/460 nm. (&): 16 h without magnet; (&): 16 h with magnet;
(~): 36 h without magnet; (~): 16 h with magnet, followed by 20 h without magnet. After exposure with or without a permanent static magnet of human
Me300 melanoma cells to CPT–USPIOs 4, b) cell survival was ascertained by Alamar Blue staining (g) or c) DNA synthesis by melanoma cells was deter-
mined by [3H]-thymidine incorporation (c) performed during the 2 last hours. (&): 16 h without magnet; (&): 16 h with magnet; (~): 36 h without magnet;
(~): 16 h with magnet, followed by 20 h without magnet.
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CPT–linker-aminoPVA (3): A solution of 2 (21.1 mg, 0.0357 mmol),
HOBt (4.8 mg, 0.0357 mmol) and EDC (13.7 mg, 0.0714 mmol) in
DMF (714 mL, final concentration 0.05 m) was stirred for 60 min. A
solution of aminoPVA in DMF/H2O (1:1, 2.0 mL, 10 mg mL�1,
2.5 % N, w/w, 0.0357 mmol) was added and the reaction solution
adjusted to pH~6.5 with HCl (0.1 n) and/or NaOH (0.1 n) as
needed. The mixture was stirred at RT for 1 day. After 16 h the so-
lution was adjusted to the pH 6.5 if necessary. The solution was
then dialyzed (Spectra/Por 6 dialysis membrane, MWCO 3500)
against NaCl (0.2 n) for 3 days and then against H2O for 2 days
changing the solution twice daily. The dialyzed solution was further
extracted multiple times with CH2Cl2 until TLC analysis (CH2Cl2/
MeOH, 9:1) of the CH2Cl2 extracts was free of spots. Lyophilization
of the crude material gave 3 as a white solid (3.7 mg).


Preparation of CPT–USPIO (4): Superparamagnetic iron oxide
nanoparticles (ferrofluid) were prepared according to previously
described methods.[29–31, 33, 34] Briefly, ferrofluid was prepared by al-
kaline co-precipitation of FeCl3 (0.086 m) and FeCl2 (0.043 m) (Fluka,
Buchs, Switzerland). After washing with H2O, the black precipitate
was refluxed in nitric oxide (0.8 m)–FeACHTUNGTRENNUNG(NO3)3·9 H2O (0.21 m) (Fluka)
for 1 h. The reaction was cooled and the brown precipitate dis-
persed in H2O and dialyzed for 2 days against HNO3 (0.01 m). This
ferrofluid was mixed with PVA (3–83, Mowiol, 7600 g mol�1, courte-
sy of Clariant) and aminoPVA (M12, Erkol, 20 000 g mol�1, courtesy
of Erkol) as described previously[29, 30] to obtain aminoPVA-USPIOs,
and the pH was adjusted to 7.0. For the experiments described
here, the ratio of total polymer to iron was 10 (mass ratios). As pre-
viously described,[30] for aminoPVA-USPIOs the mass ratio of PVA to
aminoPVA copolymer was 45. For the preparation of CPT–USPIOs,
the ferrofluid was mixed in ultrapure H2O with PVA, aminoPVA co-
polymer and CPT–linker–aminoPVA 3 at defined ratios (Table 1),
then the CPT–USPIOs 4 were stabilized at pH 6–7.


Physical characterization of CPT–USPIO 4


Particle sizes were measured by photon correlation spectroscopy
(PCS) using a Brookhaven apparatus equipped with a BI-9000AT
digital autocorrelator instrument and a He-Ne laser beam at a
wavelength of 661 nm (scattering angle of 908). The CONTIN
method was used for data processing. Viscosity and refraction
index of pure water were used for size distribution calculation.
Coated-USPIOs were diluted 51 fold in 0.01 m HNO3 in ultra pure
water pre-filtered on 20 nm ceramic filters (Whatman, Anodisc 25).
The same setting equipped with platinum electrodes was used for
electrophoretic mobility measurements and z-potential was calcu-
lated using the Smoluchowski approximation. The electrodes were
cleaned for 5 min in an ultrasonic bath prior to each measurement.


Gel filtration experiments


Samples of 15 mL of CPT–USPIOs were applied to a Sephadex G-75
column (0.6 � 19 cm, Pharmacia, Uppsala, Sweden) equilibrated in
NaH2PO4·2H2O (25 mm) and NaCl (0.15 m) at pH 7.0, prefiltered
through a 0.22 mm filter (Millex GP, Millipore), at RT with a flow rate
of 20 mL h�1. The fractions were analyzed for Fe, PVA and fluores-
cence. For Fe determination, 50 mL of each fraction was mixed with
HCl (50 mL, 6 n) for 1 h at RT and a solution of K4[Fe(CN)6·3 H2O]
(100 mL, 5 %) was added for 30 min. Absorbance was read at
690 nm in a multiwell plate reader (Labsystems iEMS Reader MF,
BioConcepts, Allschwil, Switzerland) and Fe was quantified from a
standard curve of aminoPVA-USPIOs treated under the same condi-
tions. For PVA quantification, 110 mL of distilled water and 70 mL of
a iodine solution (0.45 % KI, 0.225 % I2 and 3.6 % H3BO3 (w/v)) were


added to 20 mL of each fraction and incubated at RT for 30 min.
Absorbance was read at 690 nm in a multiwell plate reader and
the amount of PVA was quantified from a standard curve of PVA
treated under the same conditions. The fluorescence of CPT (in
water) was measured at lex/lem of 360/460 nm in a multiwell plate
reader (CytoFluor, Series 4000, PerSeptive Biosystems).


Cellular assays


Cells and cell treatment : The Me300 human melanoma cell line
(donated by D. Rimoldi, Ludwig Institute, Lausanne, Switzerland)
was grown in RPMI 1640 medium containing 10 % fetal calf serum
(FCS) and antibiotics (all from Gibco, Invitrogen, Basel, Switzerland)
at 37 8C and 6 % CO2. Two to three days prior to experiments, the
cells were detached with trypsin–EDTA (Gibco), centrifuged and
grown in complete medium in 48-well or 96-well plates (Costar,
Corning, NY, USA), in order to reach 60–80 % confluence on the
day of experiment. Fresh complete medium was added prior to ex-
posure to the drugs for the concentration and time indicated.
Stock solutions of (S)-(+)-CPT (Sigma–Aldrich, Buchs, Switzerland)
in DMSO (20 mm) were prepared. DMSO at the same concentration
was used as a control for CPT experiments. Experiments were per-
formed in triplicate wells. [3H]-Thymidine incorporation was mea-
sured to quantify DNA synthesis and Alamar Blue reduction was
used to determine cell viability (see below). Alternatively, the cell
layers were washed twice with saline and cellular iron content was
quantified using the Prussian blue method and drug content by
measuring drug fluorescence (see below).


Evaluation of cell viability and DNA synthesis : To quantify meta-
bolically active cells, 10 % Alamar blue (Serotec, D�sseldorf, Germa-
ny) was added to the cell culture medium and fluorescence in-
crease was directly measured in a multiwell fluorescence reader
(lex/lem = 530 nm/580 nm) after 2 h at 37 8C. To assess for DNA syn-
thesis, 1 mCi mL�1 [3H]-thymidine (Amersham Pharmacia, D�ben-
dorf, Switzerland), was added for the last 2 h of exposure to com-
pounds and incorporation was quantified in a beta-counter (Rack-
beta, LKB) after precipitation with 10 % trichloracetic acid and solu-
bilization in 0.1 n NaOH and 1 % sodium dodecylsulfate (SDS).


Total cell-bound iron and drug determination : The quantification
of cell-associated nanoparticles was determined by cell iron con-
tent and histological determination of iron by Prussian blue reac-
tion, performed as previously described.[30, 31] Briefly, for quantita-
tion of cell iron content, the cell layer was dissolved for 1 h in 6 n


HCl (125 mL well�1 of a 48-well plate), then 125 mL of a 5 % solution
of K4[Fe(CN)6]·3H2O in H2O was added for 20 min and the absorb-
ance was read at 690 nm in a multiwell plate reader. A standard
curve of aminoPVA-USPIOs in 6 n HCl was treated in the same con-
ditions to quantify the amount of cell-bound iron and the number
of USPIOs added to or taken up by cells was calculated as previ-
ously described,[26] assuming a mean diameter of the iron oxide
core of 9�3 nm. Cell-associated drug was determined in lysed
cells by measuring fluorescence intensity in 0.1 n NaOH and 1 %
SDS at lex/lem of 360 nm/460 nm in a multiwell fluorescence plate
reader. Histological determination of the cell-associated iron and
CPT fluorescence in intact cells was performed on cells grown on
histological slides. Following exposure to CPT–USPIOs 4, the cell
layers were extensively washed in PBS then slides were fixed in
100 % cold EtOH for 10 min at 4 8C, dehydrated in graded alcohol
to xylol and mounted. Samples were examined under a fluores-
cence microscope (Axioplan2, Carl Zeiss, AxioCam MRm camera,
AxioVision Rel. 4.6 logiciel, Feldbach, Switzerland) and filter set at
365 nm excitation light (BP 365/12, FT 395, LP 397). Histological
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cell-associated iron determination by Prussian blue reaction was
performed as previously described.[30] Briefly, the cell layer was ex-
posed for 15–30 min at RT to a 1:1 solution of 1 n HCl and 2.5 %
K4[Fe(CN)6] in H2O, washed with distilled water, counterstained
with nuclear fast red, dehydrated in graded alcohol and mounted.


Histochemical determination of lipids and camptothecin : Cells
were grown on histological slides then exposed to CPT–USPIO 4.
Cell layers were fixed in 70 % alcohol and exposed for 2 min to a
Sudan solution (water/EtOH/acetone, 3:7:10; 0.7 % (w/v) Sudan III
(Fluka, Buchs, Switzerland), 0.7 % (w/v) Sudan IV (BDH Chemicals
Ltd. , Poole, England), sequentially washed in 70 % alcohol, tap
water, and counterstained with hematoxylin, then mounted in an
aqueous mounting medium (Immu-mount, Thermo Scientific, Pitts-
burgh, USA). Slides were photographed under a Nikon digital
camera (DXM 1200; Nikon Corporation, Tokyo, Japan).


