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The following items should be corrected:


On page 1017, in Table 4, CI should be Cl.


On page 1018, in Table 6, Si should be 8i, NH2 should be NH2, and COX-1 IC50 of compound 4, which was shown to
be 0.03, should be 0.1 lM.


On page 1019, in the legends to Figures 7, 8, and 9, ‘versus vehicle’ should be added after **p < 0.01.


On page 1019, in Figure 8, the asterisks are missing.


The correct versions of the tables and figures are provided here.
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Figure 8. Effect of COX inhibitors on carragenan-induced edema. (a) Administered via po, (b) administered via ip. Single doses of vehicle (circle),


30 mg/kg 11f (triangle), 30 mg/kg aspirin (square) or 10 mg/kg indomethacin (4) (open circle) were administered by oral gavage 1 h before initiation


of inflammation with carrageenan. Edema was measured 4 h after carragenan injection. Data shown are means (n = 3–8) ± SEM. *p < 0.05,
**p < 0.01 versus vehicle.
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Table 6. COX-inhibitory activity of indomethacin (4), aspirin, and compounds 8i, 11f, and 15a—c


N
SO2


X


Y


R'


R


Compound X Y R R’ IC50 (lM)


COX-1 COX-2


8i Cl NH2 H H 12.0 >100


11f Cl NH2 H Me 3.2 >100


15a NH2 Cl H Me 9.2 >100


15b NH2 Cl Me Me 26.0 >100


15c NH2 Cl OMe Me 20.0 >100


Aspirin 100 >100


4 0.1 7.7


Table 4. COX-inhibitory activity of compounds 8 and 11


SO2
N


R' R


H2N m
p


Compound NH2 R R’ % Inhibition of COX at 100 lM


COX-1 COX-2


4 — — — 90 90


8i p H 4-Cl 70 50


8j p H 3-Cl 18 16


8k p H 2-Cl 53 8


8l p H 2,4-DiCl 6 12


8m p H 4-F 15 26


8n p H 4-Br 23 25


8o p H 4-I 18 50


11a p Me H 48 16


11b p Me 4-Me 21 16


11c p Me 4-OMe 6 4


11d p Me 4-CF3 9 6


11e p Me 4-F 0 5


11f p Me 4-Cl 78 29


11g m Me 4-Cl 39 4


11h p Et 4-Cl 10 19


11i p Pr 4-Cl 0 5


11j p Me 4-Br 21 8


11k p Me 4-I 18 45
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Abstract—The preparation, physicochemical and biological properties of amphiphilic polyether branched molecules is described.
These ‘bunch shaped’ molecules when inserted into cationic liposomes/DNA complexes have shown efficient surface charge shield-
ing. As a consequence they efficiently inhibited the non specific interactions with blood components and significantly enhanced cir-
culation time of the particles in the blood track. Formulations containing these molecules compared positively with those containing
PEG lipids, providing a 5-fold increase in circulation time.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Administration of therapeutic DNA to correct genetic
diseases has received considerable attention these last
15 years.1–4


Cationic lipid complexes with DNA have been widely de-
scribed;5 these so-called cationic lipoplexes strongly
interact by electrostatic neutralization, thus providing
good protection and compaction of DNA. They present
however severe drawbacks to their use in human therapy:
the cationic lipids that enter into composition are toxic to
the cell and the living body, as they generate strong
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inflammatory reactions.6 They are also rapidly cleared
from the blood track as they interact with cell membrane
and circulating proteins.7,8 Efforts to alleviate this prob-
lem have led to considerable amount of work. For in-
stance, coating of conventional neutral liposomes with
polyethylene glycol polymers (PEG) has been extensively
described to increase their circulation time.9–11 It is
thought that this neutral, hydrophilic polymer provides
a shielding of the particle surface that protects them from
blood proteins and macrophages. These have been
named ‘stealth liposomes’.12,13 Transposition of this
technology to the cationic complexes was very tempting
and has been proposed.14 It has been found however that
PEG coating of cationic liposomes did not completely in-
hibit the non-specific interactions mentioned above, and
that despite this treatment, these particles were rapidly
eliminated through the intervention of complement pro-
teins and macrophages.15 Furthermore, those PEG-
coated cationic lipoplexes that could escape this event,
and eventually make it through the target cell mem-
branes, could not release their therapeutic contents into
the cytoplasm.16 We have recently described the synthe-
sis and properties of new pH labile PEG lipids that are
hydrolyzed in slightly acidic environment, such as that
occurring in inflammatory or tumor tissues.17 However,
the problem of short circulation time was still not
resolved. An alternative to the use of PEG lipids in the
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formulation of cationic lipoplexes, in view of their
systemic administration, would then be of great interest.


We proposed the hypothesis that amphiphilic neutral
structures, containing ramified polyether moieties and a
lipid part, could advantageously replace the PEG. The
bunch shaped structures could provide efficient shielding
of the lipoplex surface charges, whereas their non-poly-
meric nature would not over-stabilize the complexes.
These molecules would then protect cationic lipoplexes
during blood circulation, thus increasing their plasmatic
half-life. This would provide a better chance for the par-
ticle to reach the therapeutic target, either by passive tar-
geting or through the interaction of a ligand specific of
target cells’ membrane receptors. Destabilization in the
cytosol should be facilitated by the non-polymeric struc-
ture and the lower molecular weight of these molecules as
compared to conventional PEG lipids.


We have prepared a family of molecules containing a
bunch shaped hydrophilic structure attached to a lipidic
moiety, with different hydrophilic densities. We describe
here the synthesis, physicochemical and biological prop-
erties of these new molecules.

2. Results and discussion


2.1. Chemistry


The first step of the synthesis consisted in building the
hydrophilic branched part. In the past few decades, den-
dritic architectures have been highly investigated
because of their unique properties such as multivalent
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Figure 1. Synthesis of the branched polyether by the convergent method. (i) K


3 M NaOH, 30% H2O2, 20 �C.

character, well-defined aspect, optimized interfaces,
etc. Dendrimers consist of branched, wedge-like struc-
tures called dendrons that are attached to a multivalent
core and emerge radially toward the periphery. The syn-
thesis of such a structure requires successive reactions of
activation and coupling. For our design, we chose a tri-
valent core with one function dedicated to attach the
hydrophobic moiety, the other two allowing the growth
of the polyether.


Divergent18 and convergent syntheses19 have been de-
scribed for dendritic molecules: In the divergent route
the molecule grows from the center core to the outside,
the number of coupling reaction increasing with each
generation a high reactivity of the terminal groups is re-
quired. As hydroxyl groups are not highly reactive, we
favored the convergent route for the polyether part. Fré-
chet et al. have first described the convergent synthesis
of a new family of dendrimers with an aliphatic poly-
ether backbone.20 We have adapted this early procedure
to the synthesis of a branched polyether structure corre-
sponding to the hydrophilic part of the final molecule,
with a unique functionalized focal point (Fig. 1).


We took advantage of the two electrophilic sites of
methallyl dichloride reagent to grow the polyether part.
The alkylation reaction was performed according to a
procedure developed earlier by us using potassium
hydroxide and catalytic crown ether in tetrahydrofu-
ran.21 The yields varied from 74% (four benzyl terminal
groups [1]) to 66% (eight benzyl terminal groups [3]) as a
consequence of increasing sterical hindrance. Subse-
quent hydroxylation of the olefinic focal point was
achieved by regioselective hydroboration using
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borane:tetrahydrofuran complex followed by oxidation
with hydrogen peroxide.


The hydrophobic part was composed of dioctadecyl-
amine (DODA) with or without a three-glycine spacer,
previously used in our laboratory to anchor polyethyl-
ene glycol moiety to liposomes.22 The triglycine spacer
is thought to allow a better presentation of the polyether
part on the lipoplex surface and a higher lipid insertion
in the hydrophobic lipid bilayer.


The molecules with the peptidic spacer were obtained by
coupling the Boc-protected tripeptide (Boc-NH-Gly-
Gly-Gly-COOH) with the DODA using BOP reagent
and triethylamine to give compound [5]. Subsequent
deprotection by trifluoroacetic acid (TFA) gave [6]
(Fig. 2).


The coupling reaction between, respectively, the two
hydrophobic parts (DODA and [6]) and the two
branched molecules ([2] and [4]) was achieved by first
reacting the hydroxyl core of the dendritic molecule with
trichloromethyl chloroformate.23 The chloroformate
thus formed reacted spontaneously in the presence of
base with the amino group of the hydrophobic anchors
to give the corresponding carbamate derivatives. Prod-
ucts [7], [8], [9], and [10] were obtained in yields varying
between 35% and 70%. Deprotection of the peripheric
hydroxyls was performed by catalytic hydrogenolysis
(Pd/C) of the benzyl ethers as the last step to give [11],
[12], [13], and [14] (Fig. 3).


2.2. Physico-chemical characterization


2.2.1. DNA compaction. The newly synthesized lipids
were incorporated in a formulation as a 1:1 molar ratio
with the lipopolyamine RPR20912024 (Fig. 4) and com-
pared to RPR209120/DOPE 1:1 previously described.25


In the absence of DNA, the cationic particles formed by
the thin film method exhibited a diameter in the 200 nm
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Figure 2. Synthesis of the hydrophobic part with the triglycine spacer. (iv) B

range (Table 1). Formulation of the particles including
the branched polyether lipids with a (gly)3 spacer (com-
pounds [12] and [14]) was relatively straight, only few
minutes of ultrasonication were necessary to obtain an
average size around 200 nm. The same size range was
obtained with the lipid tetraol [11] without drastic treat-
ment, whereas it needed 75 min of sonication to form
the particles including the DODA-octaol [13]. The diam-
eter of these particles still remained larger than those of
the other formulations, this might be due to the large
hydrophilic octaol moiety.


When associated with DNA, at a charge ratio (N/P)
equal to 4, colloidal stabilization was achieved for all
the formulations, leading to suitable particles for sys-
temic injection.


Association of DNA to the four original formulations
was checked and compared to the RPR209120/DOPE.
Using the fluorescence of PicoGreen� associated
with non complexed DNA as an index of DNA acces-
sibility (i.e. characterizing non-compacted DNA), we
observed no differences between the four formulations
containing compounds [11]–[14] when half of the fluo-
rescence was measured. This showed that the affinity
of RPR209120 to DNA was not affected by the tetra-
ol or octaol compounds (Fig. 5). A slight difference
was obtained at N/P charge ratios from 1 to 3, which
might be related to the modified accessibility of DNA
due to the large hydrophilic head of the four branched
lipids, but this might also be due to the unstability of
the colloids (aggregation due to the low lipid/DNA
ratio).


When cationic charges were used in excess (ratio P 4),
DNA was not accessible to the PicoGreen� probe in
any of the formulations, thus confirming its efficient
compaction.


2.2.2. Surface charges. After showing that incorporation
of polyether branched lipids in cationic particles did not
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Figure 3. Amphiphilic branched molecules synthesized and studied for their physicochemical and biological ability to stabilize DNA/cationic lipid


complexes.
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Figure 4. Cationic lipid (RPR209120) used in lipoplex preparations.
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interfer with their ability to interact and associate with
DNA, we focused on their potential charge masking

effect (Table 1). First, the effect of the spacer between
the lipidic chain and the hydrophilic head was evaluated.







Table 1. Particle diameter (nm) and zeta potential (mV) of formulations containing the branched polyether lipids [11]–[14] and the formulation


RPR209120/DOPE, in the absence or presence of DNA (CR = charge ± ratio of 4) in NaCl 150 mM (mean ± SE of 3 determinations)


Formulation �DNA +DNA (CR = 4)


Size (nm) Zeta (mV) Size (nm) Zeta (mV)


RPR209120/DOPE 169 ± 3.78 +74.1 ± 11 155 ± 10.2 +41.6 ± 2.5


RPR209120/DODA-tetraol [11] 126 ± 2.33 +77.1 ± 4.4 189 ± 9.53 +49 ± 5.1


RPR209120/DODA-octaol [13] 393 ± 73.8 +48.9 ± 8.3 334 ± 46.3 +30.7 ± 12


RPR209120/DODA-(gly)3-tetraol [12] 179 ± 2.04 +56 ± 2.8 212 ± 3.46 +38.8 ± 16.9


RPR209120/DODA-(gly)3-octaol [14] 237 ± 7.26 +55.4 ± 3.5 203 ± 26.4 +23.5 ± 4.9
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Figure 5. Fluorescence of DNA associated PicoGreen for formula-


tions including RPR209120 and the polyether branched lipids or


DOPE, and DNA at different charge ratios.
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When comparing formulations containing the two lipids
bearing the smallest polyether part (DODA-tetraol [11]
and DODA-(gly)3-tetraol [13]), we observed that the
presence of the triglycine spacer in [13] led to a signifi-
cant zeta potential decrease (D = 30 mV) compared to
the cationic reference RPR209120/DOPE.


Then, the effect of the hydrophilic head of the polyether
branched lipid on the particle zeta potential was evalu-
ated ([11] vs [13] and [12] vs [14]). Comparison of the
zeta potential of the cationic formulations containing
DOPE or the two lipids without spacer indicated that
the octaol moiety was more efficient in reducing the zeta
potential than the tetraol part. This effect was equally
observed with the two lipids bearing the triglycine spacer
[12] and [14].


From these data, one might assume that the polyether
branched lipid bearing the larger head is the most effi-
cient to mask the cationic charges of the particles and
should be able to reduce the non-specific interactions
with circulating proteins. Also, the presence of a spacer
between the lipid and the head might help exposing the
hydrophilic part on the surface of the particles, and thus
more efficiently mask the cationic charges.

Table 2. Particle size (nm) after incubation in cell medium containing 10% f


RPR209120/DOPE RPR209120/DO


0 169 179


15 min 896.3 955.3


1 h 2000 2000


2 h 2000 2000

2.2.3. Particle stability in biological medium. Based on
the above results we incubated in serum containing
medium the cationic particles composed of the spacer
containing polyether branched lipids (compounds [12]
and [14]), as compared to RPR209120/DOPE
formulation.


As reported in Table 2, the cationic formulation taken as
a reference as well as the formulation containing the
polyether with the smallest hydrophilic head group [12]
aggregated rapidly in the presence of serum, thus sug-
gesting seric proteins induced colloidal destabilization.
On the opposite, the larger polyether branched lipid
[14] increased significantly the stability of the particles.
Colloidal destabilization started only after 2 h of incuba-
tion at 37 �C, while the two other formulations already
aggregated after 15 min. This again suggests a better
masking effect of the large polyether derivative at the
particle surface, which would in turn prevent non-spe-
cific interactions with seric proteins. Moreover this result
is in correlation with the zeta potential decrease observed
for this formulation. From these data, we could expect
that formulations bearing the octaol derivative [14]
might present an increased circulation time, as compared
to RPR209120/DOPE particles.


2.3. In vitro results


2.3.1. Transfection efficiency. In order to evaluate the
structure/activity relationship, we were interested in
the transfection efficiency of the formulations bearing
polyether branched lipids containing a triglycine spacer
and bearing a small or large head group (compounds
[12] and [14]). For this purpose, plasmid encoding the
luciferase reporter gene was associated, at different cat-
ionic lipid/DNA ratios, to the cationic formulations
containing the polyether lipids and compared to the cat-
ionic RPR209120/DOPE.


As observed in Figure 6, the three different ratios tested
showed a decrease in the transfection efficiency for the
formulations containing the polyether branched lipids
[12] or [14] as compared to the cationic control. Even
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Figure 6. Transfection of B16 cells performed with the formulations


DOPE/RPR209120, DODA-(gly)3-tetraol [12]/RPR209120, and


DODA-(gly)3-octaol [14]/RPR209120 at charge ratios 2, 4, and 8.
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though this effect was more pronounced with the octaol
as compared to the tetraol, these particles still induced a
good transfection level. This result was also in agree-
ment with the zeta potential and serum resistance data
as already mentioned. Indeed, increasing the hydrophilic
moiety of the lipid from tetraol [12] to octaol [14]
reduced the zeta potential of the particles and increased
their stability in serum. These data led us to conclude
that the larger bunch-shaped structure in the case of

Figure 7. Internalization experiments on B16 cells. Fluorescence microscop


DOPE-Rh, 1:1:0.2%; pCMU-GFP plasmid was mixed at a charge ratio (+/�
pCMU-GFP plasmid was mixed at a charge ratio (+/�) of 8 (c) DODA-(gly


was mixed at a charge ratio (+/�) of 8.

[14] would insure better shielding of the particle surface,
thus reducing particle to cell membrane interactions.


2.3.2. Correlation between particle internalization and
protein expression. To demonstrate that particle surface
shielding was the reason for transfection efficiency
decrease, we performed cell internalization experiments.
To this aim DOPE-Rhodamine (0.2%) was incorporated
in the different formulations as a fluorescent marker.


Comparison after 24 h, of internalizations of the cationic
lipid/DOPE versus cationic lipid/tetraol [12] versus cat-
ionic lipid/octaol [14], was straightforward as can be seen
in Figure 7. The particles without branched lipid (DOPE/
RPR209120) were internalized into B16 cells as large
aggregates (upper left side). A large amount of lipid
was incorporated by the cells and GFP encoding plasmid
was expressed. The use of tetraol [12] into the formula-
tion did not significantly modify the pattern of particle
internalization. Aggregates as well as punctuations were
observed inside the cells, and approximately the same
amount of cells expressed GFP (Fig. 7), which was in cor-
relation with luciferase expression quantification (Fig. 6).


In opposite, a significant difference in particle internali-
zation was observed when the octaol [14] was incorpo-
rated into the formulation. Even though we did not
quantify it, the amount of internalized particle was
clearly reduced by the presence of the octaol lipid [14].
Scarce isolated punctuations were observed at the cellu-
lar level, confirming the stability of this formulation in

y was performed 24 h after the transfection. (a) DOPE/RPR209120/


) of 8 (b) DODA-(gly)3-tetraol [12]/RPR209120/DOPE-Rh, 1:1:0.2% ;


)3-octaol [14]/RPR209120/DOPE-Rh, 1:1:0.2% ; pCMU-GFP plasmid
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the cell medium. Moreover, GFP expression was
observed in a very small amount of cells. Hence, low
transgene expression was well correlated with poor
particle internalization, which tended to confirm our pri-
mary hypothesis of the efficient shielding provided by
the octaol lipid compared to the tetraol derivative.