Enzymatic digestion of CPT–USPIOs 4 and evaluation of drug re-
lease : The release of CPT from CPT–USPIO conjugate 4 was evalu-
ated by harvesting confluent layers of human Me300 melanoma
cells. The cells were scraped from the plates and extracted with
phosphate/NaCl buffer (pH 7.4) by three cycles of freeze-thaw in
liquid nitrogen. Two volumes of CPT–USPIO 4 were exposed for
24 h at 37 8C to one volume of cell extract, centrifuged for 5 min at
1000 rpm, and the supernatant (20 mL) was applied to a Sephadex
G-75 column in phosphate buffer (pH 7), and the eluting fractions
were monitored for iron, PVA and CPT.


Transmission electron microscopy : Me300 cells were grown in
complete medium in a 25 cm2 flask (Nunclon, from Milian, Geneva,
Switzerland) in order to reach 70–80 % confluence on the day of
experiment. Fresh complete medium was added prior to exposure
to CPT–USPIOs 4 for the concentration and time indicated. Cells
were washed twice with PBS and 1 mL trypsin/versene (Gibco) was
added for 5 min at 37 8C. Cells were centrifuged (5 min, 1000 rpm)
and the supernatant was removed. The cell pellet was fixed in 2 %
glutaraldehyde buffered in 0.05 m cacodylate and centrifuged. Cells
were kept in fixative solution for 48 h, then washed three times
with 0.2 m cacodylate, postfixed in 1.3 % osmium tetroxide in 0.2 m


cacodylate for 1 h and dehydrated in graded EtOH, then propylene
oxide. Cell pellets were embedded in epon (50 % (w/w) epon 812
substitute, 26 % (w/w) dodecenylsuccinic anhydride (DDSA), 23 %
(w/w) methylnadic anhydride (MNA), 1 % (w/w) 2,4,6-tris(dimethyla-
minomethyl)phenol (DMP-30)). All reagents were purchased from
Fluka. Blocks were cured for 48 h at 60 8C, thin sections (50 nm)
were cut using an ultramicrotome (Ultracut E, Reichert-Jung Opti-
sche Werke AG, Wien, Austria) and mounted on 3 mm 200-mesh
copper grids. Grids were stained using a standard two-step uranyl
acetate/lead citrate (Fluka and Lavrylab, Saint-Fons, France) tech-
nique (Leica EM Stain) and then examined and photographed at
80 kV with a Philips CM10 transmission electron microscope com-
bined with a MegaView III, Soft Imaging system. Elemental analysis
of iron was performed using an electron Detection X-ray (EDAX,
EDX-4), coupled to the CM12 transmission electron microscope.


Magnetic activation of CPT–USPIOs 4 : The cells were detached
with trypsin/versene (Gibco), centrifuged and grown in complete
medium in 48-well plates (Costar) excluding the external wells of
the plate, in order to reach 60–80 % confluence on the day of ex-
periment. Fresh complete medium was added prior to exposure to
the drugs for the concentration and time indicated at 37 8C and
6 % CO2 without or with exposure to a static magnetic field. The
magnetic field exposure was obtained by incubating the cells in
the cell culture incubator onto 48 magnets inserted into the wells


of a 48-well plate. Cylindrical (10 mm diameter, 5 mm height)
NdFeB/N35 neodymium-boron-iron permanent magnets, magne-
tized axially and coated with Ni (Maurer Magnetic, Grçningen, Swit-
zerland) were used (remanence, Br = 1.2 T). Under this experimental
setting, the cell layer is located ~2 mm from the magnets and the
upper layer of the culture medium containing the CPT–USPIOs is
located 6 mm away from the magnet. At the level of cells (~2 mm
from the surface of the magnets) a magnetic flux density of
265 mT and a field gradient of 72 T m�1 was induced (calculated
using vizimag 3.5, http://www.vizimag.com). In order to obtain
almost identical magnetic field conditions, the external wells of the
cell plate were not used. After the incubation period, the cell
layers were treated as above.


Calculation of results : Each experiment was repeated in triplicate
wells at least twice. Means and standard deviation were calculated.
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Surface-Functionalized Ultrasmall
Superparamagnetic Nanoparticles as
Magnetic Delivery Vectors for
Camptothecin


Drug–nanoparticle conjugates : The an-
ticancer drug camptothecin (CPT) was
covalently linked at the surface of ultra-
small superparamagnetic iron oxide
nanoparticles (USPIOs) via a linker, al-
lowing drug release by cellular esteras-
es. Nanoparticles were hierarchically
built to achieve magnetically-enhanced
drug delivery to human cancer cells and
antiproliferative activity.


ChemMedChem 0000, 00, 1 – 11 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &11&


These are not the final page numbers! ��



www.chemmedchem.org






DOI: 10.1002/cmdc.200900034


Synthetic Multimeric Heptyl Mannosides as Potent
Antiadhesives of Uropathogenic Escherichia coli
S�bastien G. Gouin,*[a] Adinda Wellens,[b, c] Julie Bouckaert,[b, c] and Jos� Kovensky[a]


The initial adhesion of pathogenic bacteria to mammalian tis-
sues is mediated by weak carbohydrate–lectin interactions,
typically with affinities in the millimolar range. Multivalent pre-
sentation of the sugar epitopes at the surface of the host cells
allows the binding to become sufficiently strong for the at-
tachment of microbes or viruses. The Gram-negative bacteria
Escherichia coli can express several adhesive organelles such as
pili or fimbriae, containing lectins termed adhesins, that inter-
act with specific glycans on the host cells.[1] Although for many
years the bacterium was simply considered to be a commensal
organism of the large intestin, E. coli is also associated with a
number of infectious diseases. Among them, urinary tract in-
fections (UTIs) are a serious health problem affecting millions
of people each year. Women are particularly prone to UTIs be-
cause uropathogenic E. coli (UPEC) can reach the bladder more
easily. Most uncomplicated UTIs can be treated with oral anti-
biotic such as nitrofurantoin or thimethoprim. However, chron-
ic recurrence of the symptoms within months of the primary
infection often occurs.[2] Once inside the bladder superficial
umbrella cells, UPEC form biofilms protecting the colonies
from the immune system of the host and antibiotics.[3] The
bacteria can stay in the bladder for days prior to reinvade
neighboring cells and re-establishing infection. The recurrence
of UTIs and the emergence of antibiotic-resistant strains high-
light the need for alternative treatments.


A promising approach is the development of glycomimetics
as inhibitors preventing the crucial step of bacterial adhesion.
This strategy is appealing because the emergence of resistance
strains is unlikely, and a synergistic effect upon association
with antibiotics is expectable. The most prevalent UPEC adhe-
sin, expressed by a wide range of pathogenic strains is the
monomeric FimH lectin, situated at the fibrillum tip. During
the infection process, FimH binds to mannosides displayed by
the glycoprotein uroplakin Ia abundantly present on uroepi-
thelial cells. Previous studies have shown that FimH-mediated
adhesion could be inhibited by natural or synthetic carbohy-
drates containing this sugar. Recently, heptyl-a-d-mannoside
(HM) has been recognized as a strong binder to FimH with a
affinity (Kd) of 5 nm, as determined by surface plasmon reso-


nance (SPR) measurements.[4] Furthermore, this derivative in-
hibits both adhesion of type 1-piliated E. coli. on a bladder cell
line and biofilm formation in vitro, and also reduces bacterial
levels in a murine cystitis model.[5]


Extensive research has been carried out on multivalent in-
hibitors of pathogen adhesion, and a tremendous number of
multimannosides based on different scaffolds have been syn-
thesized.[6] Some of the corresponding glycoclusters with hy-
drophobic moieties were potent binders.[7] In principle it could
be conceived that multivalent neoglycoconjugates bearing
heptyl-mannosides epitopes could be efficient inhibitors with
the ability to bind several FimH adhesins of UPEC simultane-
ously. This situation would approach that encountered in vivo
where the bacteria binds to saccharides containing a-manno-
sides displayed in large numbers at the surface of the bladder
cells. Herein, we describe the first synthesis of multiheptyl
mannosides with oligo-ethylenglycol (EG) linkers by copper-
catalyzed azide alkyne cycloaddition (CuAAC). To evaluate a
potential “cluster effect“ on the binding, we designed neogly-
coconjugates 1, 2, 4 and 5 with valencies ranging from one to
four, and similar distances between the binding epitopes. An
additional divalent derivative 3, based on a glucoside core,
was also considered. Binding affinities of synthetic glyco-ACHTUNGTRENNUNGclusters toward type-1-piliated E. coli were evaluated by inhibi-
tion of hemagglutination (HAI) and bladder binding assay
(BBA).


Urinary tract infections caused by uropathogenic Escherichia
coli presents a serious communal and nosocomial health prob-
lem initiated by bacterial adhesion to the bladder cells. E. coli
expresses fimbriae with a mannose-binding adhesin, FimH, at
the tip. Heptyl a-d-mannoside (HM) is a nanomolar inhibitor of
this lectin, preventing adhesion of type 1-piliated E. coli and re-
ducing bacteria levels in a murine cystitis model. Herein, we


described the synthesis of multimeric heptyl-mannosides with
valencies ranging from one to four by copper-catalyzed azide
alkyne cycloaddition (CuAAC). Biological evaluation of the mul-
tivalent compounds revealed an increase in potency compared
to HM. Inhibition of bladder cell binding highlighted a promis-
ing tetravalent derivative with inhibitory concentrations 6000-
and 64-fold lower than mannose and HM respectively.
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Results and Discussion


Synthesis


Flexible EG linkers were used to tether heptyl mannoside
motifs in compounds 1 and 2 in order to ensure water solubili-
ty. Moreover, EG have been shown to be resistant to the non-
specific adsorption of proteins.[8] Tri and tetravalent derivatives
4 and 5 were based on 1,1,1-tris(hydroxymethyl)ethane and
pentaerythritol cores, respectively. These scaffolds have been
successfully used recently for the design of multimeric glyco-
clusters.[9, 10] Divalent glycoconjugate 3 was designed to evalu-
ate the extend to which the nature of the core could influence
the binding affinity for FimH. The efficient CuAAC, in terms of
conversion and selectivity, was implemented to tether alkynyl
armed heptyl mannosides to
azide functionalized EG.[11] Stan-
dard glycosylation was first in-
vestigated to introduce the
heptyl chain in the anomeric po-
sition of mannoside moieties.