2.4. Biodistribution studies


To further evaluate the efficacy of cationic particle
shielding by the octaol lipid [14], we performed biodistri-
bution studies on mice. The lipopolyamine formulations
containing the DODA-(gly)3-tetraol and DODA-(gly)3-
octaol lipids were compared to the cationic control
RPR209120/DOPE or to the same formulation contain-
ing 5% DODA-(gly)3-PEG5000. The different cationic
particles were injected to the mice tail vein, and blood
was collected 30 min after injection. The data expressed
as the percentage of the injected dose indicated signifi-
cant differences between the formulations (Fig. 8).
Indeed, 8% and 22% were recovered when, respectively,
tetraol and octaol polyether lipids were incorporated in
the formulation, while only 2.7% of the cationic particles
were recovered in total blood. A 3-fold enhancement in
blood circulation was thus obtained with the adjunction
of the DODA-(gly)3-tetraol lipid, whereas an 8-fold fac-
tor was obtained with the DODA-(gly)3-octaol lipid. It is
noteworthy that only 10% of the injected dose was recov-
ered in the blood when DODA-(gly)3-PEG5000 was
added to the formulation, which is comparable to the
level found with the RPR209120/DODA-(gly)3-tetraol
particles, and below the 22% obtained with the octaol
lipid. It is also interesting to note that blood cells interac-
tion was significantly reduced in the case of branched lip-
ids, corroborating the shielding effect of these lipids.
However, no passive accumulation could be observed
in the 3LL tumor implanted in mice flank.


Until now, the main strategy developed in non viral gene
delivery with lipoplexes to avoid toxicity and non specific
interactions was by coating the particles with PEG. As
we mentioned before, despite an increased blood circula-
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tion time, PEG does not fulfill the needs. In the present
paper, we have described the synthesis and the biological
study of four different molecules, composed of a double
alkyl chain (insertion in the formulation), with or with-
out a triglycine spacer and a bunch shaped polyether
structure varying in size. We have incorporated these
molecules into cationic formulations and have obtained
stable DNA compacting complexes. We have assumed
that the presence of a spacer and a large polyether hydro-
philic part would improve the shielding of the surface
charges of the particles, thus decreasing the cationic
complexes non specific interactions. According to these
data, internalization and transfection was considerably
decreased with particles bearing the largest triglycine
derivative. The tripeptide spacer supposedly facilitated
the organization of the branched structure at the com-
plex surface. In addition, the larger the hydrophilic part
was, the more efficient was the charge shielding, leading
to a large decrease of non specific interactions. More-
over, these particles were still able to transfect as shown
with in vitro transfection experiments.


With an octaol moiety branched to a lipid moiety
through a triglycine linker, we have presently obtained
an original formulation with increased blood circula-
tion. Indeed, as compared to PEG, the insertion of the
triglycine octaol [14] in the formulation limits the cellu-
lar internalization and results in a longer blood circula-
tion time. Active targeting could then be achieved either
by coupling a ligand on the terminal hydroxyls or by
using a small amount of PEG-lipid-ligand. Work is in
progress to this aim.

3. Experimental


3.1. Materials and methods


The chemicals were obtained from Sigma–Aldrich. The
solvents were purchased from SDS and were of synthesis
grade. Analytical TLC was run on Merck silica-pre-
coated aluminum plates and silica for preparative

-(gly)3-Octaol


209120/DOPE/5%DODA-(gly)3-PEG5000
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ection. Percentage of the injected dose was evaluated by extraction of


ormed with Kruskal–Wallis test on two separate experiments including


OPE and RPR209120/DODA-(gly)3-tetraol, *P < 0.05, RPR209120/
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chromatography was also purchased from Merck. Prod-
ucts were revealed by a 50/50 solution of 1 M iodine and
1 M H2SO4 spray. RPR209120 was synthesized as
described before.26 Dioleylphosphatidylethanolamine
(DOPE) was purchased from Avanti Polar, Picogreen�


from Molecular Probes. Compounds were named using
MDL AutoNom software according to IUPAC rules,
for the sake of clarity trivial names have been defined
and appear between inverted commas. NMR spectra
were obtained from a Bruker Avance instrument.


3.1.1. Chemistry
3.1.1.1. 3-(2-Benzyloxy-1-benzyloxymethyl-ethoxy)-2-


(2-benzyloxy-1-benzyloxymethyl-ethoxymethyl) propene.
‘Tetrabenzyl allyl’ [1]. To a stirred solution of 1,3-diben-
zyloxypropan-2-ol (1 g, 3.67 mmol) in tetrahydrofuran
(4 mL), fine potassium hydroxide powder (2 g,
36.7 mmol), 18-crown-6 (97 mg, 0.367 mmol), and
methallyl dichloride (193.2 lL, 1.67 mmol) were added.
The mixture was stirred at room temperature for 2 h.
A large volume of dichloromethane was added and the
mixture was washed three times with brine. The organic
phase was then dried over Na2SO4, filtered, and evapo-
rated to dryness. Chromatography of the residue on sil-
ica gel eluted with cyclohexane/ethyl acetate (7:3, v/v)
gave a viscous colorless oil (737.6 mg, 1.24 mmol, yield
74%) corresponding to the expected product. 1H NMR
(400 MHz, CDCl3): d (ppm) 3.52–3.62 (m, 8H:
CH2AO); 4.69–4.75 (m, 2H: CHAO); 4.15 (s, 4H:
CH2AO); 4.5 (s, 8H: CH2ABz); 5.2 (s, 2H: CH2@C);
7.2–7.4 (m, 20H: CH aromatic). 13C NMR (75 MHz,
CDCl3): d (ppm) 70.2 (CH2AO), 71 (CH2AO), 73
(CH2ABz), 77 (CHAO), 106 (CH@), 128 (CH), 129
(CH), 132.5 (CH), 138 (C).


3.1.1.2. 3-(2-Benzyloxy-1-benzyloxymethyl-ethoxy)-2-
(2-benzyloxy-1-benzyloxymethyl-ethoxymethyl) propane.
‘Tetrabenzyl alcohol’ [2]. The olefin [1] (500 mg,
0.84 mmol) was stirred in anhydrous tetrahydrofuran
in a round-bottomed flask under argon and maintained
at 0 �C. A solution of boran/THF complex (1 M,
922 lL, 0.922 mmol) was then slowly added and the
mixture was stirred at 0 �C for 5 h. A 3 M solution of
sodium hydroxide (1.26 mL, 3.77 mmol) and 30%
hydrogen peroxide (285 lL, 2.51 mmol) were then cau-
tiously added. The mixture was stirred at room temper-
ature for 30 min, saturated with K2CO3, and extracted
with ether. The organic layer was dried over anhydrous
Na2SO4 and the solvent was removed under vacuum.
Purification of the residue by chromatography on silica
gel with cyclohexane/ethyl acetate (7:3 v/v) gave a vis-
cous colorless oil (288 mg, 0.47 mmol, yield 66%) corre-
sponding to the expected product. 1H NMR (400 MHz,
CDCl3): d (ppm) 2.11 (m, 1H: CH); 3.51 (m, 8H:
CH2AO); 3.6–3.8 (m, 8H: CHAO, CH2AO, CH2AOH);
4.52 (s, 8H: CH2ABz); 7.2–7.4 (m, 20H: CH aromatic).
13C NMR (75 MHz, CDCl3): d (ppm) 41.3 (CH), 63
(CH2AO), 69.5 (CH2AO), 70 (CH2AOH) 73 (CH2ABz),
78 (CHAO), 126.5–128.8 (CH), 137.8 (C).


IR: t 1100 cm�1 (CAOAC), 2858 cm�1 (CH2ABz),
3460 cm�1 (OH). MS (DCI): m/z = 632 MNH4


þ, m/z =
615 MH+, m/z = 290 (C17H20O3 + NH4)+.

3.1.1.3. 3-[3-(2-Benzyloxy-1-benzyloxymethyl-ethoxy)-
2-(2-benzyloxy-1-benzyloxymethyl-ethoxymethyl)-prop-
oxy]-2-[3-(2-benzyloxy-1-benzyloxymethyl-ethoxy)-2-
(2-benzyloxy-1-benzyloxymethylethoxymethyl)-prop-
oxymethyl]-propene. ‘Octabenzyl allyl’ [3]. The title
compound was prepared from compound [2] as de-
scribed for product [1] (yield 66%). 1H NMR
(400 MHz, CDCl3): d (ppm) 2.15 (m, 2H: CH); 3.3–3.6
(m, 36H: CH2AO); 3.82 (s, 4H: CH2AC@); 4.5 (s,
16H: CH2ABz); 5.05 (s, 2H: CH2@C); 7.2–7.4 (m,
40H: CH aromatic). 13C NMR (75 MHz, CDCl3): d
(ppm) 41 (CH), 68.8 (CH2AO), 70 (CH2AO), 72
(CH2AO), 73.5 (CH2ABz), 78.5 (CHAO), 106 (CH@),
128 (CH), 129 (CH), 132.5 (CH), 138 (C).


3.1.1.4. 3-[3-(2-Benzyloxy-1-benzyloxymethyl-eth-
oxy)-2-(2-benzyloxy-1- benzyloxymethyl-ethoxymethyl)-
propoxy]-2-[3-(2-benzyloxy-1-benzyloxymethyl-ethoxy)-
2-(2-benzyloxy-1-benzyloxymethylethoxymethyl)-prop-
oxymethyl]-propanol. ‘Octabenzyl alcohol’ [4]. The title
compound was prepared from compound [3] as de-
scribed for product [2] (yield 50%). 1H NMR
(400 MHz, CDCl3): d (ppm) 2.05 (m, 1H: CH); 2.15
(m, 2H: CH); 3.3–3.7 (m, 38H: CHAO, CH2AO,
CH2AOH); 4.5 (s, 16H: CH2ABz); 7.2–7.4 (m, 40H:
CH aromatic). 13C NMR (75 MHz, CDCl3): d (ppm)
41 (CH), 42 (CH), 64 (CH2AOH), 68.8 (CH2AO), 70
(CH2AO), 70.3 (CH2AO), 72 (CH2AO), 73,4
(CH2ABz), 78 (CHAO), 127.6–128.4 (CH), 139 (C).


3.1.1.5. ({[(Dioctadecylcarbamoylmethyl-carbamoyl)-
methyl]-carbamoyl}-methyl)-carbamic acid tert-butyl
ester. ‘DODA-(gly)3-Boc’ [5]. To a stirred solution of
Boc-N-gly-gly-gly-OH (1 g, 3.5 mmol) and TEA
(1.44 mL, 10.4 mmol) in chloroform (70 mL), dioctade-
cylamine (1.8 g, 3.5 mmol) was added and the mixture
was stirred until solubilization. BOP reagent (1.7 g,
3.8 mmol) was then added and the mixture was stirred
at room temperature for 4 h. It was then successively
washed with 0.5 M KHSO4 (4 · l20 mL), saturated
NaHCO3 (4 · 20 mL), and finally with brine. The organ-
ic layer was dried over MgSO4, filtered, and evaporated
to dryness. The residue was washed with acetonitrile,
centrifuged, and dried to obtain the expected product
as a white powder (2.18 g, 2.75 mmol, yield 78%). 1H
NMR (300 MHz, CDCl3): d (ppm) 0.9 (t, J = 6.5 Hz,
6H: CH3); 1.28 (s, 64H: CH2); 1.47 (s, 9H: CH3); 3.16
(t, J = 8 Hz, 2H, CH2); 3.32 (t, J = 8 Hz, 2H: CH2);
3.89 (d, J = 7.6 Hz, 2H: CH2); 4.03 (dd, J1 = 5.2 Hz,
J2 = 8.4 Hz, 4H: CH2); 5.15 (s broad, 1H: NH); 6.76
(t, J = 5.2 Hz, 1H: NH); 7.96 (t, J = 4.8 Hz, 1H: NH).
13C NMR (75 MHz, CDCl3): d (ppm) 14 (CH3ACH2),
23 (CH2ACH3), 27 (CH2ACH2), 28.5 (CH3AC), 29.5
(CH2), 30 (CH2ACH2), 32 (CH2), 41.2 (CH2ANH), 43
(CH2ANH), 46.5 (CH2ANH), 47 (CH2AN), 167
(C@O), 168.5 (C@O), 170 (C@O).


3.1.1.6. 2-Amino-N-[(dioctadecylcarbamoylmethyl-
carbamoyl)-methyl]-acetamide; TFA salt. ‘DODA-(gly)3;
TFA salt’ [6]. The Boc-protected product [5] (2 g,
2.52 mmol) was deprotected at room temperature in tri-
fluoroacetic acid (10 mL) for 2 h. TFA was evaporated
under vacuum. The expected product was obtained
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(1.87 g, 2.32 mmol, yield 92%). 1H NMR (400 MHz,
CDCl3): d (ppm) 0.9 (t, J = 6.5 Hz, 6H: CH3); 1.28 (s,
64H: CH2); 3.14 (t broad, 4H, CH2); 3.5–3.6 (q,
J = 5.2 Hz, 2H: CH2); 3.8 (d, J = 4.8 Hz, 2H: CH2);
3.87 (d, J = 5.6 Hz, 2H: CH2); 7.93 (s, 3H: NH); 8.02
(t, J = 5.2 Hz, 1H: NH); 8.56 (t, J = 5.2 Hz, 1H: NH).
MS (DCI): m/z = 693 MH+.


3.1.1.7. Dioctadecyl-carbamic acid 3-(2-benzyloxy-1-
benzyloxymethyl-ethoxy)-2-(1-benzyloxymethyl-2-ben-
zyloxy-ethoxymethyl)-propyl ester. ‘DODA-tetrabenzyl’
[7]. To a stirred solution of compound [2] (150 mg,
0.24 mmol) in toluene (15 mL), trichloromethylchloro-
formate (295 lL, 2.44 mmol) was added. The mixture
was heated to 65 �C and stirred for 4 h. Successive evap-
orations under reduced pressure with toluene (3 · 5 mL)
and diethyl ether (3 · 5 mL) gave a colorless oil. The res-
idue was dissolved in THF (2 mL) and TEA (342 lL,
2.4 mmol) was added. Dioctadecylamine (116 mg,
0.22 mmol) and TEA (342 lL, 2.4 mmol) were solubi-
lized in THF (2 mL) and added to the previous mixture.
The solution was stirred at room temperature for 3 days
and solvents were evaporated under vacuum. The resi-
due was dissolved in ethyl acetate and washed with
brine. The organic layer was dried over Na2SO4, filtered,
and concentrated. Chromatography of the crude residue
on silica gel in cyclohexane/ethyl acetate (8:2, v/v) gave a
colorless oil (93 mg, 0.08 mmol, yield 37%) of the
expected product. 1H NMR (400 MHz, CDCl3): d
(ppm) 0.89 (t, J = 6.4 Hz, 6H: CH3); 1.26 (s, 64H:
CH2); 2.25 (m, 1H: CH); 3.1 (s broad, 2H: CH2); 3.2
(s broad, 2H: CH2); 3.5–3.7 (m, 14H: CH, CH2); 4.16
(d, J = 6 Hz, 2H: CH2); 4.5 (s, 8H: CH2); 7.24–7.34
(m, 20H, CH).


3.1.1.8. ({[(Dioctadecylcarbamoylmethyl-carbamoyl)-
methyl]-carbamoyl}-methyl)-carbamic acid 3-(2-benzyl-
oxy-1-benzyloxymethyl-ethoxy)-2-(1-enzyloxymethyl-2-
benzyloxy-ethoxymethyl)-propylester. ‘DODA-(gly)3-tet-
rabenzyl’ [8]. To a stirred solution of product [2]
(580 mg, 0.94 mmol) in toluene (15 mL), trichlorometh-
ylchloroformate (456 lL, 3.77 mmol) was added. The
mixture was heated to 65 �C and stirred for 4 h. Succes-
sive evaporation under reduced pressure with toluene
and diethyl ether gave a colorless oil. The residue was
immediately dissolved in THF (10 mL). The product
[6] (758.7, 0.94 mmol) and diisopropylamine (1.64 mg,
9.4 mmol) were dissolved in THF (10 mL) and added
to the previous mixture. The solution was stirred at
room temperature for 24 h. Solvents were evaporated
under vacuum, the residue was dissolved in ethyl acetate
and washed with brine. The organic layer was dried
over Na2SO4, filtered, and concentrated to a yellow
oil. Chromatography of the crude residue on silica gel
in cyclohexane/ethyl acetate (2:8, v/v) gave a white
gum (350 mg, 0.26 mmol, yield 28%) of the expected
product. 1H NMR (400 MHz, CDCl3): d (ppm) 0.88
(t, J = 7 Hz, 6H: CH3); 1.26 (s, 64H: CH2); 2.2 (m,
1H: CH); 3.15 (t, J = 7.6 Hz, 2H: CH2); 3.3 (t,
J = 7 Hz, 2H: CH2); 3.5–3.7 (m, 14H: CH, CH2); 3.8
(d, J = 4.6 Hz, 2H, CH2); 3.97 (d, J = 4.3 Hz, 2H,
CH2); 4 (d, J = 2.8 Hz, 2H: CH2); 4.2 (d, J = 5.6 Hz,
2H: CH2); 4.51 (s, 8H: CH2); 5.3 (t broad, 1H: NH);

6.77 (t, J = 1.96 Hz, 1H: NH); 6.99 (t broad, 1H: NH);
7.25 to 7.35 (m, 20H, CH). 13C NMR (75 MHz, CDCl3):
d (ppm) 14.3 (CH3ACH2), 23 (CH2ACH3), 27
(CH2ACH2), 30 (CH2ACH2), 32 (CH2), 40.6 (CH2),
42 (CH2AN), 44.3 (CH2ANH), 46.2 (CH2ANH), 47
(CH2ANH), 62 (CH2AO), 67 (CH2AO), 69 (CH2AO),
72 (CH2ABz), 77 (CHAO), 126–128 (CH aromatic),
166 (C@O), 168 (C@O), 170 (C@O).


3.1.1.9. Dioctadecyl-carbamic acid 3-[3-(2-benzyloxy-
1-benzyloxymethyl-ethoxy)-2-(1-benzyloxymethyl-2-hydro-
xy-ethoxymethyl)-propoxy]-2-[3-(2-benzyloxy-1-benzyl-
oxymethyl-ethoxy)-2-(1-benzyloxymethyl-2-hydroxy-eth-
oxymethyl)-propoxymethyl]-propyl ester. ‘DODA-octa-
benzyl’ [9]. The title compound was prepared similarly
to product [7] starting from compound [4] (68 mg,
0.036 mmol, yield 74%). 1H NMR (400 MHz, CDCl3):
d (ppm) 0.89 (t, J = 6.4 Hz, 6H: CH3); 1.26 (s, 64H:
CH2); 2.25 (m, 3H: CH); 3.1 (s broad, 2H: CH2); 3.2
(s broad, 2H: CH2); 3.5–3.7 (m, 35H: CH, CH2); 4.16
(d, J = 6 Hz, 2H: CH2); 4.5 (s, 16H: CH2); 7.24–7.34
(m, 40H, CH).