Trials with mannose penta-
acetate and compound 6 using
Lewis acids such as BF3·Et2O or
TMSOTf in excess, afforded the
expected compound 8 with less
than 20 % yields (Scheme 1). Pre-
vious reports describe the syn-
thesis of long chain alkyl glyco-
sides with good yields by micro-
wave-assisted solvent-free glyco-
sylation.[12] However, in this case,


no improvement was observed when this procedure was con-
ducted with ZnCl2 at 115 8C. Compound 8 could be isolated
with slightly better yields by the Schmidt procedure, reacting
trichloroacetamidate 7[13] with 6 using BF3·Et2O at room tem-
perature in CH2Cl2 (Scheme 1). CuAAC between compound 8
and the previously described azido-EG 9[14] under microwaveACHTUNGTRENNUNGirradiation allowed a rapid conversion into the cycloadduct 10,
isolated in 73 % yield after purification. These results corrobo-
rate preceding studies showing that microwaves could signifi-
cantly improve the CuAAC reaction kinetics compared to classi-
cal heating.[15] Deacetylation under Zempl�n conditions
(MeONa, MeOH) gave the unprotected monovalent derivative
1. Azide functionalized cores presented in Scheme 2 wereACHTUNGTRENNUNGdesigned with a spacer long enough to allow a potential


Scheme 1. Reagents and conditions : a) 1 equiv BF3·Et2O, CH2Cl2, RT, 33 %; b) 1 equiv 8, 0.2 equiv CuSO4, 0.4 equiv
AscNa, MW, 70 8C, 20 min, 73 %; c) MeONa, MeOH, 63 %.
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ACHTUNGTRENNUNGrecruitment of several FimH receptor simultaneously. A tosyl
group was introduced in compound 9 using pTsCl, KI and
Ag2O leading to 11 in 89 % yield.[16] Subsequent reaction with
compound 9 in the presence of NaH[17] allowed the isolation of
diazido-EG 14 in 59 % yield. A
similar procedure was used for
the synthesis of tri- and tetra-
azido derivatives 15 and 16
starting from 1,1,1-tris(hydroxy-
methyl)ethane 12 and pentaery-
thritol 13, respectively. During
the reactions, we observed the
formation of diazido-EG 14 as a
side product, which was particu-
larly difficult to separate from
compound 16 by flash chroma-
tography.


Diazidation of d-glucose was
then carried out following a
direct “one pot” procedure that
we previously described for a set
of unprotected carbohydrates
(Scheme 3).[18] Derivative 17 was
obtained with PPh3/CBr4/NaN3


[19]


as the azidation system and sub-
sequent standard acetylation of
the crude residue in pyridine
and acetic anhydride. Micro-
wave-assisted CuAAC conducted
between compound 17 and the
previously reported alkyne 18[20]


in the presence of CuSO4 and
sodium ascorbate allowed the
incorporation of spacer arms to
generate 19, easily converted
into 20 with NaN3 in refluxing


CH3CN. The CuAAC procedure used in the synthesis of mono-
valent ligand 1 was repeated with azido-EG 14, 15, 16, 20 and
alkynyl-armed mannoside 8 to generate cycloadducts 21, 22,
23 and 24 in moderate yields. The CuAAC was highly regiose-
lective yielding 1,4-disubstitued-1,2,3-triazoles identified by the
large D(dC-4�dC-5) values (19–22 ppm) observed in the 13C NMR
spectra for the different structures.[21] After Zempl�n deprotec-
tion, pure products 1–5 were obtained by preparative HPLC
(Scheme 4).


Scheme 2. Reagents and conditions : a) Ag2O, KI, pTsCl, 89 %; b) NaH, THF,
70 8C, ~58 % (14, 15), 36 % (16).


Scheme 3. Reagents and conditions : a) See reference [18] ; b) 0.5 equiv
CuSO4, 1 equiv AscNa, MW, 70 8C, 1 h, 40 %; c) NaN3, CH3CN, reflux, 61 %.


Scheme 4. Reagents and conditions : a) MeONa, MeOH.
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Inhibition of hemagglutination (HAI)


Binding affinities of the synthetic glycoconjugates with type 1-
piliated E. coli UTI89 clinical isolate were first evaluated in an
HAI assay. Addition of bacteria to guinea pig erythrocytes in
this case, produces a cross-linked matrix due to interaction of
E. coli FimH adhesins with the glycocalyx of the red blood
cells. Subsequent additions of twofold dilutions of the synthet-
ic sugars into the wells ultimately prevent the agglutination re-
action. The inhibition titer is defined as the lowest concentra-
tion of the glycoconjugate at which hemagglutination is still
inhibited. Due to serial dilutions, the maximal error is �1 well,
meaning a factor of two. The lead ligand heptyl mannoside
(HM), recorded to be a more than 650-fold better inhibitor
than mannose, was used as a reference compound. The mono-
valent derivative 1 (Table 1) appears to be a little less potent


compared with HM. This could possibly be caused by less fa-
vorable interactions between the triazolyl substituent and the
end of the active site of FimH. No significant differences were
observed regarding the nature of the scaffold (compounds 2
and 3). Potency increases with valency and the tetravalent
compound 5 is eightfold better than monovalent analogue 1,
meaning a twofold improvement when reported on a man-
nose molar basis. The inhibitory effect of the glycoconjugates
on bacteria-mediated red blood agglutination thus is rather
small. This could be because the red blood cells display much
larger surfaces with consequently much larger multivalency for
clustering the bacteria than the competing glycoconjugates.


Bladder binding assay (BBA)


The ability of the glycoconjugate ligands to prevent UPEC bac-
terial adhesion to the human uroepithelium was measured in
vitro using the human bladder cell line 5637. ATCC cell line
HBT09 was seeded at 3 � 104 cells mL�1 in a 96-well plate in
RPMI/10 %FCS and allowed to grow to confluency. The UTI89
UPEC strain was supplemented with a twofold dilution of the
synthetic glycoconjugates 1–5, or HM, in a concentration
range from 100 mm to 100 pm. Upon bacterial adhesion, the
bladder cells were washed, released from the plate, lysed and
diluted for bacterial counting.[5] The minimal concentration of
each of the sugars still causing a significant reduction in bacte-
rial adhesion (tenfold reduction in colony forming units) isACHTUNGTRENNUNGreported in Figure 1 (in grey). The valency-corrected relative
binding potencies expressed in terms of molarity of mannopyr-


anosyl residue relative to monovalent derivative 1 is also pre-
sented (in black). These results indicate strong differences in
the inhibition trends as a function of valency. The experimental
data indicate that compound 1 is slightly more potent than
HM. The divalent derivatives 2 and 3 exhibited a remarkable
cluster effect, with an inhibition efficiency 13-fold better than
HM and a 3.2-fold enhancement on a molar basis relative to
compound 1. The identical affinity recorded for both divalent
saccharides (2 and 3) corroborate HAI results showing that the
nature of the scaffold do not play a significant role. Going
from divalent to trivalent arrangements (2 and 3 to 4) led to
higher potencies and valency-corrected molecular values also
increased from 3.2 to 5.1. A similar trend was observed for
glyco ACHTUNGTRENNUNGconjugate 5 bearing four sugar haptens. The last dilution
of compound 5 that still inhibits is 12.2 nm, compared with
780 nm recorded for HM. Multivalent glycoconjugate 5 is thus
64-fold more potent than the best inhibitor evaluated to date
in the present assay.


Conclusions


In summary, we described a short stepwise strategy for the
design of glycoconjugate with valencies ranging from one to
four. The crucial step of coating the scaffolds with alkynyl-
armed heptyl mannosides proceeded cleanly by click chemistry
to give the target saccharides. Compounds 1–5 obtained after
Zempl�n deprotection were highly soluble in water due to the
sugar moieties and hydrophilic EG linkers. Evaluation for their
capacity to inhibit the binding of E. coli to erythrocytes in vitro
revealed that multimers were more potent than heptyl
a-d-mannoside. No significant differences were observed with
regard to the nature of the scaffold. Unprecedented adhesion
inhibitions of piliated E. coli to human bladder cells wereACHTUNGTRENNUNGrecorded with the multimers. The cluster effect displayed in
the BBA illustrate that the use of multivalent heptyl manno-
sides is a justifiable strategy to prevent bacterial adhesion and
could be validated in a biological setting such as the urinary
tract ACHTUNGTRENNUNGinfection mouse model.[22] With an inhibition of bacterial
bladder cell binding at 12.2 nm (~6000- and 64-fold lower than
mannose[5] and HM, respectively), tetravalent compound 5 isACHTUNGTRENNUNGcurrently one of the most promising antiadhesive drugs for the
treatment of urinary tract infections under development.


Table 1. HAI of HM and synthetic compound 1–5.