3.1.1.10. ({[(Dioctadecylcarbamoylmethyl-carbamoyl)-
methyl]-carbamoyl}-methyl)-carbamic acid 3-[3-(2-ben-
zyloxy-1-benzyloxymethyl-ethoxy)-2-(1-benzyloxymeth-
yl-2-hydroxy-ethoxymethyl)-propoxy]-2-[3-(2-benzyloxy-
1-benzyloxymethyl-ethoxy)-2-(1-benzyloxymethyl-2-hydro-
xy-ethoxymethyl)-propoxymethyl]-propyl ester. ‘DODA-
(gly)3-octabenzyl’ [10]. The title compound was prepared
similarly to product [8] but using [4] (52 mg, 25.7 lmol,
yield 40%). 1H NMR (600 MHz, CDCl3): d (ppm) 0.89
(t, J = 6.4 Hz, 6H: CH3); 1.26 (s, 64H: CH2); 2.25 (m,
3H: CH); 3.1 (s broad, 2H: CH2); 3.2 (s broad, 2H:
CH2); 3.5–3.6 (m, 36H: CH, CH2); 3.85 (s broad, 2H,
CH2); 3.98 (s broad, 2H, CH2); 4.16 (m, 4H: CH2); 4.5
(s, 16H: CH2); 5.3 (t broad, 1H: NH); 6.77 (t,
J = 1.96 Hz, 1H: NH); 6.99 (t broad, 1H: NH); 7.24–
7.34 (m, 40H, CH).


3.1.1.11. Dioctadecyl-carbamic acid 3-(2-hydroxy-1-
hydroxymethyl-ethoxy)-2-(2-hydroxy-1-hydroxymethyl-
ethoxymethyl)-propyl ester. ‘DODA-tetraol’’ [11]. The
product [7] (90 mg, 77.4 lmol) was dissolved in ethyl
acetate (4 mL) and Pd on activated carbon (10%)
(20 mg, 19 lmol) was added. The mixture was placed
under H2 at atmospheric pressure and stirred at room
temperature for 1 h. The solution was then filtered and
concentrated. The expected product (50 mg, 62 lmol,
yield 81%) was obtained as a colorless viscous oil. 1H
NMR (400 MHz, CDCl3): d (ppm) 0.9 (t, J = 6.4 Hz,
6H: CH3); 1.26 (s, 64H: CH2); 2.26 (m, 1H: CH); 3.2
(s broad, 4H: CH2); 3.45–3.48 (m, 2H: CH); 3.63–3.78
(m, 12H: CH2); 4.24 (d, J = 6 Hz, 2H: CH2).


3.1.1.12. ({[(Dioctadecylcarbamoylmethyl-carbamoyl)-
methyl]-carbamoyl}-methyl)-carbamic acid 3-(2-hydroxy-
1-hydroxymethyl-ethoxy)-2-(2-hydroxy-1-hydroxymethyl-
ethoxymethyl)-propyl ester. ‘DODA-(gly)3-tetraol’ [12].
The product [8] (100 mg, 75 lmol) was dissolved in
methanol (8 mL) and Pd on activated carbon (10%)
(18 mg, 17 lmol) was added. The mixture was placed
under H2 at atmospheric pressure and stirred at room
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temperature overnight. The solution was then filtered
and concentrated. The expected product (45 mg,
46.2 lmol, yield 62%) was obtained as a white powder.
1H NMR (400 MHz, CDCl3): d (ppm) 0.88 (t,
J = 7 Hz, 6H: CH3); 1.26 (s, 64H: CH2); 2.2 (m, 1H:
CH); 3.15 (t, J = 7.6 Hz, 2H: CH2); 3.3 (t, J = 7 Hz,
2H: CH2); 3.5–3.7 (m, 14H: CH, CH2); 3.8 (d,
J = 4.6 Hz, 2H, CH2); 3.97 (d, J = 4.3 Hz, 2H, CH2); 4
(d, J = 2.8 Hz, 2H: CH2); 4.2 (d, J = 5.6 Hz, 2H: CH2);
5.3 (t broad, 1H: NH); 6.77 (t, J = 1.96 Hz, 1H: NH);
6.99 (t broad, 1H: NH).


3.1.1.13. Dioctadecyl-carbamic acid 3-[3-(2-hydroxy-
1-hydroxymethyl-ethoxy)-2-(2-hydroxy-1-hydroxymethyl-
ethoxymethyl)-propoxy]-2-[3-(2-hydroxy-1-hydroxymeth-
yl-ethoxy)-2-(2-hydroxy-1-hydroxymethyl-ethoxymeth-
yl)-propoxymethyl]-propyl ester. ‘DODA-octaol’ [13].
The title compound was prepared similarly to product
[11] but using [9] (yield 64%). 1H NMR (600 MHz,
CDCl3): d (ppm) 0.89 (t, J = 6.4 Hz, 6H: CH3); 1.26 (s,
64H: CH2); 2.15 (m, 3H: CH); 3.23 (s broad, 4H:
CH2); 3.4 to 3.7 (m, 36H: CH, CH2); 4.02 (s broad,
2H: CH2).


3.1.1.14. ({[(Dioctadecylcarbamoylmethyl-carbamoyl)-
methyl]-carbamoyl}-methyl)-carbamic acid 3-[3-(2-hydro-
xy-1-hydroxymethyl-ethoxy)-2-(2-hydroxy-1-hydroxy-
methyl-ethoxymethyl)-propoxy]-2-[3-(2-hydroxy-1-hydroxy-
methyl-ethoxy)-2-(2- hydroxy-1-hydroxymethyl-etho-
xymethyl)-propoxymethyl]-propyl ester. ‘DODA-(gly)3-
octaol’ [14]. The title compound was prepared similarly
to product [12] but using [10] (yield 50%). 1H NMR
(300 MHz, CDCl3): d (ppm) 0.89 (t, J = 6.4 Hz, 6H:
CH3); 1.26 (s, 64H: CH2); 2.25 (m, 3H: CH); 3.1 (s
broad, 2H: CH2); 3.2 (s broad, 2H: CH2); 3.5–3.6
(m, 36H: CH, CH2); 3.8 (s broad, 2H, CH2); 3.98 (s
broad, 2H, CH2); 4.1 (m, 4H: CH2); 4.16 (s large, 2H:
CH2).


3.1.2. Physicochemistry and biology
3.1.2.1. Preparation of liposomes bearing the branched


polyether lipids or DOPE. The cationic lipid RPR209120
(2.10 mg, 2.5 lmol) and DOPE (1.86 mg, 2.5 lmol) were
dissolved with chloroform in a round-bottomed flask
(5 mL) and dried under reduced pressure until 5 mbar
to form a thin film in the flask. After 2 h at this pressure,
the film was hydrated overnight with distilled and fil-
tered (0.22 lm) water (500 lL) to obtain a final concen-
tration of 10 mmol/L. The liposomes bearing the
polyether branched lipids [11]–[14] were formulated
according to the same procedure replacing DOPE by
molecules [11]–[14]. Liposomes were then sonicated to
obtain a diameter in the 200 nm range. The size was
determined by dynamic light scattering with a Malvern
Zetasizer Nano Series.


3.1.2.2. Preparation of lipoplexes. Lipoplexes were
prepared in NaCl (150 mL) at different charge ratios
of cationic lipid/DNA. Plasmid DNA used contained
either the luciferase or the GFP reporter gene under
the cytomegalovirus (CMV) promoter and was prepared
as described.27 To prepare 500 lL of complexes at
charge ratio equal to 8, DNA (250 lL, 2 lg/mL, NaCl

300 mM) was added dropwise to liposomes (250 lL,
32 mM of total lipids, H2O) with constant vortexing.
The charge ratio was calculated stoichiometrically as
mole ratio of cationic lipid RPR209120 (3 positive
charges per molecule) to DNA nucleotide residue (M
330, 3 nmol of phosphate in 1 lg of DNA).


3.1.2.3. Light scattering experiments. Diameter and
zeta potential values of the complexes RPR209120/
DOPE or lipids [11]–[14] ± DNA were determined with
dynamic light scattering instruments (respectively, Mal-
vern Zetasizer Nano Series and Malvern Zetasizer
3000HSA). For size measurement, 5 lL of complexes
was diluted in 900 lL of milliQ water filtered with
0.2 lm syringe filter and for the zeta potential 200 lL
of complexes was diluted in 2 mL NaCl 20 mM.


3.1.2.4. Evaluation of plasmid DNA compaction with
PicoGreen�. Compaction of DNA in the liposomes con-
taining the polyether derivatives was verified by addition
of Picogreen� (100 lL of Picogreen� diluted 200-fold in
trisborate-EDTA 1 N for 40 ng of DNA) and measure-
ment of the fluorescence (kexc = 450 ± 50 nm ; kem =
530 ± 25 nm) which decreases when DNA is compacted.


3.1.2.5. Stability in fetal bovine serum. A solution of
cationic liposomes RPR209120/DOPE or branched lip-
ids [11]–[14] (120 nmol) was incubated at 37 �C in
400 lL of serum (MEM Gibco, LL-glutamine 2 mM, pen-
icillin 50 U/mL, streptomycin 50 U/mL, and 10% of fetal
bovine serum). At different times (15 min, 1 h, and 2 h)
50 lL aliquots of this solution were diluted in 900 lL
of filtered water before light scattering analysis.


3.1.2.6. Cell culture. B16 cells were grown in Mini-
mum Essential Medium (MEM Gibco) supplemented
with 10% (v/v) fetal bovine serum (FBS), LL-glutamine
2 mM, penicillin 50 U/mL, streptomycin 50 U/mL, and
a solution of non essential amino acids. Cultures were
maintained at 37 �C in a 5% CO2/air incubator.


3.1.2.7. Lipofection. The day before the experiment,
B16 cells were seeded into 24-well culture plates at a
density of 50,000 cells per well. They were incubated
at 37 �C, under 5% CO2 in MEM for 24 h. Just before
transfection, cells were washed twice with fresh medium
with or without FBS. The lipoplex solutions prepared as
described above at least 30 min before lipofection were
added to the cells (0.5 lg of plasmid per well). 10% (v/
v) FBS was added to the culture wells containing ser-
um-free lipofection medium 2 h later at 37 �C. The cells
were incubated for 24 h at 37 �C in the presence of 5%
CO2.


3.1.2.8. Luciferase assay. Cells were washed with PBS
and lysed with 200 lL of cell culture lysis reagent (Pro-
mega). Luciferase expression was quantified on 5 lL of
centrifuged lysate supernatant using a luciferase assay
kit (Promega). Light emission was measured using a
luminometer (Multilabel counter 1420 Victor2; EG&G
Wallac), equipped with a co-injector that delivered
80 lL of luciferase substrate into 40 lL of cell extracts.
Relative light units (RLU) were calculated versus back-
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ground activity. Light emission was normalized to the
protein concentration of cell extracts, determined using
the Bradford protein assay kit (Bio-Rad).


3.1.2.9. Internalization experiments. The day before
the experiment, B16 cells were seeded into 12-well cul-
ture plates containing lamella at a density of 80,000 cells
per well. They were incubated at 37 �C, under 5% CO2 in
MEM supplemented with 10% (v/v) fetal bovine serum
(FBS), LL-glutamine 2 mM, penicillin 50 U/mL, strepto-
mycin 50 U/mL, and a solution of non essential amino
acids, for 24 h. Wells were washed and MEM was added
(transfection with serum). The lipoplexes (0.5 lg of GFP
plasmid/well) were added to the cells. 10% (v/v) FBS was
added to the culture wells containing serum-free lipofec-
tion medium after 2 h at 37 �C. The cells were incubated
in the darkness, for 24 h at 37 �C in the presence of 5%
CO2. Cells were washed with 500 lL PBS and then fixed
with paraformaldehyde (500 lL 3%). After 30-min incu-
bation in the darkness, cells were washed with 500 lL
PBS and DAPI solution (500 lL 0.1 lg/mL) was added.
Cells were incubated for 30 min in the dark, then washed
with PBS, water and mounted in mowiol prior examina-
tion. Slides were then analyzed with a Zeiss Axiophot
microscope equipped with a Zeiss Neofluor 100· objec-
tive lens.


3.1.2.10. In vivo distribution in tumor-bearing mice.
Experiments were performed on five-week-old female
C57Bl/6 mice. Fifteen days before the experiment,
100 lL (105 cells/100 lL) of 3LL cellular solution (Lewis
lung carcinoma tumors) was implanted subcutaneously
in the right flank of the mice. The mice were anesthe-
tized by intraperitoneal injection with a mix of ketamine
(85.8 mg/kg; Centravet) and xylazine (3.1 mg/kg; Bayer)
diluted in 150 mM NaCl. A 200 lL volume of rhoda-
mine-labeled complexes (100 nmol total lipids in 5% glu-
cose) was injected into the mouse tail vein. Blood was
collected by cardiac puncture 30 min after injection.


Rhodamine-labeled lipids were extracted according to
Takeuchi et al.28 from 100 lL of blood with 3 mL chlo-
roform/methanol (1:1, v/v) by vigorous mixing during
30 min followed by centrifugation (3000 rpm, 10 min).
The fluorescence intensity was assayed on 100 lL super-
natant with a luminometer Wallac Victor2 (1420 Multi-
label Coulter, 570 nm). The amount of complexes in the
blood was evaluated with a calibration curve and ex-
pressed as the remaining percentage of injected dose.
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Abstract—The aim of this paper is to describe the inclusion properties and the factors affecting the complexation selectivity and
stabilization of catechin (CA) into b-cyclodextrin (b-CD) and two of its derivatives, namely Heptakis 2,6-di-O-methyl-b-cyclodex-
trin (DM-b-CD) and 2 hydroxypropyl-b-cyclodextrin (HP-b-CD). Analysis of the proton shift change using the continuous varia-
tion method confirm the formation of a 1:1 stoichiometric complex for catechin and the different CDs in aqueous medium. The
formations constant obtained by diffusion-ordered spectroscopy (DOSY) techniques indicated the following trend upon complex
formation: b-CD > HP-b-CD > DM-b-CD. The detailed spatial configuration is proposed based on 2D NMR methods. These
results are further interpreted using molecular modeling studies. The latter results are in good agreement with the experimental data.
The models confirm that when CA-b-CD is formed, the catechol moiety in the complex is oriented toward the primary rim; however
when CD is derivatized to HP-b-CD and DM-b-CD this ring is oriented toward the secondary rim.
� 2007 Elsevier Ltd. All rights reserved.

              n = 7   R = H 
HP     n = 7   R = CH2CHOHCH3 or H 
DM     n = 7   R2 , R6 = CH3 and R3 = H 


a b


Figure 1. Molecular structures of b-cyclodextrin, 2-hydroxypropyl-b-


cyclodextrin, and Heptakis-2,6-O-di-methyl-b-cyclodextrin (a). Molec-


ular structure of (+)catechin (b).

1. Introduction


Catechins are phenolic compounds extracted from
plants and present in natural food and drinks, such as
green tea1 or red wine2 (Fig. 1). The role of such mole-
cules in the prevention of cancer and cardiovascular dis-
eases has received a great deal of attention.3,4 Catechins
are scavengers of reactive oxygen species, and their
resulting anti-oxidant properties are of great interest in
dietetics and cosmetology. Furthermore, their antiviral
and cancer inhibiting properties could have pharmaceu-
tical applications.5 However, catechin powders are bit-
ter, brown, and easily get oxidized, and hence difficult
to use as a natural food additive or medicine.


Cyclodextrins are cyclic oligosaccharides composed of
glucopyranose units and can be represented as a trun-
cated cone structure with a hydrophobic cavity. Their
most popular feature is the marked difference of polarity
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between the internal and external surfaces: the inner
part is made apolar by the glycosidic oxygens and
methine protons, whereas the external surface is polar
by virtue of the presence of secondary and primary
hydroxyls on the large and small rims, respectively, thus
allowing their solubilization in water. These unique
properties predispose them to form inclusion complexes,
as the displacement of included water molecules by apo-
lar substrates represents a thermodynamically favored



mailto:cjullian@uchile.cl





3218 C. Jullian et al. / Bioorg. Med. Chem. 15 (2007) 3217–3224

process.6 In the pharmaceutical, cosmetics, and food
industries, cyclodextrins have been used primarily as
complexing agents to increase the water solubility of
various compounds, such as drugs, vitamins, and food
colorants.7 It was demonstrated that complexation can
considerably increase the stability and bioavailability
of the guest molecules. We have recently reported the
enhancement in solubility of flavonoid (quercetin and
morin) through phase solubility experiments in different
cyclodextrins.8,9


This work describes the result obtained from nuclear
magnetic resonance (NMR) studies on the inclusion
properties of CA into b-cyclodextrin and two deriva-
tized cyclodextrins, Heptakis-2,6-di-O-b-cyclodextrin
(DM-b-CD) and 2-hydroxypropyl-b-cyclodextrin (HP-
b-CD). We observed the possible factors that affect the
complexation selectivity and stabilization. The forma-
tions constant are obtained by diffusion-ordered spec-
troscopy (DOSY) techniques, while the detailed spatial
configuration is proposed by 2D NMR. We also carried
out molecular modeling studies to build three-dimen-
sional models of substituted and native b-CD upon
complexation with CA in order to provide a more de-
tailed description of the interactions so as to rationalize
the experimental results.

2. Results and discussion


2.1. 1H NMR studies


1H NMR data for CA dissolved in D2O show well-
resolved signals in two distinct spectral regions: two
double of doublet corresponding to methylene protons,
H-4, and a multiplet centered at 4.16 ppm due to the
methine nuclei H-3, which are J-coupled to the adjacent
methylene protons H-4 and to the methine H-2 (how-
ever the signal of the latter is not being observed because
it is superimposed with the water signal at 4.7 ppm). In
the high frequency region, the two-spin system and the
three-spin system of ring A and B, respectively, are
clearly detected (Fig. 2).


The formation of inclusion complexes can be proved
from the changes of chemical shifts of CA or CDs in
1H NMR spectra. Figure 3 illustrates that most of the
aromatic protons of CA are influenced owing to the
presence of CDs. Table 1 lists the detailed variation of
the aromatic chemical shifts of CA before and after
forming inclusion complexes with CDs. Upfield shifts
are observed for all the aromatic protons of the
A- and B-rings. However, the major induced shielding
is observed for all the B-ring protons on both CA-b-
CD and CA-DM-b-CD complexes. But it is worth to
mention that the H-8 A-ring proton in the DM-b-CD
complex shows outstanding upfield chemical shifts in
comparison with the other complex. The broadening
of the proton signals of CA in the presence of CD
suggests that the B-ring, the C-ring, and the A-ring are
included in the cavity and hence the motions of these
protons are restricted indicating that CA molecule fitted
tightly.10

The H-3 and H-5 protons of the glucose units are facing
to the interior of the CD cavity, whereas H-6 protons
are located at the rim with the primary alcohols. H-2
and H-4 are at the opposite entrance of the cavity.
Upfield shifts of the interior proton signals of CDs are
indicative that aromatic guest molecules are located
close to the protons for which a shift is observed. This
displacement is due to the anisotropic magnetic effect in-
duced by the presence of the aromatic group of the guest
molecule. The analysis of the variations undergone by
CDs protons as a consequence of the presence of CA
strongly suggests complexation involving inclusion into
the cavity of the host, as the external protons H-1,
H-2, and H-4 were slightly affected, whereas the H-3,
H-5, and H-6 protons were significantly shifted (data
not shown).


One important NMR application is the association con-
stant determination (Ka) for host–guest complexes using
1H chemical shift information.11 Recently there has been
a growing interest in the use of pulsed field gradient
methods to provide information on Ka via the molecular
self-diffusion coefficient.12,13 The diffusion coefficient (D)
depends on the size of the molecule:


D ¼ kT
6pgr


ð1Þ


where k is the Boltzmann constant, T is the absolute
temperature, g is the dynamic viscosity, and r is the
radius of the molecule.


Determination of association constants using DOSY
provides an additional NMR based method and an
alternative of the classical chemical shifts titration meth-
od, particularly convenient for evidence of binding be-
tween differently sized species.14 The association
constant Ka for a complex of n molecule host and m
molecule guest, for example,


nHþ mG() C½HnGm� ð2Þ
Could be deduced from Eq. 2:


Ka ¼
½C�


½H�n½G�m ¼
½C�


ð½H�0 � n½C�Þnð½G�0 � m½C�Þm ð3Þ


where [G]0 and [H]0 are the total concentration of the
guest and host, respectively, and [G], [H], and [C] the
equilibrium concentrations of the free host (H), of
the free guest (G), and of the complex (C). Usually the
stoichiometry, that is, the values of n and m, was deter-
mined first, for example, from Job plots. The association
constant is determined using Eq. 4 if the mole fraction vb


of the bound species is known.


Ka ¼
vb


ð1� vbÞð½H�0 � vb½G�0Þ
ð4Þ

The diffusion coefficient observed (Dobs) in the NMR
experiment (fast-exchange condition) is the weighted
average of the diffusion coefficient of bound (Dbound)
and free (Dfree) guest:


Dobs ¼ vDbound þ ð1� vÞDfree ð5Þ
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Figure 2. 1H NMR spectra of (+)catechin in D2O.
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Figure 3. 1H NMR spectra: (a) CA without CDs; (b–d) inclusion complexes with b-CD, HP-b-CD, and DM-b-CD.


Table 1. The chemical shifts (d) of CA, b-CD-, HP-b-CD-, and DM-b-


CD-CA complexes and their complexation shifts (Dd)


d(ppm)


H-20 H-5 0 H-6 0 H-6 H-8


CA (free) 6.87 6.85 6.79 6.03 5.94


CA-b-CD 6.75 6.76 6.67 6.02 5.88


Dda 0.12 0.09 0.11 0.01 0.06


CA-HP-b-CD 6.79 6.84 6.73 5.96 5.88


Dda 0.08 0.01 0.05 0.06 0.06


CA-DM-b-CD 6.73 6.79 6.67 5.99 5.63


Dda 0.14 0.06 0.12 0.03 0.31


a Dd = d(free) � d(complex).
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Therefore, the fraction of bound guest can be deter-
mined by


vb ¼
ðDfree � DobsÞ
ðDfree � DboundÞ


ð6Þ


It is noteworthy that it is possible to obtain directly the
molar fraction of the bound guest by employing Eq. 6
and, hence, by using Eq. 4, the association constant by
single point determinations.


The rationale behind the extraction of the bound frac-
tion from diffusion NMR measurements is simple. The
host and guest have their own diffusion coefficients in
the free state that reflect their molecular weight and
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Figure 5. Representative DOSY spectra of CA-HP-b-CD.


Table 2. Diffusion coefficients of cyclodextrins (Dbound), CA in a


complex form (Dobs), in the free state (Dfree) and association constants


(Ka) at 298 K


Dbound


(m2/s)


Dfree


(m2/s)


Dobs


(m2/s)


Ka


(M�1)


CA-b-CD 2.420 · 10�10 4.04 · 10�10 2.63 · 10�10 21,800


CA-HP-b-CD 2.125 · 10�10 4.04 · 10�10 2.51 · 10�10 13,580


CA-DM-b-CD 2.278 · 10�10 4.04 · 10�10 2.66 · 10�10 3500
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shape. Whereas the guest molecules are significantly
smaller than cyclodextrin, furthermore the diffusion
coefficients of the bound guests were taken to be equal
to the diffusion coefficient of CD, it is assumed that,
for binding of a small guest molecule to a large host
molecule, the diffusion coefficient of the host is not
greatly perturbed and the diffusion coefficient of the
host–guest complex can be assumed to be the same as
that of the non-complexed host molecule.15 In the case
of a weak or negligible association, the diffusion coeffi-
cients of the host and the guest will remain unchanged.
For any other case, assuming fast exchange on the
NMR time scale, the observed (measured) diffusion
coefficients (Dobs) are a weighted average of the free
and bound diffusion coefficients (Dfree and Dbound,
respectively) and can, therefore, be used to calculate
the bound fraction vb, as shown in Eq. 6, in the same
way that chemical shifts are used. The precise determi-
nation of the association constant implies that the stoi-
chiometry of the interaction process is unambiguously
determined. Determination of the stoichiometry of the
complexes was performed using the continuous varia-
tion method (Job’s method). The continuous variation
analysis was applied using the H-2 0 proton signal of
CA. The stoichiometry of the three complexes was
found to be the same for all three CD utilized, as shown
in Figure 4, where there is a turning point at r = 0.5,
which leads to a consistent conclusion that the molar ra-
tio between CA and the CDs utilized is 1:1.


In 2D DOSY spectra (Fig. 5) the F2 dimension shows
chemical shift and F1 dimension represents self-diffusion
coefficient (D). Therefore, groups belonging to a same
molecule will appear in almost the same F1 row. By
using Eq. 6 and the diffusion coefficients of the free com-
pounds reported in Table 2, we calculated a molar frac-
tion of bound CA equal to 0.85 for the CA-b-CD
complex, which corresponded to an association constant
of 21,800 M�1 with a complexation stoichiometry of 1:1.
The same procedure applied to HP- and DM-b-CD

Figure 4. Continuous variation plot of CA-b-CD, CA- HP-b-CD, and


CA- DM-b-CD, showing the observed chemical shifts of H-2 0 of CA as


a function of mole fraction.

gave, by single point determinations, association con-
stants of 13,580 and 3500 M�1, respectively (Table 2).


Further information about the inclusion mode of CA in
the several CDs included in this study can be directly in-
ferred from the 1D NMR spectra. The induced shielding
of all the B-ring protons of CA suggests that this ring is
inserted in the CD cavity. More direct indications con-
cerning the geometry of the inclusion complexes can
be derived from the evidence of spatial proximities be-
tween protons of CDs and CA. Figure 6 shows a partial
contour plot of 2D-ROESY spectra of the inclusion
complex of CA and b-CD. There are several intermolec-
ular cross-peaks between H-2 0, H-6 0, and H-5 0 (less in-
tense) of CA with H-5 of b-CD, with additional
relation between H-2 0 of CA and H-3 of b-CD. How-
ever, no cross-peaks appear between the protons of the
A- and C-ring and the protons of b-CD. This might
indicate that the B-ring is deeply inserted into the cavity
by the larger rim of the truncated cone. To attribute
unambiguously the protons H-3, H-5, and H-6 of the
cyclodextrin region, a HSQC spectrum of CA-HP-b-
CD system was performed in the same conditions as
those used for the ROESY spectrum. The ROESY spec-
trum of the CA-HP-b-CD complex (Fig. 7) shows
correlations between H-2 0 of CA and H-3 and H-5 (less
intense) of the CD. Also we observed an interaction
between H-6 of the A-ring with H-5 of HP-b-CD.
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CA-DM-b-CD complex (Fig. 8) showed the same corre-
lations between the internal H-3 and H-5 protons as
those obtained with the HP-b-CD. The analysis of the
dipolar interactions generated by the internal protons
of the three cyclodextrins not only confirmed some fea-
tures already evidenced by the analysis of the complex-
ation shifts, but also revealed some additional aspects.
As a matter of fact, H-5 protons of b-CD produced
remarkable crosspeak on catechin B-ring which could
suggest that CA is deeply inserted into the cavity and
the A-ring is oriented toward the secondary hydroxl
group of the b-CD, which is in agreement with the result

reported by Ishizu10 and Kriz16. Figure 7 shows a con-
tour plot of a section of the ROESY spectrum of CA
and HP-b-CD complexes. The bidimensional spectrum
shows several intermolecular cross-peaks which clearly
suggest that the protons of the B-ring are on the second-
ary face and the A-ring is on the primary face of HP-b-
CD. So, it seems that there are two models between CA
and CDs.


In order to rationalize the NMR experimental results
described above, we carried out molecular modeling
studies of the complexes. These studies revealed that a
preferred final relative orientation for all the complexes
study occurs in spite of the different initial configura-
tions arbitrarily imposed. The minimum energy com-
plexes obtained for the three CDs under studied are
shown in Figures 9–11. It is interesting to note that
although no fixed distances were imposed during the
docking calculations, the results are in very good agree-
ment with the distances obtained by 2D ROESY spec-
tra. All these complexes were further refined using a
semiempirical methodology such as PM3. Noticeable
differences between the b-CD and its derivatized forms
can be observed, being the orientation of the ligand once
inside of the host molecule the most relevant. A detailed
description of the principal topological aspects of these
complexes is discussed below.


In the case of CA-b-CD complex, the conformation ob-
tained by molecular modeling was in agreement with the
ROESY results. The complex has the B-ring of CA ori-
ented toward the primary rim, while both A and C rings
remain oriented to the secondary rim, in such a way that
the plane formed by the A-ring is placed in a 45� angle
with respect to the plane formed by the glycosidic oxy-
gens of the b-CD subunits (Fig. 12). On the other hand,
it is possible to observe from Figure 9 that the A-ring of







Figure 9. Inclusion complex between CA and b-CD obtained from


molecular docking studies. The B-ring of CA is found inside the b-CD


cavity, where the H-2 0 remains nearer to H-5 than H-3.


Figure 10. Inclusion complex between CA and DM-b-CD obtained
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mainly exposed to the outside.
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CA protrudes outside of the b-CD, leaning closer to the
secondary rim, where the H-8 of this ring remains at a
reasonable distance from H-3, while the H-6 points com-
pletely out of the b-CD.


The theoretical results obtained from the CA-DM-b-CD
complex indicate that the B-ring of CA is oriented to the
secondary rim, resulting in a complex where the CA is
located in opposite direction with respect to the previous
CA-b-CD complex (Fig. 10). From the ROESY spec-
trum of DM-b-CD we infer that the H-2 0 of CA is closer
to H-3 than H-5 of the DM-b-CD and by molecular
modeling the distances are 2.7 and 3.7 Å, respectively.
The A-ring of the CA is oriented in an angle near to
45� (315� if we take as a 0� reference angle the same of
the b-CD-CA complex) with respect to the plane formed
by the glycoside oxygen of the glucopyranoses. It is
worth to mention that in this complex, both the

A- and C-rings are almost completely inserted on the
interior of the DM-b-CD, while the B-ring is mainly ex-
posed to the outside. This is in agreement with the ob-
served differences in the cross peak of the 2D-ROESY
spectra for H-2 0 of the CA with H-3 and H-5 for the
b-CD and DM-b-CD. This evidence could indicate that
the B-ring of CA in the DM-b-CD is not as deep as
compared to b-CD. The large shielding observed in
the 1H NMR spectra for the H-8 of the A-ring of CA-
DM-b-CD might be due to its close proximity to two
methylenic protons (C-6) and to two H-5 of different
glucopyranose subunits according to our model results.


When the ROESY spectrum of CA-HP-b-CD is com-
pared with that of CA-DM-b-CD complex, it can be ob-
served that the H-2 0 of the B-ring from the CA is closer
to H-3 than to H-5 of the HP-b-CD. The H-5 0 and the
H-6 0 of B-ring of CA remain in the proximity of other
H-3 of HP-b-CD (Fig. 11). The B-ring of the CA re-
mains oriented to the secondary rim, again with an angle
of 45� (315�) with respect to the plane formed by the gly-
cosidic oxygens of the HP-b-CD. In this complex, just
like in the previously described case, the B-ring of the
CA is mainly located outside of the host. As a conse-
quence of this, the model shows that both A- and C-
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rings are completely inside of the hydrophobic core of
the HP-b-CD, leaving the H-6 and H-8 of the A-ring
near to H-3 and H-5 of the subunits of HP-b-CD.


The NMR experiment confirmed that CA formed 1:1
inclusion complexes with b-, DM-b- and HP-b-CD in
aqueous medium. The formation constants obtained
by diffusion-ordered spectroscopy (DOSY) techniques
indicated the following trend upon complex formation:
b-CD > HP-b-CD > DM-b-CD; which indicates that
the substituents on b-CD hinder the inclusion of CA
into the CD cavity playing an important role in the for-
mation of the inclusion complexes. By means of experi-
mental and theoretical methods, the present work
unambiguously determined the geometrical inclusion
parameters of CA on the different CDs. Besides the
ROESY experiments showed that the inclusion of CA
in b-CD has a different trend when it is compared with
HP- and DM-b-CD. These results were corroborated
by molecular modeling calculations.

3. Experimental


3.1. Materials


The (+)catechin, b-cyclodextrin, 2-hydroxypropyl-b-
cyclodextrin (HP-b-CD)[M.S. = 1], and Heptakis(2,6-di-
O-methyl) b-cyclodextrin (DM-b-CD) were purchased
from Sigma–Aldrich Inc. St. Louis, MO.

3.2. Measurements


All NMR experiments have been performed on a Bruker
AVANCE DRX300 spectrometer equipped with a pulse
gradient unit capable of producing magnetic field pulse
gradients in the z-direction of 53.5 G cm�1. The spectra
have been acquired in an inversed probe-head at 298 K
in 5 mm tubes. All chemical shifts were relative to the
DOH signal at 4.70 ppm. The NMR measurements have
been done with standard BRUKER pulse sequences.
Intermolecular proximity has been derived from 2D
ROESY experiments. The measuring conditions for the
2D spectra were: spectral width 3000 Hz; data size
16 K/8 K; relaxation delay 2 s, and 32 scans with a mixing
time of 400 ms. Phase sensitive spectra were acquired
using TPPI scheme. DOSY experiments have been per-
formed using bipolar longitudinal eddy current delay
(BPPLED—bipolar pulsed field gradient longitudinal
eddy delay) pulse sequence.17 The duration of the mag-
netic field pulse gradients was 3 ms with 5 ms eddy current
delay and spoil gradients of 1 ms with 17:13% ratio. The
pulse gradients have been incremented from 2% to 95%
of the maximum gradient strength in a linear ramp.

3.3. Preparation of (+)catechin-CDs complex


Inclusion complexes were obtained by mixing appropri-
ate amounts of CA and CDs in D2O with a molar ratio
of 1:1. The resulting mixture was equilibrated in a Julab-
o thermostatic shaking water bath for 24 h at 30 �C after
which the equilibrium was reached.

The Job’s plots18 (i.e., continuous variation method)
were determined from 1H NMR data obtained in unbuf-
fered D2O. The total molar concentration (i.e., the com-
bined concentration of CA and CDs) was kept constant
(3 mM), but the mole fraction of catechin (i.e., [CA]/
([CA] + [CD])) varied from 0.1 to 0.9.


3.4. Molecular modeling


In silico build-up of b-CD, DM-b-CD, and HP-b-CD
was carried out using the Builder module of the InsightII
program19 by adding to b-CD 14 methyl in position 2
and 6 (DM-b-CD) and 7 hydroxypropyl groups
(HP-b-CD). The obtained models were subjected to
optimization using a protocol of 300 steps of conjugate
gradients to avoid steric hindrance and clashes that can
appear in the building process. The CA was built using
Gaussview and then it was optimized using a semiempir-
ical method such as PM3 as implemented in Gaussian98
package of programs.20


Autodock3.0.521 with Lamarkian Genetic Algorithm
(LGA) was used to generate the starting complexes.
The parameters used for the global search were an initial
population of 50 individuals, with a maximal number of
energy evaluations of 1,500,000 and a maximal number
of generations of 50,000 as an end criterion. An elitism
value of 1 was used, and a probability of mutation
and crossing-over of 0.02 and 0.08 was used, respec-
tively. From the best solutions obtained according to
these parameters, some of them defined by the user as
the best probabilities in our case 0.06 were further re-
fined by a local search method such as pseudo Solis
and Wets ‘PSW’.


Autodock defines the conformational space implement-
ing grids all over the space of the possible solutions.
With the aim of testing the ability of Autodock to con-
verge into solutions that are inside of the b-CD, a grid of
80 Å by side and 0.3 Å spacing between each point was
set up in such a way that it covered both the external
surface and the internal cavity of the b-CD.


The following procedure was employed on the b-CD
docking simulations: 250 runs were done for each
b-CD. At the end of each run, the solutions were sepa-
rated into clusters according to their lowest RMSD
and the best score value based on a free empiric energy
function. Cluster solutions whose average score was not
over 1 kcal mol�1 with respect to the best energy
obtained in the respective run were selected. Then, the
solution that represents most of the complexes obtained
in the run was compared with the NMR experimental
data, assuring that this solution is able to represent it
accurately. The selected final complexes were optimized
using the semiempirical PM3 method as a refining
procedure with Gaussian98.
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13. Laverde, A., Jr.; da Conceiçao, G. J. A.; Queiroz, S. C. N.;
Fujiwara, F. Y.; Marsaioli, A. J. Magn. Reson. Chem.
2002, 40, 433.