Ligand Titer [mm] Ratio (HM/L)


1 15.6 0.5
2 7.8 1
3 7.8 1
4 3.9 2
5 1.9 4
HM 7.8 1


Figure 1. Binding bladder assay: Maximal dilution of sugar still causing in-
hibition of bacterial binding (&). Valency-corrected inhibitory potency (gain
due to the cluster effect for each mannopyranosyl residues) compared to
the monovalent heptyl mannose ligand 1 (&).
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Experimental Section


General Procedures : All purchased materials were used without
further purification. CH2Cl2 was distilled over CaH2 and THF over Na
and benzophenone. Analytical TLC was carried out on DC-Alufolien
Kieselgel 60 F254 (Merck). Flash chromatography (FC) was per-
formed on GEDURAN SI 60, 0.040–0.060 mm pore size using dis-
tilled solvents. 1H, and 13C NMR spectra were recorded at 300 and
75.5 MHz with a Bruker AC-300 spectrometer, respectively, and
chemical shifts are reported in parts per million (ppm) relative to
TMS or the residual solvent peak (CHCl3 : 1H: d= 7.26, 13C: d= 77.2).
Peak multiplicity is reported as: singlet (s), doublet (d), triplet (t),
quartet (q), pentet (p), sextet (s), multiplet (m), and broad (br).
HRMS where obtained by electrospray ionization (ESI) on a Micro-
mass-Waters Q-TOF Ultima Global. Optical rotations were measured
on a 343 PERKIN ELMER at 20 8C in a 1 cm cell in the stated sol-
vent; [a]20


D values are given in 10�1 deg cm2 g�1 (concentration c
given as g/100 mL). Microwave irradiation was performed in a CEM
Discover apparatus (300 W). Preparative reversed-phase HPLC was
accomplished on a Waters PREP LC 4000 chromatography system
with a (DEDL) PL-ELS 1000 photodiode array detector. All HPLC
samples were purified on a preparative Prevail C-18 column (2.2 �
25 cm). The mobile phase was H2O (solvent A) and MeOH (solvent
B). The gradient consisted of 5 % A for 5 min to 100 % B in 45 min
(22.0 mL min�1 flow rate).


Chemistry


General procedure for CuAAc : Compounds 10, 21–24 were syn-
thesized using this procedure. A solution of alkyne 8 (100 mg,
200 mmol) and azido derivative 9 (53 mg, 200 mmol) in a dioxane/
H2O mixture (4:1, 3.5 mL) was treated with CuSO4 (6 mg, 38 mmol)
and AscNa (16 mg, 81 mmol) and the mixture was irradiated for
20 min at 70 8C in a sealed vessel. The mixture was poured into
H2O (5 mL) and extracted with EtOAc (3 � 5 mL). The organic layer
was dried (Na2SO4), filtered and the solvent removed in vacuo. The
residue was purified by FC (MeOH/EtOAc, 1:4) to give 10 (111 mg,
73 % yield) as a colorless oil.


4-[9-(2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl)-2-oxanonyl)]-1-
[14-hydroxy-3,6,9,12-tetraoxatetradecyl]-[1,2,3]-triazol (10):
[a]20


D =+ 5 (c = 0.4, CH2Cl2) ; 1H NMR (300 MHz, CDCl3) d= 7.65 (1 H,
s, CHTri), 5.22 (1 H, dd, J2,3 3.4 Hz, J3,4 10.1 Hz, H-3), 5.15 (1 H, t, J4,5


9.6 Hz, H-4), 5.11 (1 H, s, H-2), 4.69 (1 H, d, J1,2 1.1 Hz, H-1), 4.50 (2 H,
s, OCH2Tri), 4.43 (2 H, t, J 5.0 Hz, CH2CH2N), 4.23 (1 H, dd, J5,6a 5.3 Hz,
J6a,6b 12.2 Hz, H-6a), 4.05 (1 H, dd, J5,6b 2.4 Hz, H-6b), 3.90 (1 H, ddd,
H-5), 3.77 (2 H, t, J 5.0 Hz, CH2CH2N), 3.60–3.47 (17 H, br, 8 � CH2O,
SugOCHHCH2), 3.40 (2 H, t, J 6.6 Hz, CH2OCH2Tri), 3.30 (1 H, br, Sug-ACHTUNGTRENNUNGOCHHCH2), 2.90 (1 H, br, OH), 2.04, 1.98, 1.93, 1.88 (12 H, each s,
CH3), 1.47 (4 H, br, 2 CH2), 1.23 ppm (6 H, br, 3 CH2); 13C NMR
(75 MHz, CDCl3): d= 170.5, 169.9, 169.7, 169.6 (CO), 145.0 (CqTri),
123.6 (CHTri), 97.4 (C-1), 72.5, 70.5, 70.4, 70.3, 70.1, 69.5, 69.4
(CH2OCCH, OCH2CH2O, C-2, C-3), 68.3 (CH2OSug), 68.2 (C-5), 66.1 (C-
4), 64.1 (OCH2Tri), 62.4 (C-6), 61.5 (CH2OH), 50.1 (CH2N), 29.5, 29.1,
25.9 (CH2), 20.8, 20.6 ppm (CH3); HRMS (ES+): m/z calcd for
C39H48N9O9Na: 786.3575, found 786.3600.


Bis-1,29-[4-(9-(2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl)-2-oxa-
nonyl)triazol-1-yl]-3,6,9,12,15,18,21,24,27-nonaoxanonacosane
(21): [a]20


D =+ 26 (c = 0.5, CH2Cl2) ; 1H NMR (300 MHz, CDCl3) d= 7.65
(2 H, br, CHTri), 5.25 (2 H, dd, J2,3 3.3 Hz, J3,4 10.1 Hz, H-3), 5.18 (2 H, t,
J4,5 9.6 Hz, H-4), 5.17 (2 H, dd, H-2), 4.75 (2 H, d, J1,2 1.5 Hz, H-1), 4.51
(8 H, br, OCH2Tri, CH2CH2N), 4.23 (2 H, dd, J5,6a 5.3 Hz, J6a,6b 12.2 Hz,


H-6a), 4.05 (2 H, dd, J5,6b 2.3 Hz, H-6b), 3.90 (2 H, ddd, H-5), 3.84 (4 H,
t, J 5.0 Hz, 2 � CH2CH2N), 3.60–3.47 (38 H, br, 16 � CH2O, 2 � Sug-ACHTUNGTRENNUNGOCHHCH2, 2 � CH2OCH2Tri), 3.30 (2 H, br, 2 � SugOCHHCH2), 2.10,
2.05, 1.99, 1.94 (24 H, each s, CH3), 1.57–1.47 (8 H, br, CH2),
1.30 ppm (12 H, br, CH2); 13C NMR (75 MHz, CDCl3): 13C NMR
(75 MHz, DMSO): d= 170.0, 169.7, 169.5 (CO), 144.0 (CqTri), 124.1
(CHTri), 96.5 (C-1), 69.8, 69.6, 69.5, 68.8, 67.9, 67.4, 65.4, 63.3
(OCH2Tri, CH2OCCH, CH2Osug, OCH2CH2O, (C-2, C-3, C-4, C-5) M =
Mannose), 62.0 (C-6), 49.3 (CH2N), 29.1, 28.6, 25.5 (CH2), 20.6, 20.5,
20.4 ppm (CH3); HRMS (ES+): m/z calcd for C64H108N12O29Na:
1531.7243, found 1531.7253.


1-{2,3,4-Tri-O-acetyl-6-deoxy-6-[4-[4-(9-(2,3,4,6-tetra-O-acetyl-a-
d-mannopyranosyl)-2-oxanonyl)-triazol-1-yl)-3,6,9-trioxadecyl]-
triazol-1-yl]-b-d-glucopyranos-1-yl}-4-{4-((9-(2,3,4,6-tetra-O-
acetyl-a-d-mannopyranosyl)-2-oxanonyl)-triazol-1-yl)-3,6,9-trioxa-ACHTUNGTRENNUNGdecyl}-[1,2,3]-triazol (22): [a]20


D =+ 24 (c = 0.2, CH2Cl2); 1H NMR
(300 MHz, CDCl3) d= 7.78, 7.72, 7.71, 7.53 (4 H, each s, CHTri), 5.85
(1 H, d, J1,2 8.6 Hz, H-1 bG), 5.44 (1 H, t, J1,2 = J2,3 8.6 Hz, H-2 G), 5.39
(1 H, t, J3,4 9.5 Hz, H-3 G), 5.29 (2 H, dd, J2,3 3.3 Hz, J3,4 10.1 Hz, 2 � H-
3 M), 5.21 (2 H, t, J4,5 9.6 Hz, 2 � H-4 M), 5.20 (2 H, s, 2 � H-2 M), 5.02
(1 H, t, J4,5 9.5 Hz, H-4 G), 4.79 (2 H, d, J1,2 1.5 Hz, 2 � H-1 M), 4.66–
4.50 (10 H, br, 4 � OCH2Tri, 2 � H-6b G), 4.28 (3 H, br, 2 � H-6 aM, H-6a
G), 4.10 (2 H, dd, J5,6b 2.4 Hz, 2 � H-6b M), 3.95 (2 H, ddd, 2 � H-5 M),
3.87 (4 H, 2 � CH2CH2N), 3.67–3.50 (27 H, m, 12 � CH2O, 2 � Man-
OCHHCH2, H-5G), 3.40 (2 H, br, 2 � ManOCHHCH2), 2.15, 2.10, 2.04,
1.98 (24 H, 4 � s, 8 � CH3CO M), 2.11, 2.03, 1.85 (9 H, 3 � s, 3 � CH3CO
G), 1.57 (8 H, br, CH2), 1.23 ppm (12 H, br, CH2); 13C NMR (75 MHz,
CDCl3): d= 170.8, 170.2, 169.9, 169.7 (CH3CO), 146.1, 145.5 (CTri),
124.1, 123.8, 121.3 (CHTri), 97.7 (C-1 M), 85.5 (C-1 G), 72.6, 70.9,
70.6, 70.2, 70.0, 69.8, 69.6, 69.3, 69.1, 68.6, 68.5 (CH2O, C-2 to C-6 G,
C-2, C-3 M, C-5 M), 66.4 (C-4 M, 64.6 (OCH2Tri), 62.6 (C-6 M), 50.7,
50.5 (C-6 G, CH2N), 29.7, 29.3, 26.1 (CH2), 21.0, 20.8, 20.6, 20.3ppm
(CH3CO); HRMS (ES+): m/z calcd for C78H118N12O35: 1805.7744,
found 1805.7767.


1.1.1-Tris-[16-(4-(2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl)-2-
oxanonyl)-triazol-1-yl)-2,5,8,11,14,-pentaoxahexadecyl]ethane
(23): [a]20


D =+ 26 (c = 0.7, CH2Cl2) ; 1H NMR (300 MHz, CDCl3) d= 5.30
(3 H, dd, J2,3 3.2 Hz, J3,4 10.1 Hz, H-3), 5.21 (3 H, t, J4,5 9.6 Hz, H-4),
5.18 (3 H, br, H-2), 4.74 (3 H, s, J1,2 1.5 Hz, H-1), 4.61 (6 H, br, 3 �
CH2CH2N), 4.20 (3 H, dd, J5,6a 5.2 Hz, J6a,6b 12.2 Hz, H-6a), 4.04 (3 H,
dd, J5,6b 2.3 Hz, H-6b), 3.90 (9 H, br, H-5, 3 � CH2CH2N), 3.60–3.47
(60 H, br, 24 � CH2O, 3 � CH2OCH2Tri, 3 � SugOCH2CH2), 3.24 (6 H, s,
CH3CACHTUNGTRENNUNG(CH2)3O), 2.10, 2.04, 1.99, 1.94 (36 H, each s, CH3), 1.57–1.47
(12 H, br, CH2), 1.30 (18 H, br, CH2), 0.86 ppm (3 H, s, CH3); 13C NMR
(75 MHz, DMSO): d= 170.0, 169.7, 169.5 (CO), 144.0 (CTri), 124.1
(CHTri), 96.5 (C-1), 73.0, 69.8, 69.5, 68.8, 67.8, 65.4 (CH2OCCH,
OCH2CH2O, OCH2Tri, (C-2, C-3, C-4, C-5) M), 62.0 (C-6), 49.3 (CH2N),
29.1, 28.6, 25.5 (CH2), 20.4 ppm (CH3CO), 17.2 (CH3); HRMS (ES+):
m/z calcd for C107H175N9O48Na: 2379.1584, found 2379.1616.


Tetrakis-[16-(4-(2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl)-2-ox-
anonyl)-triazol-1-yl)-2,5,8,11,14,-pentaoxahexadecyl]methane
(24): [a]20


D =+ 23 (c = 0.6, CH2Cl2) ; 1H NMR (300 MHz, CDCl3) d= 7.70
(br, CHTri), 5.30 (4 H, dd, J2,3 3.2 Hz, J3,4 10.1 Hz, H-3), 5.20 (4 H, t, J4,5


9.6 Hz, H-4), 5.19 (4 H, s, H-2), 4.76 (4 H, s, J1,2 1.5 Hz, H-1), 4.61 (8 H,
br, 4 � CH2CH2N), 4.21 (4 H, dd, J5,6a 5.2 Hz, J6a,6b 12.2 Hz, H-6a), 4.04
(4 H, dd, J5,6b 2.3 Hz, H-6b), 3.90 (4 H, br, H-5), 3.83 (8 H, br, 4 �
CH2CH2N), 3.60–3.30 (96 H, br, 36 � CH2O, 4 � CH2OCH2Tri, 4 � Sug-ACHTUNGTRENNUNGOCH2CH2, C ACHTUNGTRENNUNG(CH2)4), 2.11, 2.06, 2.01, 1.95 (48 H, each s, CH3), 1.57–
1.47 (16 H, br, CH2), 1.30 ppm (24 H, br, CH2) ; 13C NMR (75 MHz,
DMSO): d= 170.0, 169.7, 169.5 (CO), 144.0 (CTri), 124.1 (CHTri), 96.5
(C-1), 70.5, 69.8, 69.6, 69.5, 68.8, 68.7, 67.9, 67.4, 65.5, 63.3
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(CH2OCCH, OCH2Tri, OCH2CH2O, (C-2, C-3, C-4, C-5) M, CH2OSug),
62.0 (C-6), 49.3 (CH2N), 45.1 (CACHTUNGTRENNUNG(CH2O)4), 29.1, 28.7, 28.6, 25.5 (CH2),
20.6, 20.5, 20.4 ppm (CH3CO); HRMS (ES+): m/z calcd for
C141H230N12O64Na requires 3140.5166, found 3140.5246.


General procedure for deacetylation : Compounds 1–5 were syn-
thesized using this procedure. Cycloadduct 10 (40 mg, 52 mmol)
was dissolved in dry MeOH (2.5 mL), treated with a solution of
MeONa in MeOH (100 mL, 1 m) and the mixture was stirred under
N2 at RT for 3 h. Amberlyst IR120 (H+) was added and the mixture
stirred until it reached pH 5. The resin was filtered off and the solu-
tion was concentrated. Preparative HPLC purification (see General
Methods) gave the unprotected product 1 (21 mg, 67 % yield).


4-[9-(a-d-mannopyranosyl)-2-oxanonyl)]-1-[14-hydroxy-3,6,9,12-
tetraoxatetradecyl]-[1,2,3]-triazol (1): [a]20


D =+ 31 (c = 0.2, H2O);
1H NMR (300 MHz, D2O) d= 8.08 (1 H, s, CHTri), 4.86 (1 H, s, J1,2


1.6 Hz, H-1), 4.66 (4 H, s, OCH2Tri, CH2CH2N), 4.56–3.42 (30 H, H-2 to
H-6, SugOCH2, CH2OCH2Tri, CH2-EG), 1.59 (4 H, br, 2 CH2), 1.32 ppm
(6 H, br, 3CH2); 13C NMR (75 MHz, D2O) d= 144.1 (CqTri), 125.5
(CHTri), 99.6 (C-1), 72.7, 71.7, 70.6, 70.4, 70.1, 69.6, 69.5, 69.4, 68.8,
67.9, 66.7 (OCH2CH2O, C-2,3,4,5, CH2OSug), 62.6 (OCH2Tri), 60.9 (C-
6), 60.3 (CH2OH), 50.0 (CH2N), 28.4, 28.1, 25.3, 25.1 ppm (CH2);
HRMS (ES+): m/z calcd for C26H49N3O12Na: 618.3214, found
618.3200.


Bis-1,29-[4-(9-(a-d-mannopyranosyl)-2-oxanonyl)triazol-1-yl]-
3,6,9,12,15,18,21,24,27-nonaoxanonacosane (2): [a]20


D =+ 25 (c =
0.9, H2O); 1H NMR (300 MHz, D2O) d= 8.13 (2 H, s, CHTri), 4.86 (1 H,
s, J1,2 1.4 Hz, H-1), 4.65 (8 H, s,2 � OCH2Tri, 2 � CH2CH2N), 4.00–3.49
(60 H, H-2 to H-6, SugOCH2, CH2OCH2Tri, CH2-EG), 1.59 (8 H, br, 4 �
CH2), 1.32 ppm (12 H, br, 6 � CH2); 13C NMR (75 MHz, D2O) d= 99.6
(C-1), 72.7, 70.7, 70.4, 70.1, 69.6, 68.8, 67.8, 66.7 (CH2OCCH,
OCH2CH2O, C-2,3,4,5, CH2OSug), 62.7 (OCH2Tri), 60.9 (C-6), 50.1
(CH2N), 28.5, 28.2, 25.3, 25.1 ppm (CH2); HRMS (ES+): m/z calcd for
C52H96N6O23Na2 : 1195.6425, found 1195.6404.


1-{6-deoxy-6-[4-[4-(9-(a-d-mannopyranosyl)-2-oxanonyl)-triazol-
1-yl)-3,6,9-trioxadecyl]triazol-1-yl]-b-d-glucopyranos-1-yl}-4-{4-
((9-(a-d-mannopyranosyl)-2-oxanonyl)-triazol-1-yl)-3,6,9-trioxa-
decyl}-[1,2,3]-triazol (3): [a]20


D =+ 28 (c = 0.1, D2O); 1H NMR
(300 MHz, CDCl3) d= 8.19, 8.03, 8.02, 7.90 (4 H, s, CHTri), 5.70 (1 H,
d, J1,2 9.1 Hz, H-1 bG), 4.83 (4 H, s, J1,2 <1 Hz, H-1 M), 4.70–4.54 (8 H,
br, 4 � OCH2Tri), 4.20 (2 H, ddd, 2 � H-5 G), 3.90–3.40 (br, CH2OPEG,
ManOCH2CH2, CH2OCH2Tri, H-2,3,4 M, H-6 M, H-2 M to H-6 M), 1.51
(8 H, br, CH2), 1.24 ppm (12 H, br, CH2); 13C NMR (75 MHz, D2O): d=
144.3, 144.1, 143.8 (CqTri), 125.9, 125.4, 124.1 (CHTri), 99.6 (C-1 M),
87.3 (C-1G), 76.4, 75.6, 72.7, 72.1, 70.6, 70.3, 70.1, 69.7, 69.5, 69.1,
68.8, 68.7, 67.8, 66.7 (CH2O, C-2 G to C-6 G, (C-2, C-3, C-5) M), 63.0,
62.6 (OCH2Tri), 60.8 (C-6 M), 50.7, 50.0 (C-6 G), 28.5, 28.4, 28.1, 25.3,
25.1 ppm (CH2); HRMS (ESI+): m/z calcd for C56H96N12O24Na:
1343.6558, found 1343.6526.


1.1.1-Tris ACHTUNGTRENNUNG[16-(4-(a-d-mannopyranosyl)-2-oxanonyl)-triazol-1-yl)-
2,5,8,11,14,-pentaoxahexadecyl]ethane (4): [a]20


D =+ 25 (c = 0.7,
H2O); 1H NMR (300 MHz, D2O) d= 8.09 (3 H, s, CHTri), 4.84 (3 H, s, J1,2


1.4 Hz, H-1), 4.63 (12 H, s, 3 � OCH2Tri, 3 � CH2CH2N), 3.98–3.54 (96 H,
H-2 to H-6, SugOCH2, CH2OCH2Tri, CH2-EG), 3.38 (6 H, s, CH3C-ACHTUNGTRENNUNG(CH2)3O), 1.58 (12 H, br, CH2), 1.30 (18 H, br, CH2), 0.91 ppm (3 H, s,
CH3); 13C NMR (75 MHz, D2O) d= 99.6 (C-1), 73.5, 72.7, 70.7, 70.6,
70.3, 70.1, 69.7, 68.8, 67.8, 66.7 (CH2OCCH, OCH2CH2O, C-2, C-3, C-4,
C-5, CH2OSug), 62.7 (OCH2Tri), 60.9 (C-6), 50.1 (CH2N), 40.5 (CH3C),
28.6, 28.5, 28.2, 25.3, 25.2 (CH2), 16.8 ppm (CH3). HRMS (ES+): m/z
calcd for C83H151N9O36Na: 1875.0316, found 1875.0344.