14. Cameron, K. S.; Fielding, L. Magn. Reson. Chem. 2002,
40, S106.


15. Wimmer, R.; Aachmann, F. L.; Larsen, K. L.; Petersen, S.
B. Carbohydr. Res. 2002, 337, 841.


16. Kriz, Z.; Koca, J.; Imberty, A.; Charlot, A.; Auzely-Velty,
R. Org. Biomol. Chem. 2003, 1, 2590–2595.


17. Wu, D.; Chen, A.; Johnson, C. S. J. Magn. Reson., Ser A
1995, 115, 260.


18. Job, P. Ann. Chim. 1928, 9, 113.
19. InsightII, MSI, San Diego, California.
20. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.


E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.;
Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.;
Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Cliford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.;
Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin R. L.,; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L..;
Head-Gordon, M.; Replogle, E. S.; Pople. J. A. Gaussian
98 (revision a.7), Gaussian, Inc., Pittsburg, PA, 1998.


21. Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.;
Hart, W. E.; Belew, R. K.; Olson, A. J. J. Comput. Chem.
1998, 19, 1639.



http://dx.doi.org/



		Studies of inclusion complexes of natural and modified cyclodextrin with (+)catechin by NMR and molecular modeling

		Introduction

		Results and discussion

		1H NMR studies



		Experimental

		Materials

		Measurements

		Preparation of (+)catechin-CDs complex

		Molecular modeling



		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry 15 (2007) 3161–3170

Synthesis and preliminary pharmacological evaluation
of the four stereoisomers of (2S)-2-(2 0-phosphono-3 0-


phenylcyclopropyl)glycine, the first class of 3 0-substituted
transC1 0�2 0-2-(2 0-phosphonocyclopropyl)glycines


Maura Marinozzi,a Michaela Serpi,a Laura Amori,a Monica Gavilan Diaz,a,§


Gabriele Costantino,a Udo Meyer,a Peter J. Flor,b Fabrizio Gasparini,b


Roland Heckendorn,b Rainer Kuhn,b Gianluca Giorgi,c Mette Brunsgaard Hermit,d


Christian Thomsend and Roberto Pellicciaria,*


aDipartimento di Chimica e Tecnologia del Farmaco, Università di Perugia, Via del Liceo, 1- I-06123 Perugia, Italy
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Abstract—Four stereoisomers of (2S)-2-(2 0-phosphono-3 0-phenylcyclopropyl)glycine were synthesized by a stereocontrolled syn-
thetic procedure and evaluated as mGluRs ligands. The (2S,1 0R,2 0S,3 0R)-isomer (PPCG-2) showed to be a group III mGluRs selec-
tive ligand endowed with a moderate potency as mGluR4/mGluR6 agonist.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Cyclopropylphosphonate derivatives have been the fo-
cus of interest for chemists because of their potential
biological properties. They have been designed as mim-
ics of aminocyclopropane carboxylic acid (ACC) and as
such showed to be potent inhibitors of alanine racemase
and ACC-deaminase,1 as analogues of (�)-allonorcoro-
namic acid2 and minalcipran,3 as structural moieties of
nucleotides,4 as potential herbicides or plant growth reg-
ulators5 and as potential insecticides.6 Combining two
of the most important strategies in rational drug design,
namely bioisosterism and reduction of the conforma-
tional flexibility through ring insertion, we and others
turned the attention to phosphonocyclopropyl amino

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmc.2007.02.040
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acids as conformationally constrained-bioisosteric ana-
logues of LL-glutamic acid (LL-Glu), the main excitatory
neurotransmitter in the mammalian central nervous sys-
tem. Thus, phosphonocyclopropyl amino acid 1, charac-
terized by an appropriate intermediate chain and by the
DD-configuration at the amino acidic moiety, has been de-
signed by us as a competitive antagonist for the NMDA
receptor,7 whereas (2S,1 0R,2 0S)-2-(2 0- phosphonocyclo-
propyl)glycine (2), a conformationally constrained ana-
logue of LL-1-amino-4-phosphonobutanoic acid (LL-AP4,
3), the prototypic selective agonist for the group III fam-
ily of the glutamate metabotropic receptors (mGluRs),
has been shown to be a group III mGluRs agonist with
micromolar activity.8 In the frame of our continuing
interest in the development of chemical tools for the
characterization of the glutamate receptors and in par-
ticular for the metabotropic ones, we became interested
in the synthesis of 2,3-disubstituted cyclopropylphosph-
onates with definite stereochemistry, able to be precursors
of 3 0-substituted-(2 0-phosphonocyclopropyl)glycines, as
potential ligands for group III mGluR subtypes. In
particular, we reasoned that the introduction of a hydro-
phobic moiety, such as a phenyl ring, in the 3 0-position
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of 2-(2 0-phosphonocyclopropyl)glycine can be proved
useful for mapping the presence of still unexplored
accessory areas in the recognition site of members of this
glutamate receptor family.


Taking advantage from the pharmacophore models for
group III agonists,9,10 we addressed our efforts towards
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Scheme 1. Reagents and conditions: (a) (i) LDA, THF, �78 �C, 90 0; (ii) flas


�78 �C, 15 0, 81%; (c) PCC, CH2Cl2, rt, 24 h, 71%; (d) (i) R-(�)-a-phenylglyci


15 (14%); (e) (i) Pb(OAc)4, CH2Cl2–MeOH, 0 �C, 20 0; (ii) 6 N HCl, reflux, 2

the preparation of 3 0-substituted-(2 0-phosphonocyclo-
propyl)glycines characterized by the trans-disposition
between the pharmacophoric groups, the glycine moiety
and the phosphonate group. The synthesis and prelimin-
ary biological evaluation of the first representatives of
this new class, namely the complete stereolibrary of
transC1 0�2 0-(2S)-2-(2 0-phosphono-3 0-phenylcyclopropyl)-
glycines (4–7), are reported herein (Chart 1).

2. Results and discussion


Although a number of synthetic routes to cyclo-
propylphosphonates have been described in the litera-
ture,11 only few examples of 2,3-disubstituted
cyclopropyl-1-phosphonates have been reported.12


Among them, the stereocontrolled synthesis of 1,2,3-tri-
substituted cyclopropane phosphonic acids, reported by
Hanessian et al.,13 involving the addition of chiral phos-
phonamide-based anions to a,b-unsaturated esters, re-
sulted particularly suitable to our purposes. Because
we required all the possible isomers endowed with
trans-disposition between the glycine and the phospho-
nate moieties, the achiral diisopropyl a-chloro-
methylphosphonate (8) was employed in place of the
optically active Hanessian’s phosphonamide (Scheme
1). Thus, treatment at �78 �C of E-tert-butyl cinnamate
(9) with the anion of 8, generated at �78�C (LDA,
THF), afforded two diastereoisomeric diisopropyl (2-
tert-butoxycarbonyl-3-phenylcyclopropyl)phosphonates
[(±)-10)] and [(±)-11] (2:1 by 1H NMR) in 56% and 19%
yields, respectively, after separation by flash
chromatography.


The relative stereochemistries of the two racemic mix-
tures (±)-10 and (±)-11 were determined by spectro-
scopic analysis. A proof of the relative configuration
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of C-1–C-2 follows from the H–H coupling constants
(J1–2), which are 5.9 and 10.1 Hz for the diastereoiso-
mers (±)-10) and (±)-11, respectively. Since for the
cyclopropane derivatives, JHHcis > JHHtrans,


14 the diaste-
reoisomer (±)-10, whose coupling constant value is
5.9 Hz, is endowed with trans-disposition between car-
boxylate and phosphonate groups. On the contrary,
(±)-11 has cis-configuration of the same substituents
compatible with a larger coupling constant value. Fur-
thermore, the comparison of H-2–H-3 coupling constant
values which are 8.6 and 6.0 Hz for the diastereoisomers
(±)-10 and (±)-11, respectively, allows us to suppose a
cis-disposition between phosphonate and phenyl group
in the diastereoisomer (±)-10 and the opposite one in
(±)-11. The stereochemical assignments were supported
by NOESY experiments (Fig. 1): in the case of (±)-10,
strong NOE occurs between H-2 and H-3, whereas
NOEs were observed between H-1 and H-2 in the spec-
trum of (±)-11.


Diisopropyl (2-tert-butoxycarbonyl-3-phenylcyclopro-
pyl)phosphonate [(±)-10], characterized by the desired
disposition of the pharmacophoric groups, was then re-
duced by lithium ethylborohydride in THF at �30 �C to
give the corresponding alcohol (±)-12, subsequently oxi-
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and 7 (37%).

dized by PCC into diisopropyl (2-formyl-3-phenylcyclo-
propyl)phosphonate [(±)-13]. The aldehyde (±)-13 was
submitted to condensation with R-a-phenylglycinol
and the Schiff base thus formed reacted with trimethyl-
silyl cyanide to afford a mixture of the four expected
a-amino nitriles, as two major (2S)- and two minor
(2R)-components (85:15 by HPLC).15 Flash chromato-
graphy of the reaction mixture allowed a good separa-
tion of the desired two more abundant (2S)-[(R)-
(phenylglycinyl)amino]nitriles 14 and 15 in 32% and
14% yields, respectively. The derivative 14 was submit-
ted to oxidative cleavage of the chiral auxiliary, acidic
hydrolysis and ion exchange resin chromatography to
afford (2S, 1 0S, 2 0R, 3 0S)-2-(2 0-phosphono-3 0-phenylcy-
clopropyl)glycine (PPCG-1, 4) in 28% yield. By an anal-
ogous procedure, starting from the amino nitrile 15,
(2S, 1 0R, 2 0S, 3 0R)-2-(2 0-phosphono-3 0-phenylcyclopro-
pyl)glycine (PPCG-2, 5) was obtained in 35% yield.


To complete the stereolibrary of transC1 0�2 0-(2S)-2-(2 0-
phosphono-3 0-phenylcyclopropyl)glycines, the synthesis
of the derivatives endowed with trans-relationship
between phosphonate and phenyl group remained to
realize. The base-catalyzed intramolecular epoxide open-
ing reaction of c,d-epoxybutylphosphonates has been first
reported by Oh and colleagues,4 as a synthetic methodol-
ogy to produce 2-substituted cyclopropylphosphonates.
We recently reported the application of this procedure
to the synthesis of (2S, 1 0R, 2 0S)-2-(2 0-phosphonocyclo-
propyl)glycine (2).8 Since the possibility to obtain
2,3-disubstituted cyclopropylphosphonates starting from
b-substituted-c,d-epoxybutylphosphonates has not yet
been explored, we decided to explore this possibility to
synthesize the lacking (2S)-2-(2 0-phosphono-3 0-phenylcy-
clopropyl)glycine isomers (6 and 7). To this end, 2-phe-
nylbut-3-en-1-ol [(±)-16]16 was treated with carbon
tetrabromide and triphenylphosphine to obtain the

PO3Et2 PO3Et2


O


(±)-18 19


c


CN
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b) P(OEt)3, 150 �C, 7 days, 51%; (c) MCPA, CH2Cl2, rt, 48 h, 80%; (d)


f) (i) R-(�)-a-phenylglycinol, MeOH, rt, 24 h; (ii) TMSCN, 0 �C, 24 h;
0; (ii) 6 N HCl, reflux, 24 h; (iii) ion exchange chromatography, 6 (46%)
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corresponding bromide (±)-17, then refluxed in triethyl
phosphite to afford diethyl 2-phenylbut-3-enylphospho-
nate (±)-18 in 55% yield (Scheme 2). Epoxidation of (±)-
18 with m-chloroperbenzoic acid in dichloromethane
afforded diethyl 2-oxiran-2-yl-2-phenylethylphosphonate
(19) which was next transformed into trisubstituted cyclo-
propane (±)-20 by treatment with LiHMDS at �78 �C.


The cyclisation was highly stereoselective affording (±)-
20 as the only stereoisomer; indeed, no minor isomers
could be detected by GC-MS analysis. The relative con-
figuration of the derivative (±)-20 was assigned by a
comparison of its spectroscopic data with those previ-
ously obtained from the diastereoisomeric alcohol (±)-
12. The trans-geometry between the phenyl group and
the phosphonate moiety in (±)-20 was supported by
H3–P coupling constant value (J H3–P ¼ 16 Hz) typical
of a cis-disposition of the groups. Starting from the alco-
hol (±)-20, the preparation of the other pair of (2S)-2-
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Scheme 3. Reagents and conditions: (a) Ref. 13; (b) LiEt3BH, THF, �78 �C,


MeOH, rt, 24 h; (ii) TMSCN, 0 �C, 24 h; (iii) MPLC, 80%; (e) (i) Pb(OAc)4,


chromatography, 45%.


Figure 2. View of the asymmetric unit of the a-amino nitrile 22. Ellipsoids e

(2 0-phosphono-3 0-phenylcyclopropyl)glycines (6) and
(7) was achieved following the synthetic protocol
above described for the synthesis of PPCG-1 (4) and
PPCG-2 (5). Thus, oxidation of (±)-20 into the corre-
sponding aldehyde (±)-21, diastereoselective Strecker
reaction, cleavage of the chiral auxiliary and final hydro-
lysis of the a-amino nitriles 22 and 23 provided
(2S,10R,20S,30S)-2-(20-phosphono-30-phenylcyclopropyl)gly-
cine (PPCG-3, 6) and (2S, 1 0S, 2 0R, 3 0R)-2-(2 0-phos-
phono-3 0-phenylcyclopropyl)glycine (PPCG-3, 7) in
28% and 13% overall yield, respectively.

3. Absolute configuration assignment


The absolute configuration assignment to the four dia-
stereoisomeric amino acids 4–7 was based upon single-
crystal X-ray analysis performed on 23, one of the two
major a-amino nitriles derived from the racemic alde-
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Table 2. Binding affinity values expressed as Ki (lM), for PPCGs (4-7)


and (2S,1 0R,2 0S)-2-(20-phosphonocyclopropyl)glycine (2)


Compound mGluR4 mGluR8


PPCG-1 (4) >1000 —


PPCG-2 (5) 24 ± 4.2 130 ± 3.9


PPCG-3 (6) 630 ± 3.2 190 ± 3.8


PPCG-4 (7) >1000 —


PCG-1 (2) 7.4 ± 2.7 63 ± 16


LL-Glutamate 3.4 ± 0.5 3.4 ± 1.1


LL-AP4 (3) 0.16 ± 0.02 1.9 ± 0.3


[3H]-LL-AP4 and [3H]-LY34149519 binding experiments where per-


formed on rmGluR4 and rmGluR8 receptor-expressing cell mem-


branes (BHK cells) using a SPA assay.18 Data are means ± SEM of at


least three independent experiments performed in triplicate.
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hyde (±)-21, and on the independent, enantioselective
synthesis of (2S, 1 0R, 2 0S, 3 0R)-2-(2 0-phosphono-3 0-phe-
nylcyclopropyl)glycine (5) as depicted in Scheme 3.
X-ray analysis of the a-amino nitrile 23 (Fig. 2) confirmed
the S-chirality of the amino nitrilic centre and allowed to
fix the absolute configuration at the three cyclopropylic
carbon atoms (1 0S, 2 0R, 3 0R). Conversely, the amino acid
6, proceeding from the other major a-amino nitrile
obtained from the aldehyde (±)-21, resulted with the same
absolute configuration S at C-2 position and opposite one
(1 0R, 2 0S, 3 0S) at the cyclopropylic carbons.


In the impossibility to obtain suitable crystals for X-ray
analysis with amino acids derived from aldehyde (±)-13,
we decided to synthesize the chiral cyclopropyl ester
(+)-(1R,2R,3S)-3-tert-butyl (1,3-dimethyl-2-oxidoocta-
hydro-1H-1,3,2-benzodiazaphosphol-2-yl)-2-phenylcyclo-
propanecarboxylate (26) by following Hanessian’s
enantioselective procedure.13 Starting from 26, by subse-
quent reduction–oxidation protocol, above reported, the
corresponding (1R, 2S, 3R)-aldehyde 28 was obtained,
which was submitted to the diastereoselective Strecker
reaction giving only two a-amino nitriles (Scheme 3).


According to the above considerations on the inductive
effect of (R)-a-phenylglycinol, a more abundant
(2S, 1 0R, 2 0S, 3 0R)-N-[(R)-a-phenylglycinyl]glycinonitrile
29 was obtained, which by final deprotection led to
(2S, 1 0R, 2 0S, 3 0R)-2-(2 0-phosphono-3 0-phenylcyclopro-
pyl)glycine. A comparison of the spectroscopic data as
well as the specific rotatory power values of this com-
pound with those obtained on PPCG-1 (4) and PPCG-
2 (5) enables us to assign to the amino acid 5 the
(2S, 1 0R, 2 0S, 3 0R) absolute configuration.

4. Biological results


The pharmacological profiles of the four stereoisomers
of PPCGs (4–7) were examined at recombinant mGluR
subtypes in functional assays (rmGluR1, rmGluR5,
hmGluR2, rmGluR4, and hmGluR7) and binding
experiments (rmGluR4 and rmGluR8). As shown in
Table 2, only PPCG-2 (5) among the four PPCGs
showed to bind at mGluR4 subtype with an acceptable
affinity (Ki = 24 lM). It should be noticed that com-
pound 5 was also able to bind mGluR8, albeit at a con-

Table 1. EC50 (lM) values for PPCGs (4–7) and (2S,1 0R,2 0S)-2-(20-phospho


Compound Group I


mGluR1 mGluR5 mGluR


PPCG-1 (4) >1000 >1000 >1000


PPCG-2 (5) >1000 >1000 >1000


PPCG-3 (6) >1000 >1000 320 ± 3.