Tetrakis-[16-(4-(a-d-mannopyranosyl)-2-oxanonyl)-triazol-1-yl)-
2,5,8,11,14,-pentaoxahexadecyl]methane (5): [a]20


D + 26 (c = 0.6,
H2O); 1H NMR (300 MHz, D2O) d= 8.10 (4 H, s, CHTri), 4.87 (4 H, s, J1,2


1.5 Hz, H-1), 4.64 (16 H, s, 4 � OCH2Tri, 4 � CH2CH2N), 3.99–3.49
(120 H, H-2 to H-6, 4 � SugOCH2, 4 � CH2OCH2Tri, 36 � CH2-EG, C-ACHTUNGTRENNUNG(CH2)4O), 1.59 (16 H, br, CH2), 1.30 ppm (24 H, br, CH2); 13C NMR
(75 MHz, D2O) d= 144.0 (CqTri), 125.4 (CHTri), 99.7 (C-1), 72.7, 70.6,
70.4, 70.1, 69.7, 68.8, 67.8, 66.7 (CH2OCCH, OCH2CH2O, C-2,3,4,5,
CH2OSug), 62.7 (OCH2Tri), 60.9 (C-6), 50.1 (CH2N), 45.1 (CACHTUNGTRENNUNG(CH2O)4),
28.5, 28.3, 25.4, 25.2 ppm (CH2) ; HRMS (ES+): m/z calcd for
C109H198N12O48Na2 : 2468.3477, found 2468.3440.


Biology


Inhibition of Hemagglutination (HAI): Inhibition of guinea pig red
blood cell hemagglutination by the type-1-piliated uropatogenic
E. coli strain UTI89 by the newly synthesized glycoconjugates 1–5.
A twofold dilution of glycoconjugates was prepared, starting at
1 mm, in 25 mL phosphate-buffered saline (PBS: 150 mm NaCl,
15 mm Na/KH2PO4, pH 7.4). UTI89 cells were grown statically over-
night in LB, washed and diluted to OD600nm 0.5 in PBS. The bacterial
solution (50 mL) were added to the test compound solutions. Final-
ly 25 mL of guinea pig red blood cells, washed in PBS and diluted
to 5 %, were added. The negative control (�) contained PBSACHTUNGTRENNUNGinstead of bacteria and sugar ligand, the positive control (+)ACHTUNGTRENNUNGcontained PBS instead of sugar.


Bladder binding assay (BBA): HM and glycoconjugates 1–5 were
diluted in a twofold series from 100 mm to 100 pm concentrations
in a 96-well plate. 2 � 106 bacteria mL�1 were added per well, to-
gether with the sugar composing 100 mL to be added on top of
the monolayer of 5637 bladder cells. Bacteria were allowed to bind
for 0.5 h under shaking conditions (150 rpm). Bladder cells were
washed in PBS, released from the plate using trypsin and titrated
to determine the output bacterial count (as described in refer-
ence [5]).
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Synthetic Multimeric Heptyl
Mannosides as Potent Antiadhesives
of Uropathogenic Escherichia coli


Sweet medicine : Multimeric glycocon-
jugates with valencies ranging from one
to four were synthesized by click
chemistry. Unprecedented adhesion in-
hibitions of piliated E. coli to human


bladder cells were recorded with the
multimers; a tetravalent derivative
showed inhibitory concentrations 6000-
and 64-fold lower than mannose and
heptyl a-d-mannoside, respectively.
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Yusuf Tanrikulu,[a] Ewgenij Proschak,[a] Tim Werner,[a] Tim Geppert,[a] Nickolay Todoroff,[a]


Alexander Klenner,[a] Tim Kottke,[b] Kerstin Sander,[b] Erich Schneider,[c] Roland Seifert,[d]


Holger Stark,[b] Timothy Clark,[e] and Gisbert Schneider*[a]


Introduction


Ligand- and receptor-based in silico methods are complemen-
tary concepts in pharmaceutical drug research and develop-
ment.[1] Both provide methodologically distinct and worthwhile
approaches to hit and lead identification. Whereas receptor-
based methods rely on a three-dimensional (3D) model of the
ligand-binding pocket, ligand-based techniques can be applied
in the absence of a known or modeled receptor protein struc-
ture. The idea of pseudoreceptor modeling is to link both do-
mains of virtual screening.[2] Herein, we present a new interpre-
tation and implementation of the pseudoreceptor concept
along with practical applications.


The absence of 3D receptor information poses a particular
challenge in drug design projects targeting G protein coupled
receptors (GPCRs). A limited number of membrane protein
crystal structures permits restricted use of receptor-based pro-
grams.[3] As there are only limited advances in structure deter-
mination methods,[4] receptor information is usually gained
through homology modeling[5] based on sequence similarity
assessment and subsequent structural alignment of related
protein family members.[6] Several 3D quantitative structure–
activity relationship (QSAR) techniques were introduced repre-
senting hybrid systems,[7] which correlate ligand topologies or
physicochemical properties with activities to direct toward pu-
tatively interesting (often activity rising) regions of ligand bind-
ing pockets.[8] Pseudoreceptor modeling is another 3D QSAR
branch pioneered more than two decades ago.[9] Pseudorecep-
tor models are based on the construction of virtual binding
pockets around one or more reference ligands by capturing
their shape and/or important interaction points.


Herein, we present the development of an automated pseu-
doreceptor construction algorithm (PRPS, pseudoreceptor
point similarity) and its applications. First, we describe the
model construction algorithm. Secondly, we demonstrate how
to transfer ligand information into a homology-based receptor
model by PRPS. As an example we chose the identification of a
putative histamine H4 receptor (H4R) antagonist binding
pocket from a molecular dynamics (MD) simulation of a H4R
homology model. In the final part, a preliminary prospective
screening for new H4R ligands is presented, which illustrates


A computer-assisted method for the generation of pseudore-
ceptor models is presented together with two practical appli-
cations. From a three-dimensional alignment of known hista-
mine H4 receptor ligands, a pseudoreceptor model of the puta-
tive ligand binding site was constructed and used for virtual
screening of a large collection of commercially available com-
pounds. Two bioactive chemotypes were retrieved, demon-
strating the general applicability of the approach. The pseudo-ACHTUNGTRENNUNGreceptor model was also used to find the putative ligand bind-
ing pocket within the transmembrane receptor domain. For
each frame of a molecular dynamics simulation of a homology-


based H4 receptor model, we automatically extracted potential
ligand binding pockets and used their compatibility with the
pseudoreceptor as a selection criterion. The best-matching
pocket fits perfectly with existing mutation data and previously
published hypotheses suggesting Glu1825.46 as the preferred
binding partner of a positively charged moiety of H4 receptor
ligands. This new pseudoreceptor approach has demonstrated
its suitability for both structure-based prioritization of protein
receptor models, and ligand-based virtual screening with the
aim to perform scaffold hopping.
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the applicability of the PRPS descriptor for hit retrieval by virtu-
al screening.


Results and Discussion


Pseudoreceptor construction method


The basis of pseudoreceptor construction is the knowledge of
at least one active reference ligand. If a ligand ensemble is
used, the molecular structures must be provided as a 3D align-
ment. The main idea of our automated pseudoreceptor con-
struction package PRPS is to project pseudoatoms around
ligand interaction sites (potential pharmacophore points, PPP).
Pseudoatoms delineate putative receptor atom positions. They
are positioned according to hydrogen bond constraints found
in a crystal survey of the Protein Data Bank (PDB).[10] PRPS
pseudoreceptor generation consists of four steps: 1) grid as-
sembly, 2) deletion of invalid points, 3) identification of PPPs,
and 4) pseudoatom projection. The procedural method is to
pinpoint putative receptor atom positions by selecting valid
grid points as pseudoatoms. The set of all pseudoatoms com-
poses the final pseudoreceptor model :


1. First, a cubic grid is assembled around the reference ligands
with a 5 � margin in each direction and 0.5 � grid spacing.


2. As each grid point may be selected as a putative receptor
atom, invalid points (with distance less than the van der
Waals (vdW) radius of the next ligand atom) are deleted,
based on vdW potentials.[1]


3. Ligand atoms, which are capable of forming hydrogen
bridges, are identified as anchor atoms according to the
procedure introduced by Mills and Dean.[10]


4. Grid points with valid hydrogen bonding constraints are de-
clared as pseudoatoms with a pharmacophoric feature that
is complementary to the respective anchor atom.


Two pseudoatom projection algorithms were implemented
to find pseudoatoms opposing hydrogen bonding substruc-
tures of the reference ligand(s) (Table 1).


A linear geometry is found in, for example, hydroxy groups.
In this case, a so called “linear” algorithm is used to find pseu-
doatoms within valid constraints (Figure 1 a). Based on the
straight line from atom A to atom B, a region for validly posi-
tioned grid points is defined according to annotated distance
and angle ranges (rmin, rmax and fmin, fmax).


Planar hydrogen bond geometries are found, for example, in
carbonyl groups, where valid regions for pseudoatoms are
positioned in the directions of the lone-pairs, which are in a
plane with the sp2 hybridized carbon atom. An additional
angle f is required to define valid pseudoatom regions (Fig-
ure 1 b). When planar hydrogen bond geometries are based on
only three ligand atoms, for example, an ether group, a virtual
atom A is generated temporarily between the two connecting
atoms.


The last case is observed in hydrogen bonds, where the in-
teracting ligand atom has three neighboring atoms (tetrahe-
dral geometry). Analogous to the first case, pseudoatom re-
gions are identified by the “linear” algorithm after generation
of a virtual atom centering the three neighbors to establish a
straight line to the interacting ligand atom.


Substructures and pharmacophoric features


Ligand atoms that are capable of participating in hydrogen
bonds were identified by a substructure search using molecu-
lar query language (MQL).[11] Table S1 in the Supporting Infor-
mation denotes all ligand substructures, the employed projec-


Table 1. Overview of identified hydrogen bond geometries and their cor-
responding pseudoatom projecting algorithms (“linear” or “planar”).