PPCG-4 (7) >1000 >1000 >1000


PCG-1 (2) >1000 >1000 >1000


LL-Glutamate 7.3 ± 1.0 1.2 ± 0.3 26 ± 2


LL-AP4 (3) >1000 >1000 >1000


Functional data where obtained from CHO cells expressing rmGluR1, rmGlu


rmGluR4 using previously described methods.15b,17,18 Potencies were deter


mGluRs), (ii) GTP(c)35S stimulation assay (mGluR2) and (iii) measuring cAM


of at least three independent experiments performed in triplicate.

centration one order of magnitude higher (Ki = 130 lM)
than mGluR4. PPCG-3 (6) also binds to mGluR8 with
the same order of magnitude (Ki = 190 lM) as PPCG-
2 (5), but it displays more than 20 times weaker binding
at mGluR4 (Ki = 630 lM) than PPCG-2 (5). Functional
measurements (Table 1) revealed that PPCG-2 (5) was
an agonist at mGluR4 subtype. PPCG-2 (5) was also
able to activate mGluR6 subtype with the same order
of potency. The equivalence of the spatial disposition
of the a-amino acidic moiety and the x-phosphonate
group between both the two active isomers of the series,
namely PPCG-2 (5) and PPCG-3 (6), and the corre-
sponding 3 0-unsubstituted derivative 2 confirmed the
need for a full extended disposition of the pharmaco-
phoric moieties for group III recognition. It is worthy
of notice that the introduction of the bulky phenyl
group at 3 0-position of 2 did not modify the pharmaco-
logical profile, thus pointing out a peculiar difference
with, for example, group II mGluR ligands, where the
introduction of bulky groups over the rigid 2-(2 0-carb-
oxycyclopropyl)glycine skeleton invariably changed the
functional profile from agonist to antagonist.15b,20

5. Molecular modelling


In order to rationalize the differences in the pharmaco-
logical profile of the four diastereoisomeric amino acids
4–7, we have performed molecular modelling studies.
Thus, by using the crystal structure of the ligand binding
domain (LBD) of mGluR1 as a template (pdb: 1ewk),21

nocyclopropyl)glycine (2)


Group II Group III


2 mGluR4 mGluR6 mGluR7


— >1000 >1000


59 ± 4.2 51 ± 4.3 >1000


5 — — —


>1000 — —


9.4 ± 3.0 13 ± 3.0 700 ± 140


6.1 ± 1.5 7.6 ± 0.5 >1000


0.51 ± 0.2 0.34 ± 0.07 188 ± 79


R5 or rmGluR6 or from BHK cells expressing hmGluR2, hmGluR7 or


mined by (i) measuring intracellular calcium concentration (group I


P formation (group III mGluRs). The data shown are means ± SEM
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homology models of both the open and closed forms of
the LBD of mGluR4 were constructed. The four ligands
4–7 were built up in MOE and, after energy minimiza-
tion, manually docked into the models of LBD of
mGluR4, by using the crystallographically determined
position of LL-Glu as a guide (Fig. 3).


Inspection of the resulting complexes indicated the pres-
ence, in the binding pocket, of a cavity able to accom-
modate the phenyl ring of PPCG-2 (5). This cavity is
not present in the LBD of mGluR1, thus reflecting the
substitution of the mGluR1 residue tryptophan 110
(W110) by a serine in mGluR4. W110 was recognized
by Jingami and colleagues22 in a site-directed mutagen-
esis study to be involved in hydrophobic van der Waals
interactions with the b- and the c-carbon of LL-Glu in

Figure 3. Superimposition of PPCGs (4–7) on LL-Glu (not shown) the


side chains are differently orientated according to the absolute


configuration of the ring carbons 1 0, 2 0 and 3 0 (colour code of the


phenyl groups: PPCG-1 (4), red; PPCG-2 (5), green; PPCG-3 (6),


yellow; PPCG-4 (7), blue).


Figure 4. (Left) LL-Glu (yellow) and W110 in the crystal of mGluR1. (Rig


homology receptor-model of mGluR4 (in yellow, position of LL-Glu in the crys


less sterically demanding serine allows PPCG-2 (5) to bind.

mGluR1. The substitution of the Trp 110 by a serine
in mGluR4 results in the disappearance of a space-filling
hydrophobic residue thus allowing more sterically
demanding ligand side chains to fit in the LBD of
mGluR4 receptor subtype with respect to mGluR1
(Fig. 4).


Thus, in the model of the LBD of mGluR4, there is a
pocket large enough to host the phenyl-moiety of
PPCG-type amino acid ligands. This can explain both
the observed micromolar affinity of PPCG-2 (5) to
mGluR4 (Ki = 24 lM) and the stereodiscrimination ob-
served between the diastereomeric amino acids 4–7.
Thus, when PPCG-3 (6) is superimposed on the position
of LL-Glu, this cavity is not perfectly accessed by the 3 0-
substituent. Filling up the cavity by the 3 0-phenyl group
causes a dislocation of the polar groups NH2, a-COOH
and PO3H, from their effective binding positions. Fur-
thermore, the lack of activity of PPCG-1 (4) and
PPCG-4 (7) can easily be rationalized by steric
clashes of the phenyl moiety with the residues S317,
D318, S319, Q211 and Z236 of the mGluR4 receptor
model.

6. Conclusions


The stereocontrolled synthesis of the four transC10�2 0-
(2S)-2-(20-phosphono-30-phenylcyclopropyl)glycine isomers
provided a small library that was employed to assess the
steric accessibility of the binding pocket of group III
mGluRs. Among the members of the series PPCG-2
(5) and PPCG-3 (6) displayed affinities as group III
mGluRs ligands, albeit with differences in potency and
subtype selectivity, while all of them were inactive at
group I/II receptor subtypes. These data could be ratio-
nalized by docking experiments on the basis of the pres-
ence of a cavity in group III receptors that is not present
in group I/II. This observation accounts for the stereo-
specific effect of PPCG-2 (5) over the other isomers;
for the selectivity of PPCG-2 (5) for group III over
group I/II receptor subtypes; and for the functional pro-
file of PPCG-2 (5) as an agonist at group III. Indeed, fill-
ing the cavity with the directionally orientated 3 0-phenyl
group does not prevent a correct closure of the two lobes
of the ligand binding domain of the receptors.

ht) docking of PPCG-2 (5) (element and green phenyl ring) into the


tal structure of 1ewk.pdb.) In mGluR4 the substitution of Trp 110 by a







M. Marinozzi et al. / Bioorg. Med. Chem. 15 (2007) 3161–3170 3167

7. Experimental


All reagents were of analytical grade and purchased
from Sigma–Aldrich (Milano, Italy). Flash chromatog-
raphy was performed on Merck silica gel (0.040–
0.063 mm). Melting points were determined in open cap-
illary tubes on a Büchi 535 electrothermal apparatus and
are uncorrected. 1H-, 31P- and 13C NMR spectra were
registered on a Bruker AC 200 or Bruker AC 400 using
CDCl3 as solvent unless otherwise indicated. Chemical
shifts are reported in ppm. The abbreviations used are
as follows: s, singlet; d, doublet; dd, double doublet;
bs, broad signal. Optical rotations were recorded on a
Jasco Dip-360 digital polarimeter. The analytical HPLC
analyses were carried out on a Shimadzu (Kyoto, Japan)
Workstation Class LC-10 equipped with a CBM-10A
system controller, two LC-10AD high pressure binary
gradient delivery systems, a SPD-10A variable-wave-
length UV–vis detector and a Rheodyne 7725i injector
(Rheodyne Inc., Cotati, CA, USA) with a 20-ll stainless
steel loop. Cation- and anion-exchange resin chroma-
tographies were performed with Dowex 50WX2-200
and Dowex 1X8-200, respectively.


7.1. (±)-(1R,2S,3R)- and (±)-(1S,2S,3S)-tert-butyl 2-(diiso-
propoxyphosphoryl)-3-phenyl cyclopropanecarboxylates
[(±)-10 and (±)-11]


A cold (�78 �C) solution of 8 (2.40 g, 11.2 mmol) in
THF (25 ml) was added to a magnetically stirred cooled
(�78 �C) solution of LDA [from addition of 2.5 M nBu-
Li in hexane (8.8 mL) to a solution of dry diisopropyl-
amine (1.80 g, 18.1 mmol) in THF (32 mL)]. After
15 min, a cooled (�78 �C) solution of 9 (3.00 g,
14.7 mmol) in THF (32 mL) was added dropwise in
15 min. Stirring was continued for 1.5 h at �78 �C, then
the reaction mixture was quenched with saturated
NH4Cl solution (40 mL) and allowed to warm to room
temperature. The resulting mixture was then extracted
with AcOEt (3·60 mL), the combined organic phases
were dried over anhydrous Na2SO4, filtered and evapo-
rated to give a residue which was purified by flash chro-
matography. Elution with EtOAc–light petroleum (3:7)
afforded (±)-10 (2.40 g, 56% yield). 1H NMR
(200 MHz) d 1.1 (m, 12H, P[OCH(CH3)2]2), 1.42 (s,
9H, CO2C(CH3)3), 1.74 (ddd, J = 2.7, 5.9, and 8.6 Hz,
1H, 2-CH), 2.62 (dt, J = 5.8 and 15.5 Hz, 1H, 1-CH),
2.80 (ddd, J = 5.8, 10.3, and 15.5 Hz, 1H, 3-CH), 4.28
(m, 1H, P[OCH(CH3)2]), 4.45 (m, 1H, P[OCH(CH3)2]),
7.1–7.34 (m, 5H, aromatics); 13C NMR (50 MHz) d
23.05 (d, JCP = 192 Hz), 23.67 (4d, JCP = 4 Hz), 25.10,
27.97, 29.83 (d, JCP = 5 Hz), 70.32 (2d, JCP = 6 Hz),
81.37, 126.91, 127.78, 129.21, 134.80, 171.00; 31P
NMR (80 MHz) d 22.32. Further elution with the same
solvents yielded (±)-11 (0.80 g, 19% yield). 1H NMR
(200 MHz) d 1.26 (m, 12H, P[OCH(CH3)2]2), 1.44 (s,
9H, CO2C(CH3)3), 1.55 (ddd, J = 0.6, 7.3 and 10.1 Hz,
1H, 2-CH), 2.18 (ddd, J = 6.0, 10.1 and 11.2 Hz, 1H,
1-CH), 3.01 (ddd, J = 6.0, 7.3 and 17.4 Hz, 1H, 3-CH),
4.7 (m, 2H, P[OCH(CH3)2]2), 7.0–7.5 (m, 5H, aromat-
ics); 13C NMR (50 MHz) d 24.20 (d, JCP = 192 Hz),
23.91 (3d, JCP = 5 Hz), 27.59, 28.00, 30.03 (d,
JCP = 6 Hz), 70.51 (2d, JCP = 6 Hz), 81.23, 126.23,

126.85, 128.48, 138.39, 167.78; 31P NMR (80 MHz) d
22.63.


7.2. (±)-(1S,2R,3R)-Diisopropyl 2-(hydroxymethyl)-3-
phenylcyclopropylphosphonate [(±)-12]


A 1 M solution of lithium triethylborohydride in THF
(7.8 mL) was added to a cooled (�78 �C), magnetically
stirred solution of (±)-10 (1.00 g, 2.61 mmol) in dry
THF (33 mL). After 15 min, the reaction mixture was
acidified with 2 N HCl (10 mL) and allowed to warm
to room temperature. The aqueous layer was extracted
with EtOAc (2·60 mL), the combined organic phases
dried over anhydrous Na2SO4, filtered and evaporated
to give a residue which was purified by flash chromatog-
raphy. Elution with AcOEt–MeOH (95:5) afforded (±)-
12 (0.66 g, 81% yield). 1H NMR (400 MHz) d 1.04 (m,
12H, P[OCH(CH3)2]2), 1.18 (ddd, J = 2.4, 6.2 and
9.6 Hz, 1H, 1-CH), 2.22 (m, 1H, 2-CH), 2.37 (ddd,
J = 6.2, 9.6 and 12.8 Hz, 1H, 3-CH), 3.62 (dd, J = 6.1
and 11.4 Hz, 1H, CHaOH), 3.73 (dd, J = 5.7 and
11.4 Hz, 1H, CHbOH), 4.23 (m, 1H, P[OCH(CH3)2]),
4.45 (m, 1H, P[OCH(CH3)2]), 7.12–7.32 (m, 5H, aromat-
ics); 13C NMR (100 MHz) d 19.20 (d, JCP = 195 Hz),
23.76 (m), 25.19 (d, JCP = 3 Hz), 26.76 (d, JCP = 6
Hz), 64.46, 69.98, 126.49, 127.63, 129.39, 136.20; 31P
NMR (160 MHz) d 25.90.


7.3. (±)-(1S,2R,3R)-Diisopropyl 2-formyl-3-phenyl-
cyclopropylphosphonate [(±)-13]


A solution of (±)-12 (0.66 g, 2.13 mmol) in dry CH2Cl2
(18 mL) was added dropwise in 10 min to a magnetically
stirred suspension of PCC (0.68 g, 1.90 mmol) in dry
CH2Cl2 (12 mL). After 12 h, the reaction mixture was
diluted with Et2O (35 mL), filtered and the solvent
evaporated off. Filtration of the residue through a
Florisil� pad yielded (±)-13 (0.47 g, 71% yield). 1H
NMR (400 MHz) d 1.09 (m, J = 6.0 Hz, 12H,
P[OCH(CH3)2]2), 1.94 (dd, J = 5.9 and 9.4 Hz, 1H, 1-
CH), 2.94 (m, 2H, 2-CH and 3-CH), 4.29 (m, 1H,
P[OCH(CH3)2]), 4.44 (m, 1H, P[OCH(CH3)2]), 7.22–
7.34 (m, 5H, aromatics), 9.48 (d, J = 4.2 Hz, 1H,
CHO); 13C NMR (100 MHz) d 23.02 (d, JCP = 193 Hz),
23.78 (2d + 1t, JCP = 3 Hz), 30.53 (d, JCP = 5 Hz), 32.36,
70.63, 127.29, 127.95, 129.19, 133.91, 198.14; 31P NMR
(160 MHz) d 20.96.


7.4. (2S,1 0S,2 0R,3 0S)- and (2S,1 0R,2 0S,3 0R)-N-[(R) �
a-Phenylglycinyl]-2-[2 0-diisopropylphosphono-3 0-phenyl-
cyclopropyl]glycinonitriles (14 and 15)


(R)-a-Phenylglycinol (0.92 g, 6.67 mmol) was added to a
solution of (±)-13 (2.07 g, 6.67 mmol) in MeOH
(50 mL), and the resulting solution was magnetically
stirred at room temperature for 24 h. After cooling to
(0 �C), TMSCN (1.31 g, 13.2 mmol) was added, and
the resulting mixture was stirred for 24 h at room tem-
perature. Evaporation of the solvent gave a residue
which was submitted to a preliminary purification by
flash chromatography (EtOAc) in order to remove the
residue (R)-a-phenylglycinol. The mixture (2.8 g) of 14
and 15, thus obtained, was then submitted to MPLC.
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Elution with n-hexane–EtOAc (45:55) afforded the cor-
responding N-substituted-a-aminonitrile 14 (0.49 g,
32% yield). 1H NMR (200 MHz) d 1.10 (m, 12 H,
P[OCH(CH3)2]2), 1.41 (dd, J = 6.3 and 9.9 Hz, 1H, 1 0-
CH), 2.38 (m, 1H, 2 0-CH), 2.52 (ddd, J = 6.4, 9.9 and
13.1 Hz, 1H, 3 0-CH), 3.59 (m, 2H, 2-CH and CHaOH),
3.74 (dd, J = 3.8 and 11.0 Hz, 1H, CHbOH), 4.10 (dd,
J = 3.8 and 9.2 Hz, 1H, NHCHPh), 4.26 (m, 1H,
P[OCH(CH3)2]), 4.47 (m, 1H, P[OCH(CH3)2]), 7.15–
7.34 (m, 10H, aromatics); 13C NMR (50 MHz) d 18.47
(d, JCP = 194 Hz), 23.88 (2d, JCP = 3 Hz), 24.82, 26.76
(d, JCP = 5 Hz), 49.94, 63.19, 67.07, 70.67 (2d,
JCP = 6 Hz), 117.98, 127.06, 127.41, 127.74, 128.30,
128.87, 129.44, 134.96, 135.08, 138.20; 31P NMR
(80 MHz) d 23.78; ½a�20


D � 12:54 (c 2.62, CHCl3). Further
elution with the same solvents gave 15 (0.180 g, 14%
yield). 1H NMR (200 MHz) d 1.14 (m, 12H,
P[OCH(CH3)2]2), 1.36 (dd, J = 6.2 and 10.2 Hz, 1H,
1 0-CH), 2.45 (m, 2H, 2 0-CH and 3 0-CH), 3.45 (d,
J = 6.4 Hz, 1H, 2-CH), 3.60 (m, 1H, CHaOH), 3.74
(dd, J = 4.0 and 11.0 Hz, 1H, CHbOH), 4.10 (m, 1H,
NHCHPh), 4.27 (m, 1H, P[OCH(CH3)2]), 4.47 (m, 1H,
P[OCH(CH3)2]), 7.14-7.35 (m, 10H, aromatics); 13C
NMR (50 MHz) d 19.67 (d, JC�P = 194 Hz), 23.81,
24.63, 26.59–26.68 (d, JC–P = 5.7 Hz), 50.49, 63.13,
67.01, 70.57, 117.95, 127.07, 127.53, 127.73, 127.94,
128.48, 128.97, 129.24, 129.44, 134.83, 137.64. 31P-
NMR (160 MHz) d 23.27; ½a�20


D � 65:46 (c 1.41, CHCl3).


7.5. (2S,1 0S,2 0R,3 0S)-2-(2 0-Phosphono-3 0-phenylcyclopro-
pyl)glycine (PPCG-1, 4)


Lead tetraacetate (0.49 g, 1.1 mmol) was added to a
cooled (0 �C) magnetically stirred solution of 14
(0.42 g, 0.92 mmol) in anhydrous MeOH/CH2Cl2 (2:1,
48 mL). After 20 min, pH 7.7 phosphate buffer
(70 mL) was added and the resulting mixture was fil-
tered on a Celite pad. The solvent was then removed
in vacuo and the residue thus obtained heated at 95 �C
in 6 N HCl (5 mL) for 24 h. After evaporation of the sol-
vent, the residue was purified by ion exchange resin
chromatography. Elution with 2 N AcOH yielded 4
(0.093 g, 28% yield). 1H NMR (200 MHz, D2O) d 1.60
(dd, J = 5.6 and 10 Hz, 1H, 2 0-CH), 2.08 (m, 1H, 1 0-
CH), 2.63 (m, 1H, 3 0-CH), 3.58 (d, J = 10 Hz, 1H, 2-
CH), 7.04–7.11 (m, 5H, aromatics); 13C NMR
(50 MHz, D2O) d 20.07 (d, JCP = 184.5 Hz), 21.73,
27.44-27.54 (d, JCP = 5 Hz), 55.90, 127.03, 128.19,
128.97, 134.92, 170.64; 31P NMR (80 MHz, D2O) d
21.97. ½a�20


D þ 80:62 (c 2.85, H2O).


7.6. (2S,1 0R,2 0S,3 0R)-2-(2 0-Phosphono-3 0-phenylcyclo-
propyl)glycine (PPCG-2, 5)


Lead tetraacetate (0.21 g, 0.47 mmol) was added to a
cooled (0 �C) magnetically stirred solution of 15
(0.18 g, 0.40 mmol) in anhydrous MeOH/CH2Cl2 (2:1,
21 mL). After 20 min, pH 7.7 phosphate buffer
(15 mL) was added and the resulting mixture was fil-
tered on a Celite pad. The solvent was then removed
in vacuo and the residue thus obtained heated at 95 �C
in 6 N HCl (5 mL) for 24 h. After evaporation of the sol-
vent, the residue was purified by ion exchange resin

chromatography. Elution with 2 N AcOH yielded 5
(0.049 g, 35% yield). 1H NMR (200 MHz, D2O) d 1.42
(dd, J = 3.7 and 10.1 Hz, 1H, 2 0-CH), 2.02 (m, 1H, 1 0-
CH), 2.71 (m, 1H, 3 0-CH), 3.55 (d, J = 10 Hz, 1H, 2-
CH), 7.07–7.14 (m, 5H, aromatics); 13C NMR
(50 MHz, D2O) d 18.15, 21.91, 27.54, 56.07, 127.06,
128.20, 129.07, 135.08, 170.69; 31P NMR (80 MHz,
D2O) d 21.72; ½a�20


D � 32:20 (c 1.3, H2O).


7.7. (±)-1-Bromo-2-phenyl-3-butene [(±)-17]


Carbon tetrabromide (37.87 g, 114.21 mmol) and triphe-
nylphosphine (19.97 g, 76.14 mmol) were added to a
stirred solution of (±)-16 (11.26 g, 76.14 mmol) in dry
CH2Cl2 (39 mL). After 12 h, the solvent was removed
in vacuo and the residue thus obtained, purified by flash
chromatography. Elution with light petroleum afforded
(±)-17 (12.84 g, 80% yield). 1H NMR (200 MHz) d
3.69 (m, 3H, 1-CH2 and 2-CH), 5.18 (m, 2H, 4-CH2),
6.03 (m, 1H, 3-CH) 7.2–7.37 (m, 5H, aromatics).


7.8. (±)-Diethyl-2-phenylbut-3-enylphosphonate [(±)-18]


A magnetically stirred mixture of (±)-17 (10.3 g,
48.8 mmol) and triethylphosphite (60 mL) was heated at
150 �C for 7 days. Excess of triethylphosphite was
distilled off and the residue purified by flash chromatogra-
phy. Elution with n-hexane–AcOEt (1:1) gave (±)-18
(6.7 g, 51% yield). 1H NMR (200 MHz) d 1.10 (t,
J = 6.0 Hz, 3H, P(OCH2CH3), 1.16 (t, J = 6.0 Hz, 3H,
P(OCH2CH3)), 2.13 (dd, J = 2.8 and 7.3 Hz, 1H, 1-
CHa), 2.22 (dd, J = 3.2 and 7.4 Hz, 1H, 1-CHb), 3.87
(m, 5H, P(OCH2CH3)2 and 2-CH), 4.99 (m, 2H, 4-
CH2), 5.96 (m, 1H, 3-CH), 7.13–7.29 (m, 5H, aromatics);
13C NMR (50 MHz) d 16.17, 16.27, 30.33–33.12 (d,
JCP = 139.5 Hz), 43.76, 61.28, 61.38, 114.42, 126.64,
127.59, 128.51, 141.07-141.30 (d, JCP = 11.5 Hz),
142.92–143.12 (d, JCP = 10.2 Hz); 31P NMR (80 MHz) d
30.79.


7.9. Diethyl 2-oxiran-2-yl-2-phenylethylphosphonate (19)


A solution of (±)-18 (2.90 g, 10.8 mmol) in CH2Cl2
(45 mL) was added dropwise to a magnetically stirred
solution of 77% m-chloroperbenzoic acid (3.05 g,
14.4 mmol) in CH2Cl2 (25 mL). After 48 h the excess of
peracid was destroyed by addition of 10% Na2SO3


(35 mL). The organic layer was separated and washed
with 5% NaHCO3 (35 mL) then with water (30 mL), dried
over anhydrous Na2SO4 and the solvent removed in va-
cuo. The residue, thus obtained was purified by flash chro-
matography. Elution with EtOAc–light petroleum (7:3)
afforded 19 (2.46 g, 80% yield).1H NMR (200 MHz) d
1.12 (m, 6H, P(OCH2CH3)2), 2.13 (m, 2H, 1-CH2), 2.47
(dd, J = 2.4 and 4.8 Hz, 1H, CHaO of major diastereoiso-
mer), 2.53 (dd, J = 2.5 and 6.7 Hz, 1H, CHaO of minor
diastereoisomer), 2.70 (m, 1H, CHbO of both the diastere-
oisomers), 3.09 (m, 1H, OCH), 3.94 (m, 10H,
P(OCH2CH3)2 and 2-CH), 7.17–7.30 (m, 10H, aromat-
ics); 13C NMR (50 MHz) d 16.16, 27.7 (d, JCP = 160
Hz), 28.6 (d, JCP = 140 Hz), 42.14, 43.2, 46.58, 47.3,
55.22, 55.5, 56.5, 61.45, 127.23, 127.97, 128.49; 31P
NMR (80 MHz) d 30.39, 30.49.
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7.10. (±)-(1S,2R,3S)-Diethyl 2-(hydroxymethyl)-3-phen-
ylcyclopropylphosphonate [(±)-20]


1 M LiHMDS (3.9 mL) was added to a cooled (�78 �C),
magnetically stirred solution of 19 (0.48 g, 1.69 mmol).
The reaction mixture was then allowed to warm to
�50 �C and stirred at this temperature for 3 h. The reac-
tion mixture was quenched with saturated NH4Cl solu-
tion (40 mL), allowed to warm to room temperature and
extracted with AcOEt (3·60 mL). The combined organic
phases were dried over anhydrous Na2SO4, filtered and
evaporated to give a residue which was purified by flash
chromatography. Elution with AcOEt–acetone (8:2)
afforded (±)-20 (0.25 g, 51% yield). 1H NMR
(400 MHz) d 1.37 (m, 7H, P(OCH2CH3)2 and 1-CH),
2.01 (m, 1H, 2-CH), 2.16 (br s, 1H, OH), 2.84 (ddd,
J = 6.4, 9.1 and 16.0 Hz, 3-CH), 3.46 (d, J = 6.9 Hz,
1H, CH2OH), 4.18 (m, 4H, P(OCH2CH3)2), 7.26–7.33
(m, 5H, aromatics); 13C NMR (50 MHz) d 14.29 (d,
JCP = 197 Hz), 16.41, 16.47, 25.52 (d, JCP = 5 Hz),
26.02 (d, JCP = 3.5 Hz), 61.04 (d, JCP = 4 Hz), 62.08,
62.18, 126.93, 128.43, 128.86, 136.59; 31P NMR
(80 MHz) d 29.70.


7.11. (±)-(1S,2R,3S)-Diethyl 2-formyl-3-phenylcyclopropyl-
phosphonate [(±)-21]


A solution of (±)-20 (1.10 g, 3.06 mmol) in dry CH2Cl2
(35 mL) was added dropwise in 10 min to a stirred sus-
pension of PCC (1.27 g, 5.9 mmol) in dry CH2Cl2
(25 mL). After 12 h, the reaction mixture was diluted
with Et2O (55 mL), filtered and the solvent evaporated
off. Filtration of the residue through a Florisil� pad
yielded (±)-21 (0.73 g, 67% yield). 1H NMR
(200 MHz) d 1.30 (t, J = 7.0 Hz, 3H, P(OCH2CH3),
1.31 (t, J = 7.0 Hz, 3H, P(OCH2CH3)), 2.26 (m, 1H,
1-CH), 2.59 (m, 1H, 2-CH) 3.17 (m, 1H, 3-CH), 4.09
(m, 4H, P(OCH2CH3)2) 7.10–7.30 (m, 5H, aromatics),
8.87 (d, J = 6.0 Hz, 1H, CHO); 13C NMR (100 MHz)
d 17.25 (d, JCP = 192.5 Hz), 16.54, 29.77, 32.64,
127.7, 128.8, 129.1, 133.27, 197.6; 31P NMR (80 MHz)
d 25.76.


7.12. (2S,1 0R,2 0S,3 0S)- and (2S,1 0S,2 0R,3 0R) � N-
[(R) � a-Phenylglycinyl]-2-[2 0-diethylphosphono-3 0-
phenylcyclopropyl]glycinonitriles (22 and 23)


(R)-(a)-Phenylglycinol (0.35 g, 2.59 mmol) was added to
a magnetically stirred solution of (±)-21 (0.73 g,
2.59 mmol) in MeOH (25 mL) and the resulting solution
was stirred at room temperature for 24 h. After cooling
to 0 �C, TMSCN (0.51 g, 5.16 mmol) was added, and
the resulting mixture was stirred for 24 h at room tem-
perature. Evaporation of the solvent gave a residue
which was submitted to a preliminary purification by
flash chromatography (EtOAc) in order to remove the
residue (R)-a-phenylglycinol. The mixture (0.9 g) of 22
and 23, thus obtained, was then submitted to MPLC.
Elution with n-hexane–acetone (6:4) afforded 22
(0.17 g, 15% yield): 1H NMR (200 MHz) d 1.30 (m,
7H, P(OCH2CH3)2 and 2 0-CH), 2.08 (m, 1H, 1 0-CH),
2.40 (d, J = 9.8 Hz, 1H, 2-CH), 2.84 (m, 2H, 3 0-CH
and OH), 3.51 (t, J = 12.0 Hz, 1H, CHaOH), 3.67 (dd,

J = 4.0 and 12.0 Hz, 1H, CHbOH), 3.89 (dd, J = 4.0
and 12.0 Hz, 1H, CHCH2OH), 4.16 (m, 4H,
P(OCH2CH3)2), 6.90–6.96 (m, 5H, aromatics), 7.09–
7.33 (m, 5H, aromatics); 13C NMR (50 MHz) d 15.49
(d, JCP = 191.4 Hz), 16.39, 26.54, 46.32–46.40 (d,
JCP = 4 Hz), 62.38–62.50 (d, JCP = 6 Hz), 62.57–62.70
(d, JCP = 6 Hz), 62.86, 66.97, 118.71, 127.47, 128.10,
128.38, 128.52, 128.65, 128.87, 133.22, 138.30; 31P
NMR (80 MHz) d 27.83; ½a�20


D � 110:9 (c 3.35, CHCl3).
Further elution with the same solvents gave 23 (0.19 g,
17% yield): 1H NMR (200 MHz) d 1.30 (m, 7H,
P(OCH2CH3)2 and 2 0-CH), 2.06 (m, 1H, 1 0-CH), 2.63
(d, J = 10.0 Hz, 1H, 2-CH), 2.90 (m, 1H, 3 0-CH), 3.36
(dd, J = 9.2 and 10.7 Hz, 1H, CHaOH), 3.55 (dd,
J = 4.0 and 10.6 Hz, 1H, CHbOH), 3.90 (dd, J = 4.0
and 9.0 Hz, 1H, CHCH2OH), 4.12 (m, 4H,
P(OCH2CH3)2), 6.61–6.65 (m, 2H, aromatics), 6.91–
7.26. (m, 8H, aromatics); 13C NMR (50 MHz) d13.01
(d, JCP = 191.6 Hz), 16.42, 26.65, 27.03, 47.10–47.03
(d, JCP = 3.5 Hz), 62.31, 62.42, 62.91; 31P NMR
(80 MHz) d 27.87; ½a�20


D � 24:99 (c 2.5, CHCl3).


7.13. (2S,1 0R,2 0S,3 0S)-2-(2 0-Phosphono-3 0-phenylcyclo-
propyl)glycine (PPCG-3, 6)


Lead (IV) acetate (0.07 g, 0.16 mmol) was added to a
cooled (0 �C) magnetically stirred solution of 22
(0.083 g, 0.19 mmol) in anhydrous CH2Cl2/MeOH (2:1,
9 mL). After 20 min, pH 7.7 phosphate buffer (5 mL)
was added and the resulting mixture was filtered on a
Celite pad. The solvent was then removed in vacuo
and the residue thus obtained heated at 95 �C in 6 N
HCl (5 mL) for 24 h. After evaporation of the solvent,
the residue was purified by ion exchange resin chroma-
tography. Elution with 2 N AcOH yielded 6 (0.018 g,
46% yield). 1H NMR (400 MHz, D2O + HCl) d 1.85
(m, 2H, 1 0-CH and 2 0-CH), 2.75 (m, 1H, 3 0-CH), 3.10
(d, J = 10.0 Hz, 1H, 2-CH), 7.12–7.17 (m, 5H, aromat-
ics); 13C NMR (50 MHz, D2O) d 15.26 (d,
JCP = 185 Hz), 23.73, 26.57, 51.67, 127.46, 128.32,
128.89, 133.26, 169.65; 31P NMR (80 MHz, D2O) d
21.20; ½a�20


D � 16:43 (c 0.78, 6 N HCl).


7.14. (2S,1 0S,2 0R,3 0R)-2-(2 0-Phosphono-3 0-phenylcyclo-
propyl)glycine (PPCG-4, 7)


Lead (IV) acetate (0.150 g, 0.34 mmol) was added to a
cooled (0 �C) magnetically stirred solution of 23
(0.121 g, 0.28 mmol) in anhydrous CH2Cl2/MeOH (2:1,
15 mL). After 20 min, pH 7.7 phosphate buffer
(10 mL) was added and the resulting mixture was fil-
tered on a Celite pad. The solvent was then removed
in vacuo and the residue thus obtained heated at 95 �C
in 6 N HCl (8 mL) for 36 h. After evaporation of the sol-
vent, the residue was purified by ion exchange resin
chromatography. Elution with 2 N AcOH afforded 7
(0.055 g, 37% yield). 1H NMR (200 MHz, D2O) d 1.66
(m, 1H, 1 0-CH), 1.82 (m, 1H, 2 0-CH), 2.60 (m, 1H, 3 0-
CH), 3.09 (d, J = 12.0 Hz, 1H, 2-CH), 7.15–7.26 (m,
5H, aromatics); 13C NMR (50 MHz, D2O) d 17.11 (d,
JCP = 180 Hz), 24.34, 25.59, 51.05, 127.62, 128.44,
128.89, 133.59, 171.48; 31P NMR (80 MHz, D2O) d
22.02; ½a�20


D þ 154:50 (c 0.88, H2O).
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7.15. (1R,2S,3R)-[2-(1,3-Dimethyl-2-oxidooctahydro-1H-
1,3,2-benzodiazaphosphol-2-yl)-3-phenylcyclopropyl]meth-
anol (27)


A 1-M solution of lithium triethylborohydride in THF
(1.48 mL) was added to a cooled (�78 �C), magnetically
stirred solution of 26 (0.30 g, 0.74 mmol) in dry THF
(12 mL). After 15 min, the reaction mixture was
quenched with saturated aqueous NH4Cl (10 mL) and
allowed to warm to room temperature. The aqueous
layer was extracted with EtOAc (2·12 mL), the com-
bined organic phases dried over anhydrous Na2SO4, fil-
tered and evaporated to give a residue which was
purified by flash chromatography. Elution with
AcOEt–MeOH (90:10) afforded 27 (0.21 g, 84% yield).
1H NMR (200 MHz) d 1.07 (m, 5H, 2·CH2 and 1-
CH), 1.79 (m, 4H, 2 · CH2), 2.02 (d, J = 11.6 Hz, 3H,
N-CH3), 2.42 (m, 7H, N-CH3, 2-CH, 3-CH and 2·
CH), 3.64 (dd, J = 6.4 and 11.6 Hz, 1H, CHaOH), 3.87
(dd, J = 5.3 and 11.6 Hz, 1H, CHbOH), 7.17-7.42 (m,
5H, aromatics); 13C-NMR (50 MHz) d 20.70 (d,
JCP = 153 Hz), 24.17, 26.60 (d, JCP = 4.3 Hz), 28.00,
28.16, 28.36, 28.55, 29.10, 63.65 (d, JCP = 7.4 Hz),
65.05, 126.59, 127.94, 129.53, 136.90; 31P-NMR (80
MHz) d 57.86; ½a�20


D � 108:76 (c 0.80, CH2Cl2).


7.16. (1R,2S,3R)-[2-(1,3-dimethyl-2-oxidooctahydro-1H-
1,3,2-benzodiazaphosphol-2-yl)-3-phenylcyclopropane-
carbaldehyde (28)


A solution of 27 (0.202 g, 0.59 mmol) in dry CH2Cl2
(5 mL) was added dropwise in 2 min to a magnetically
stirred suspension of PCC (0.14 g, 0.65 mmol) in dry
CH2Cl2 (3 mL). After 1 h, the reaction mixture was di-
luted with Et2O (15 mL), filtered and the solvent evapo-
rated off to give crude 28 (0.075 g, 38% yield), used for
the next step without any purification due to its
instability.