Geometry Example Geometry Algorithm


linear linear


planar with 3 atoms planar


planar with 4 atoms planar


tetrahedral linear


Figure 1. a) Schematic of the “linear” algorithm. Each grid point in the gray
region around atom B has a valid interaction distance and angle. b) Sche-
matic of the “planar” algorithm. Grid points in the shaded regions are de-
clared as pseudoatoms.
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tion algorithm, the pharmacophore type of the anchor atoms,
and distance/angle constraints for defining valid pseudoatom
regions around each anchor atom. As an extension to the hy-
drogen bond geometries, PRPS also employs aromatic pseu-
doatoms above and beneath benzene rings at a distance be-
tween 3.5 and 4.5 �.[12]


Weighted pseudoreceptors


When pseudoreceptors are constructed around an aligned
ligand ensemble, a pseudoatom weighting scheme is used,
which computes a contribution weight wPA for each pseudo-ACHTUNGTRENNUNGatom. It reflects the relative importance of the pseudoatom ex-
pressed as the quotient of the number of molecules u, which
generated the respective pseudoatom, and the total number
of reference ligands v [Eq. (1)] . Pseudoatoms accessed by all
reference ligands have a weight of 1.0, and pseudoatoms
found by only one reference ligand have a weight of 1/v.


wPA ¼
u
v


ð1Þ


Correlation vector representation and screening


To use pseudoreceptors for rapid, alignment-free similarity
searching, for example, in virtual screening applications, PRPS
models were translated into a correlation vector representa-
tion.[13, 14] A pseudoreceptor-derived correlation vector encodes
the distance-based frequency of pseudoatom features present
in the model. Three such pharmacophoric features (hydrogen
bond acceptor, hydrogen bond donor, p stacking [“aromatic”])
were considered, resulting in six possible pseudoatom pairs
(acceptor–acceptor, acceptor–donor, acceptor–aromatic,
donor–donor, donor–aromatic, aromatic–aromatic). Pseudo-ACHTUNGTRENNUNGatom pairs with a distance up
to 15 � (in 1 � steps) were an-
notated in the correlation
vector. This resulted in a 90-di-
mensional vector, giving the fre-
quency Freq of pseudoatom
pairs with features X and Y at
distance d [Eq. (2)] , where the
Kronecker delta d computes to
1, whenever a pair of the pseu-
doatoms i and j exists at dis-
tance d.


FreqdðX ,YÞ ¼
XX


i


XY


j


di,j
d ð2Þ


In the case of a pseudorecep-
tor model with weighted pseu-
doatoms, a weighted frequency
was calculated by multiplication
of pseudoatom weights wi and
wj [Eq. (3)] .


FreqdðX ,YÞ ¼
XX


i


XY


j


di,j
d wiwj ð3Þ


Virtual screening with pseudoreceptors was performed by
ranking screening compounds according to their Euclidean dis-
tances to the pseudoreceptor correlation vector.


Molecular dynamics simulation of the H4R


We calculated a H4R homology model based on the b2-adre-
nergic receptor template,[15] as its transmembrane domain se-
quence identity is higher (28 %) than the second putative tem-
plate (18 %), the crystal structure of rhodopsin.[16]


The sequence alignment of the b2-adrenergic receptor with
H4R is shown in Figure 2. The seven transmembrane helices of
the 390-residue amino acid sequence of H4R were aligned
without gaps. The most conserved amino acids in the helices,
such as the D(E)RY and the NpxxY sequence, and both cys-
teines, which form a disulfide-bridge, are aligned to their com-
plementary amino acid. The amino acid sequence was truncat-
ed in the intracellular loop 3 between amino acid 2145.76 (5.76
according to the Ballesteros–Weinstein numbering system)[17]


and 2896.21. Ten amino acids were deleted at the N terminus
and 15 amino acids at the C terminus. The homology model
was built using MODELLER 9v3.[18, 19] The model was checked
by PROCHECK[20] and WHATIF.[21] The Ramachandran plot (fig-
ure S1 in the Supporting Information) shows that 99.3 % of the
residues in the model are in favored regions. The average
model score of the WHATIF Coarse Packing Quality Control test
was �0.5, and only four amino acid residues have a WHATIF
score below �5, all of which are found in intracellular loops.


This H4R homology model was placed into a palmitoyl
oleoyl phosphatidylcholine (POPC) lipid bilayer,[22] so that the
eighth a helix was parallel to the membrane surface. Lipids


Figure 2. Sequence alignment of the human histamine H4 receptor (hH4R) and the b2-adrenergic receptor (b2-
hAR). For comparison, the sequence of bovine rhodopsin (bRH) is shown as well. Transmembrane domains are in-
dicated by red boxes. Conserved residues are in red letters. Position 50 in each transmembrane domain is marked
in yellow, disulfide bridging residues are shown in blue, and residues Glu1825.46 and Asp943.32 are in green.
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were deleted within a distance of 0.8 � from the protein and a
TIP3P water model box was built around the protein–mem-
brane complex.[23] This resulted in a system containing 10 558
water molecules and 183 lipid molecules. Altogether, the simu-
lation contained 60 976 atoms.


The MD simulation was performed using NAMD2.6[24] with
the CHARMM27 force field.[23, 25] An integration step size of 2 fs
was used; the vdW potential was smoothly decreased to zero
between 8 and 12 �. Electrostatic interactions were treated by
the Particle mesh Ewald method.[26] The net charge was neu-
tralized with six chlorine counterions. As an NPT ensemble was
used, the number of atoms, pressure, and temperature were
kept constant. The pressure was set to 1.01325 bar (1 atm), ap-
plying a modified Nos�–Hoover method,[27] and the system
was coupled to a temperature bath at 310 K.


A cubic prism cell was used with an average phospholipid
density of 0.78�0.02 nm2 and an average bilayer thickness of
3.31�0.29 nm, which was assembled by the VMD Membrane
Plugin 1.1 without additional equilibration. The thickness of
the water slab was 2.5 nm at the top, and 2.0 nm at the
bottom of the system.


The MD simulation was split into four phases: 1) energy min-
imization, 2) heating, 3) equilibration, and 4) production. The
first phase was split into two minimization sections, were the
Ca atoms were fixed during the first 2000 steps and harmoni-
cally restrained in the second minimization part (2000 steps).
In the heating phase, the temperature was increased from 0 to
310 K over 12 ps. The motion of the Ca atoms in the heating
and equilibration phase was still limited by harmonic con-
straints. After equilibration for 9 ps, the system was simulated
without any constraints for 1 ns in the production phase.


Pseudoreceptor model of H4R


We developed a pseudoreceptor model of the idealized H4R
ligand binding site based on five potent ligands compiled
from published and patent information (Figure 3). Compounds
1–4 were aligned to an energy-minimized 3D conformation of
JNJ7777120 using the software MOE v 2007.09 (Chemical Com-
puting Group, Montreal, QC (Canada) http://www.chemcomp.
com). The constructed PRPS pseudoreceptor represents a puta-
tive consensus ligand binding mode (Figure 4).


From each frame of the H4R MD simulation, pocket-forming
amino acid coordinates were extracted as defined by Shin
et al.[32] and Jongejan et al.[33] Binding pockets of each MD
frame were prioritized according to their match with the pseu-
doreceptor. Only pseudoatoms with a weight >50 % were con-
sidered. In this way, we selected a potential binding pocket
constellation that is capable of binding most of the reference
ligands (Figure 5).


Figure 5 a shows the resultant H4R binding pocket, which
suits best the pseudoreceptor. This perspective shows the
pocket formed by the seven transmembrane domains viewed
from the extracellular matrix. The H4R pseudoreceptor’s orien-
tation is shown beside the pocket-forming amino acids. White
spheres indicate those amino acid positions which fit the pseu-
doatom coordinates and pharmacophoric feature type precise-


Figure 3. Reference ligands for H4R pseudoreceptor generation: JNJ7777120
(Ki = 4 nm),[28] 1 (Ki = 25 nm),[29] 2 (Ki = 4 nm),[30] 3 (Ki = 1 nm), and 4
(Ki = 1 nm).[31] R : aromatic, D: hydrogen bond donor, A: hydrogen bond ac-
ceptor.


Figure 4. a) Ligand alignment and b) generated pseudoatoms, which form
the c) H4R pseudoreceptor. Panel d) presents a schematic of pseudoatom
clusters projected by more than half of the reference ligands. Acceptor and
donor pseudoatoms are shown in red and blue. Aromatic pseudoatoms are
depicted as green spheres. The size of the spheres [in panels b) and c)] cor-
relates with their relative importance [pseudoatom weight, wPA ; Eq. (1)] .
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ly. Figure 5 b shows the resultant orientation of the reference li-
gands. For the sake of clarity, only JNJ7777120 is depicted (see
Figure 5 c for a 2D schematic view), although all reference li-
gands are able to bind to the selected residue constellation. In
the model arrangement, the basic moiety of the exemplarily
shown reference ligand (methylpiperazine N-4 in JNJ7777120)
seems to be able to interact with Glu1825.46. Additional hydro-
gen bonds may exist from the amide oxygen to Cys983.36 and
from the indole nitrogen to Gln3607.42. Aromatic interactions to
Trp3296.48 and Phe1835.47 might stabilize the conformation of
helix VI, which has been postulated as a “receptor activity
switch”.[32]


During the MD simulations a preferred H4R pocket amino
acid constellation was found by PRPS. The suggested binding
mode coincides with the hypotheses of Johart et al.[34] and Kiss
et al. ,[35] who postulated an interaction of the ligand’s basic
center to Glu1825.46. Contrary to Jongejan et al. ,[33] our adjusted
model does not show free volume around Asp943.32. The ob-
served complete loss of activity of JNJ7777120 in the Asp94Ala


receptor mutant[33] can still be explained as a consequence of
indirect effects resulting in a distortion of the ligand pocket
geometry. In our MD simulations we also found pocket con-
stellations supporting the conclusion of Jongejan et al. , but we
did not attempt to select a pocket for JNJ7777120 alone. In-
stead, we formulated a common binding hypothesis for several
known antagonists and identified a plausible binding site,
which is capable of interacting with all reference ligands. How-
ever, a definite binding mode should not be deduced from our
model for JNJ7777120 or any other ligand.


PRPS revealed a promiscuous ligand binding pocket in H4R
by transferring multiple ligand information from a pseudore-
ceptor model, assuming a common binding mode for all refer-
ence ligands. It goes without saying that binding modes of ag-
onists and antagonists might vary in H4R, and the initial ligand
alignment could be an artifact. Keeping this obvious caveat in
mind, the adjusted receptor model is now ready for use by
more sophisticated but more time-consuming receptor-based
methods, for example, automated docking and in situ ligand
de novo design.[1]


It is important to realize that automated docking of
JNJ7777120 into the unrefined homology model and the
pocket model selected by PRPS both resulted in plausible
ligand–receptor complexes with favorable docking scores (fig-
ure S2, Supporting Information). This indicates that automated
ligand docking into a GPCR homology model easily produces a
seemingly meaningful result, which might correspond to an er-
roneous ligand pose. PRPS-based prioritization of a particular
protein model obtained by MD simulation offers an opportuni-
ty for receptor model selection and might thus indirectly help
improve virtual screening by automated ligand docking. We
consider this application as the main potential benefit of PRPS.


Prospective screening for H4R ligands


To probe the validity of the PRPS H4R pseudoreceptor, we vir-
tually screened a large compound library (562 851 molecules).
One heuristic 3D conformation was generated for each screen-
ing compound by CORINA v 3.2 (Molecular Networks GmbH,
Erlangen (Germany) http://www.molecular-networks.com).
Acids were de-protonated and bases protonated using the
software MOE v 2007.09. This step is crucial as otherwise posi-
tive charges and implicit pharmacophoric features are not cor-
rectly identified in some substructures (for example, methylpi-
perazine). After encoding each screening compound into the
appropriate molecular descriptor and ranking according to its
Euclidean distance to the H4R pseudoreceptor, we manually se-
lected ten compounds from the first 0.05 percentile (281 mole-
cules) of the ranked compound list. This selection was done to
guarantee scaffold diversity among the selected candidates
and avoid obvious hits (Figure 6).


Compounds were tested in a H4R displacement assay[36]


(Table 2), where 5 and 6 exhibited a pKi>4 (Ki~30 mm). Nota-
bly, both compounds belong to different chemotypes, which
demonstrates the potential applicability of the PRPS method
to scaffold hopping.[37] The remaining molecules were consid-
ered inactive (pKi<4).


Figure 5. a) View from the extracellular matrix into the H4R binding pocket
showing the amino acid arrangement which fits best to the H4R pseudore-
ceptor ; Roman numerals in yellow circles indicate the transmembrane helix
number. b) The potential orientation of the reference ligand JNJ7777120,
and c) a 2D schematic of potential interactions; potential hydrogen bonds
are drawn as dashed lines and aromatic interactions as dotted lines.
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Conclusions


As a result of the availability of only a few reference protein
structures, GPCR homology models are prone to modeling
errors. MD simulations can be used to adapt and relax the ini-
tial models,[38] but fail to provide a single “best” ligand–recep-
tor complex for virtual screening. Our deterministic pseudore-
ceptor concept PRPS transfers multiple ligand information into
a receptor model to identify and prioritize a ligand binding
pocket from a MD simulation of a H4R homology model. This
may establish new ways to select suitable target receptor
models for use in receptor-based methods during drug design
projects, where 3D target information is not available.


Docking of a known ligand into the receptor model taken
from the initial and the selected frame of the MD simulation


suggested potential binding poses. Notably, these poses differ
strikingly for the initial and the selected protein model (fig-
ure S2, Supporting Information), which demonstrates that 1) al-
though the PRPS algorithm does not yet explicitly consider hy-
drophobic interaction sites, it is applicable to finding potential
ligand-binding pockets, and 2) PRPS complements automated
docking approaches by prioritizing receptor models from a MD
trajectory.


Retrieval of two new H4R ligands by pseudoreceptor-based
virtual screening demonstrated the general applicability of the
PRPS descriptor in virtual screening (see Supporting Informa-
tion for additional retrospective results, figure S3, table S3).
The descriptor proved to encode biologically relevant pharma-
cophoric features in the PRPS model and provides an addition-
al technique for finding new hits and leads in the early phases
of drug discovery projects. Irrespective of such applications,
we expect the main benefit from PRPS to be its combination
with fast receptor-based virtual compound screening, as dem-
onstrated herein for the H4R model.


Experimental Section


Retrospective virtual screening


For retrospective validation of our software two pseudoreceptors
were prepared. To avoid artifacts, which may occur during the
ligand alignment procedure, we decided to use receptor-bound
conformations determined by X-ray spectroscopy of multiple dihy-
drofolate reductase (DHFR) and factor Xa (fXa) inhibitors. In the
case of DHFR, four complexes were selected to compute the pseu-
doreceptor model: 1DHF, 1DDR, 1DG5, and 1DG7.[39, 40] The protein
structures were superposed by minimizing the root mean square
deviation between the Ca atoms using MOE v 2007.09. The result-
ing alignment of DHFR inhibitors was used for calculation of the
pseudoreceptor. The X-ray crystal structures of the fXa complexes
1EZQ, 1F0R, 1F0S,[41] 1FJS,[42] and 1KSN[43] were prepared in the
same manner as the DHFR complexes. The COBRA 6.1 database
containing 8311 known drugs and druglike molecules,[44] amongst
which are 64 DHFR inhibitors and 228 fXa inhibitors, was screened
with the cross-correlation descriptor derived from the pseudore-
ceptor models. Receiver–operator curves (ROC) are shown in fig-
ure S3 in the Supporting Information.[45] The curves indicate that
the descriptor derived from the pseudoreceptor is suitable for en-
richment of active compounds. Additional retrospective results are
presented in table S3 (see Supporting Information), giving the pro-
portion of retrieved actives per percentile of cyclooxygenase-2, fac-
tor Xa, angiotensin converting enzyme, PPARa/d/g, 5-lipoxygenase,
dihydrofolate reductase, and thrombin ligands.


Compound libraries


For prospective virtual screening, the commercially available com-
pound collections were pooled: Specs (v 04/2008, 202 681 com-
pounds, Delft (the Netherlands) http://www.specs.net) ; Asinex-
Gold (v 11/2007, 233 554 compounds); and Asinex-Platinum (v 11/
2007, 126 616 compounds, Moscow (Russia) http://www.asinex.
com).


Figure 6. Compounds from pseudoreceptor-based virtual screening (one
compound could not be delivered; details can be obtained from the com-
pound providers ; see Supporting Information table S2).


Table 2. Experimental H4R affinity of ordered compounds.


Compd Supplier collection Affinity at hH4R: pKi
[a]


5 Specs 4.5
6 Specs 4.5
7 Specs <4
8 Asinex Gold <4
9 Asinex Gold <4


10 Asinex Gold <4
11 Asinex Gold <4
12 Asinex Gold <4
13 Asinex Gold <4


[a] Measurements were performed in at least two independent measure-
ments; data are given as average values.
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Geometric hashing


Geometric hashing is an algorithm for the recognition of spatial
similarity between two or more point sets.[46] It consists of three
consecutive phases: 1) buildup, 2) search, and 3) evaluation.[47]


During buildup, each triplet of pseudoatoms (with edges ranging
from 5 to 15 �) of the pseudoreceptor (query set) were enumerat-
ed. Each triplet is described by its three interpoint distances. Using
distances instead of point coordinates leads to translation and ro-
tation invariant description of the triplets. The distances were used
in full precision as hash keys including information concerning the
pharmacophoric features of each point to fill a hash table. In the
second phase, a set of pocket-forming points (of a certain frame in
the MD simulation) was used for a search in the hash table (candi-
date set). Distances and features were used in the same way as
before to generate hash table keys. Each time a distance triplet
was generated which already existed in the hash table, the respec-
tive key received a vote. Non-corresponding keys were dropped.
Keys with votes represent corresponding subsets between the
query and the candidate set. These triplets were extracted and
aligned to each other by a transformation matrix, which was used
to transform all remaining coordinates. After complete transforma-
tion a spatial proximity check was done. If points were closer than
1 � to each other, they were tagged as matching points, as they
support the overall match of the query and candidate set.


Binding assay


Prior to the experiments, cell membranes were sedimented by
10 min centrifugation at 4 8C and 13 000 rpm (Heraeus Biofuge
Fresco; max. speed = 13 000 rpm, rmax = 8.5 cm: 16 000 g) and resus-
pended in binding buffer (12.5 mm MgCl2, 1 mm EDTA, 75 mm Tris-
HCl, pH 7.4). Competition binding experiments were carried out by
incubating membranes, 35 mg well�1 (prepared from Sf9 cells ex-
pressing hH4R, co-expressed with G-protein Gai2 and Gb1g2 sub-ACHTUNGTRENNUNGunits) in a final volume of 0.2 mL containing binding buffer and
[3H]histamine (10 nm, 566.1 GBq mmol�1). Assays were run at least
in duplicate with seven appropriate test compound concentrations
between 1 nm and 100 mm. Incubations were performed for 60 min
at 25 8C with shaking at 250 rpm. Nonspecific binding was deter-
mined in the presence of 100 mm unlabeled histamine. Bound radi-
oligand was separated from free radioligand by filtration through
GF/B filters pretreated with 0.3 % (m/v) polyethyleneimine and
washed with chilled (4 8C) binding buffer (3 � 0.5 mL). The amount
of radioactivity collected on the filter was determined by liquid
scintillation counting.
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Homology Model Adjustment and
Ligand Screening with a
Pseudoreceptor of the Human
Histamine H4 Receptor


A new pseudoreceptor modeling
method (PRPS) was applied to the re-
finement of a homology model of the
human histamine H4 receptor (H4R), the
prediction of a ligand binding site, and
virtual screening. Retrieval of two new
H4R ligands demonstrates the biological
relevance of the pseudoreceptor model
and provides a means for finding new
hits and leads in the early phases of
drug discovery.
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