7.17. (2S,1 0R,2 0S,3 0R)-N-[(R)-a-Phenylglycinyl]-2-[2 0-
(1,3-dimethyl-2-oxidooctahydro-1H-1,3,2-benzodiaza-
phosphol-2-yl)-3 0-phenylcyclopropyl]glycinonitrile (29)


(R)-(a)-Phenylglycinol (0.0562 g, 0.41 mmol) was added
to a magnetically stirred solution of 28 (0.075 g,
0.23 mmol) in MeOH (3 mL) and the resulting solution
was stirred at room temperature for 24 h. After cooling
to 0 �C, TMSCN (0.02 g, 0.23 mmol) was added, and
the resulting mixture was stirred for 24 h at room tem-
perature. Evaporation of the solvent gave a residue
which was purified by flash chromatography. Elution
with AcOEt–MeOH (90:10) afforded 29 (0.044 g, 80%
yield). 1H NMR (400 MHz) d 1.00 (m, 3H, CH2 and
2 0-CH), 1.48 (m, 2H, CH2), 1.79 (m, 2H, CH2), 1.91
(m, 2H, CH2), 2.05 (d, J = 5.8 Hz, 3H, N-CH3), 2. 36
(d, J = 5.4 Hz, 3H, N-CH3), 2.55 (m, 4H, 2 0-CH, 3 0-
CH, and 2·CH2), 3.50 (d, J = 5.62 Hz, 2-CH), 3.58
(m, 1H, CHaOH), 3.75 (m, 2H, CHbOH and CHPh),
7.26–7.40 (m, 10H, aromatics); 13C NMR (100 MHz) d

20.06 (d, JCP = 150 Hz), 24.12, 26.04, 27.99 (d,
JCP = 4.7 Hz), 28.31, 28.68 (d, JCP = 9.6 Hz), 29.14,
49.90, 62.45, 65.04 (d, JCP = 5.0 Hz), 67.30, 118.46,
127.03, 127.49, 128.10, 128.87, 129.38, 135.70, 138.04;
31P NMR (160 MHz) d 41.10; ½a�20


D � 115:37 (c 0.50,
CH2Cl2).
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		2S,1 prime R,2 prime S,3 prime S- and 2S,1 prime S,2 prime R,3 prime R minus N-[R minus  alpha -Phenylglycinyl]-2-[2 prime -diethylphosphono-3 prime -	phenylcyclopropyl]glycinonitriles 22 and 23

		(2S,1 prime R,2 prime S,3 prime S)-2-(2 prime -Phosphono-3 prime -phenylcyclopropyl)glycine (PPCG-3, 6)

		(2S,1 prime S,2 prime R,3 prime R)-2-(2 prime -Phosphono-3 prime -phenylcyclopropyl)glycine (PPCG-4, 7)

		(1R,2S,3R)-[2-(1,3-Dimethyl-2-oxidooctahydro-1H-1,3,2-benzodiazaphosphol-2-yl)-3-phenylcyclopropyl]methanol (27)

		(1R,2S,3R)-[2-(1,3-dimethyl-2-oxidooctahydro-1H-1,3,2-benzodiazaphosphol-2-yl)-3-phenylcyclopropanecarbaldehyde (28)

		(2S,1 prime R,2 prime S,3 prime R)-N-[(R)- alpha -Phenylglycinyl]-2-[2 prime -(1,3-dimethyl-2-oxidooctahydro-1H-1,3,2-benzodiazaphosphol-2-yl)-3 prime -phenylcyclopropyl]glycinonitrile (29)
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Abstract—Anticancer activity studies of 2-(4-fluorophenylamino)-5-(2,4-dihydroxyphenyl)-1,3,4-thiadiazole (FABT), as one of the
most promising derivatives from the N-substituted 2-amino-5-(2,4-dihydroxyphenyl)-1,3,4-thiadiazole set, have been continued.
The tested compound inhibited proliferation of tumor cells derived from cancers of nervous system (medulloblastoma/rhabdosar-
coma, neuroblastoma, and glioma) and peripheral cancers including colon adenocarcinoma and lung carcinoma. The anticancer
effect of FABT was attributed to decreased cell division and inhibited cell migration. Furthermore, in anticancer concentrations it
exerted a trophic effect in neuronal cell culture and had no influence on viability of normal cells including astrocytes, hepatocytes,
and skin fibroblasts. Moreover, a prominent neuroprotective activity of FABT was observed in the neuronal cultures exposed to neu-
rotoxic agents like serum deprivation and glutamate. To determine probability of tautomeric transition and indicate potential sites of
interactions of FABT molecule with the receptor, quantum-chemical calculations with the ab initio Hartree–Fock model were made.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Despite significant progress achieved in anticancer ther-
apy, the management of malignancies in humans still
constitutes a major challenge for contemporary medi-
cine.1–4 Chemotherapy very often causes severe side
effects, which are in part a consequence of destruction
of normal cells. It was revealed that commonly used
anticancer drugs cause significant toxicity in nervous
system and are responsible for neurological side
effects.5–9 It is of crucial importance that anticancer
drugs display antiproliferative activity in tumor cells
without affecting normal tissues. Therefore, taking all
the above-mentioned evidence into account, the develop-
ment of novel chemotherapuetics and effective anticancer
strategies is eagerly being pursued.


2-Amino-1,3,4-thiadiazole and its derivatives are well
known as compounds of a wide range of anticancer
activity,10–15 including in vivo conditions.16–18 For this
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type of derivatives a different mechanism of action is
assigned, depending on the type of modification of
1,3,4-thiadiazole ring.19–21 The action connected with
the apoptotic mechanisms and angiogenesis, which is a
crucial step in the tumorigenesis, seems to be very
promising in anticancer therapy.22,23 It was found that
(E,E)-2,5-bis[4-(3-dimethylaminopropoxy)styryl]-1,3,4-
thiadiazole induced the early-phase apoptosis in human
non-small lung cancer A549 cells via the Bcl-XL down-
regulation, and that of the late-phase through up-regula-
tion of Bax expression as well as inhibition of Akt/
protein kinaze B (PKB). In addition, the compound
showed equivalent anti-angiogenic activity in the nude
mice angiogenesis model.24


In our previous publication we described synthesis and
in vitro antiproliferative activity against some human
cancer cell lines of compounds of 2-amino-5-(2,4-
dihydroxyphenyl)-1,3,4-thiadiazole set.25,26 The highest
antiproliferative effect for N-halogenphenyl derivatives
was found.26 Therefore, we decided to extend studies
on this type of compounds.


We herein report the further in vitro evaluation of
2-(4-fluorophenyloamino)-5-(2,4-dihydroxyphenyl)-1,3,
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4-thiadiazole (FABT). The anticancer profile and neuro-
protective activity of the compound are described. To
determine probability of tautomeric transition and indi-
cate potential sites of interactions of FABT molecule
with the receptor, quantum-chemical calculations were
carried out with the ab initio Hartree–Fock model.

Figure 2. (a) Antiproliferative effects of FABT in cancer cells. FABT


exerts a concentration (logc)-dependent antiproliferative effect in a


range of tumor cell lines. Cells were exposed to either culture medium


alone (control) and FABT (5–100 lM) for 96 h, and viability was


measured by means of MTT assay. IC50: SK-N-AS, 54.7 lM; TE671,


26.0 lM; HT-29, 33.1 lM; A549, 22.8 lM; C6, 27.3 lM. SK-N-AS,


human neuroblastoma; C6, rat glioma; TE671, human rhabdomyo-


sarcoma–medulloblastoma; A549, human lung carcinoma; HT-29,


human colon adenocarcinoma; Fao, rat hepatocytes. (b) Effect of


FABT on normal cells’ viability. Rat cortical neurons, astrocytes, and


hepatocytes (Fao) were exposed to either culture medium alone


(control) and FABT (5–100 lM) for 48 h, and the viability was


measured by means of MTT assay. The data represent mean


normalized optical densities ±SEM of 5–8 trials and were analyzed


by means of linear regression.


Figure 3. The antiproliferative effect of FABT was attributed to


decreased cell division. Human lung carcinoma (A549) cells and rat

2. Results and discussion


2.1. Biology


The antiproliferative effect of FABT (Fig. 1) was as-
sessed in a range of human tumor cell lines. Tumor cells
derived from cancers of nervous system (medulloblas-
toma/rhabdosarcoma, neuroblastoma, and glioma) and
peripheral cancers including colon adenocarcinoma
and lung carcinoma were tested. The cells were exposed
to either culture medium (control) and FABT
(5–100 lM) for 96 h. Proliferation of all tumor cell cul-
tures was decreased in the cultures exposed to FABT
(Fig. 2a) in a concentration-dependent fashion as mea-
sured by means of the MTT assay. Threshold concentra-
tions of FABT required to elicit antiproliferative effect
were as low as 5 lM (HT-29), 10 lM (A549, TE671),
and 25 lM (SK-N-AS, C6). The effect of FABT on
tumor cells was attributed to decreased cell division as
determined by measurements of incorporation of BrdU
during the DNA synthesis (Fig. 3). It is of crucial impor-
tance that anticancer drugs display antiproliferative
activity in tumor cells without affecting normal cells.
We have shown that normal cells were resistant to
FABT up to 100 lM. Moreover, in the neuronal culture
it showed a prominent neurotrophic activity (Fig. 2b).
Chemotherapy very often induces severe side effects,
which are in part a consequence of destruction of nor-
mal cells.6 To evaluate the cytotoxic effect on normal
cells, human skin fibroblasts (HSF) were subjected to
increasing doses of FABT (5–250 lM). LDH assay re-
vealed that FABT produced low cytotoxicity in normal
HSF cell culture. The significant LDH release after
24 h exposure appeared at 100 lM (not shown). These
data can suggest a beneficial side-effect profile of FABT.


The ability of tumor cells to migrate is one of the mark-
ers of tumor metastatic potential. To evaluate the effect
of FABT on tumor cell motility, glioma (C6) and lung
carcinoma (A549) cells were exposed to culture medium
alone and 5 lM of FABT for 24 h. The wound assay
revealed that in the cultures exposed to FABT, signifi-
cantly fewer cells migrated to the wound area
(Fig. 4a). The micrographs showing wound, cell migra-
tion in control culture, and inhibited glioma C6 cells
migration following FABT exposure are presented in

N N


S
NHHO F


OH


Figure 1. Chemical structure of 2-(4-fluorophenylamino)-5-(2,4-


dihydroxyphenyl)-1,3,4-thiadiazole (FABT).


glioma (C6) cells were grown in culture medium only (control) and in


the presence of FABT (5–50 lM) for 48 h. BrdU incorporation was


used as a marker of cell division. The data represent mean normalized


optical densities ±SEM of 5–8 trials and were analyzed by means of


linear regression. IC50: C6, 23.5 lM; A549, 13.7 lM.

Figure 4b–d. The influence on tumor cell locomotion
can suggest an antimetastatic potential of tested amino-
thiadiazole derivative.







Figure 4. Effect of FABT on migration of tumor cells. Wounded monolayers of tumor cells (C6, A549) were incubated for 24 h alone or in the


presence of FABT (5 lM). Tumor cells, which migrated to the wound area, were counted (a). Micrographs show wound assay of glioma C6 cells;


wound (b), cell migration after 24 h in control culture (c) and following exposure to 5 lM FABT (d). Magnification 40·. The results are expressed as


the mean number of cells migrated per field of the wound area ±SEM of 50 measurements; ***, +++ at least p < 0.001 versus control, Student’s t test.


Figure 5. Neuroprotective effects of FABT. Neurodegeneration was


induced by exposure of neuronal cell culture to serum deprivation (SD)


and glutamate (500 lM). FABT (10, 25 lM) significantly ameliorates


in vitro induced neurotoxicity. Columns represent mean normalized


optical densities ±SEM of 4–8 trials. Statistical comparisons were


performed between the results obtained with control, the neurotoxic


agent alone, and those obtained in combination with FABT (+FABT).
***p < 0.001, +p< 0.05, +++p < 0.001 for exposure to SD; ###p < 0.001,
&&&p < 0.001 for exposure to glutamate; Student’s t test.
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Glutamate is the major neurotransmitter in the mamma-
lian nervous system.27 Abnormal glutamate signaling
has been associated with neurological and psychiatric
disorders including stroke, epilepsy, and neurodegenera-
tive diseases, such as Alzheimer’s, and Parkinson’s dis-
ease.28–30 In order to characterize the neuroprotective
effects of tested compound, rat cortical neurons were ex-
posed to the neurodegenerative agents like serum depri-
vation (SD) and glutamate (500 lM) alone and
combined with FABT (10 and 25 lM). Both applied
agents induced a prominent neurotoxicity which was
further ameliorated by coexposure with FABT in a
dose-dependent manner (Fig. 5). These preliminary data
suggest that FABT exerts a prominent neuroprotective
activity. Of note is the fact that concentrations of FABT
required to elicit neuroprotection strongly influence tu-
mor cell proliferation. In the nervous system, glutamate
activates ionotropic and metabotropic receptors. Gluta-
mate antagonists, which selectively block glutamate
receptors, were demonstrated to have neuroprotective
properties.31 Recently, in a series of experiments we
have described that these compounds elicit anticancer
effects in vitro and in vivo.32,33 The answer to the ques-
tion whether FABT exerts glutamate antagonist proper-
ties will be a subject of further studies. Also, the in vivo
studies and characterization of molecular mechanisms
involved in FABT anticancer and neuroprotective

activity remain to be done in order to evaluate its poten-
tial application as a new drug.







Figure 7. Molecular electrostatic potentials (MEPs) showing the most


positive potential (deepest blue color), the most negative potential


(deepest red color), and the intermediate potential (intermediate


shades) regions. On MEPs the electrostatic potential profile at


�20 kcal/mol was superimposed; (a) amine and (b) imine forms of


FABT.
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2.2. Computational studies


Literature reports indicate existence of tautomeric forms
of N-substituted 2-amino-1,3,4-thiadiazoles both in
solutions and solid phase which can be of significant
importance for biological activity.34 The direction of
equilibrium shift (Fig. 6) depends largely on substitution
type of thiadiazole ring.


To determine probability of tautomeric transition and
indicate potential sites of interactions of FABT molecule
as one of the most active analogs from N-substituted
2-amino-5-(2,4-dihydroxyphenyl)-1,3,4-thiadiazole set,
the quantum-chemical calculations were carried out
with the ab initio Hartree–Fock model at the 6-31G**


basis set. The determined values of HF energy (EHF)
of isolate molecule of both forms indicate thermody-
namic preferences of the amine form A (Table 1). The
additional indication is its smaller surface area, volume,
and differences of heat formation (HF) and energy solva-
tation (ES) for both species. Existence of the imine form
(B) for FABT was not confirmed in the determination
conditions using spectroscopic methods. In spite of a
relatively high energetic barrier of the tautomeric transi-
tion in the environmental conditions, after taking
mainly solvatation process into account, the equilibrium
coexisting imine form (B) cannot be excluded.


Molecular potential density distribution for amine struc-
ture (A) (Fig. 7) shows the most negative potential on
nitrogen atoms of thiadiazole ring but the most positive
on amine hydrogen atom. This may indicate capability
of hydrogen bond formation with share of nitrogen
atoms of the ring or through hydrogen atom of –NH-
moiety. Negative potential is located on oxygen and
fluorine atoms additionally. This is in agreement with
LUMO and HOMO orbitals distribution of thiadiazole
moiety (Fig. 8). LUMO involves sulfur and second
carbon atom mainly, indicating the region reacting with
potential biological nucleophiles. HOMO is located on
nitrogen atoms (including amine atom) and represents
the space of the greatest electron density. A large elec-
tron gap on C-2 compared to C-5 of 1,3,4-thiadiazole
ring determined from the electrostatic potential distribu-
tion can also be essential in interactions with the recep-
tor (Table 1). Experimentally large differences in
electron density distribution for both mentioned carbon

N N
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N


R
HO


OH
H N N
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N RHO


OH H


amine tautomer (A) imine tautomer (B)


Figure 6. Tautomeric equilibrium for 2-amino-1,3,4-thiadiazoles.


Table 1. Structural, electronic, and thermodynamic properties of two specie


Form EHF (kJ/mol) Volume (Å3) Area (Å2) ELUMO (eV)


Amine (A) �3533230.3 299.56 307.68 2.426


Imine (B) �3533192.5 302.43 314.03 2.870

atoms are confirmed by position of resonance signals in
the 13C NMR.25,26


Assuming existence of tautomeric imine form (B) the
analogous fragment of the molecule should be regarded
as a potential site of interactions, whereby due to proton
transfer, only one of nitrogen atoms would retain its
previous properties of proton acceptor (N-4 of thiadiaz-
ole ring), but two would change their functions into re-
verse ones (Fig. 7b). Additionally, the electron gap on
C-2 ring disappears. The charges of both carbon atoms
of 1,3,4-thiadiazole ring become equal (Table 1).


Compound activity can be additionally intensified by the
fragment of 2,4-dihydroxyphenyl, donor or acceptor of
protons for hydroxyl groups. The ortho-position group
of amine form (A) is involved in the intramolecular
hydrogen bond which stabilized the planar conforma-
tion. This is confirmed by numerous literature reports
on various analogs as well as by X-ray structural inves-
tigations by our team.35 Besides direct interactions with
the receptor, hydroxyl groups probably affect many
other factors like transport, toxicity, essential for biolog-
ical activity. Large potential accumulated on fluorine

s of FABT


EHOMO (eV) HF (kcal/mol) ES (kJ/mol) qC-2 (e) qC-5 (e)


�7.862 �11.26 �17.39 0.70 0.31


�8.149 �9.92 �12.47 0.55 0.57







Figure 8. LUMO and HOMO isosurfaces for the amine form of


FABT. Different surface colors represent opposite signs of the


wavefunction. The structures are shown with a tube rendering;


nitrogen atoms are in blue and sulfur atom is in green.
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atom characteristic of both tautomeric forms can also
play a significant role (Fig. 7).


The analysis indicates that independent of the form
(though the amine form is probably predominant in the
case of FABT), the moiety of three nitrogen atoms com-
bined in the amino-five-membered system by means of
sulfur atom is responsible for activity. Sulfur atom in a
five-membered ring can affect relatively high aromatiza-
tion of the system with relatively larger accessibility of
free orbitals compared to analogous arrangements of
atoms in the isostructural rings and intensifies electron
density on nitrogen atoms due to greater tendency to
pass into the electropositive state compared to other het-
eroatoms. It probably decides also about the required
stericity, that is, bond length, angle size. Activity of this
pharmacophore is, on one hand, intensified by the 2,4-
dihydroxyphenyl substituent and on the other hand, by
the para-fluorophenyl ring of exogenous nitrogen atom.

3. Conclusion


To sum up, we described herein the in vitro anticancer
and neuroprotective activity of FABT. In a series of
in vitro experiments we have shown that a new 2-ami-
no-1,3,4-thiadiazole derivative elicits prominent antican-
cer effects in a range of tumor cell cultures. At the same
time, the tested compound was not toxic to normal cells.

Moreover, it possesses a prominent neuroprotective
activity. Quantum-chemical calculations confirm the
function of aminothiadiazole moiety as pharmacophore
of this type of activity, intensified by the 2,4-dihydroxy-
phenyl substituent, independently of other properties of
this benzenodiole moiety, and on the other hand, by the
para-fluorophenyl substituent.

4. Materials and methods


4.1. Preparation of FABT


FABT (Fig. 1) was obtained from 4-(4-fluorophenyl)-3-
thiosemicarbazide (Lancaster) and sulfinylbis(2,4-dihy-
droxythiobenzoyl) in the endocyclization process.26


Mp: 279–280 �C; 1H NMR (200 MHz, DMSO-d6, d):
10.85 (s, 1H, 2-COH), 10.27 (s, 1H, 4-COH), 9.92 (s,
1H, NH); IR (KBr, cm�1): 3400, 3259, 3216 (OH,
NH), 1629 (C@N), 1590 (C@C), 1231 (C–OH), 1183,
1134 (C–F), 1052 (N@C–S–C@N), 677 (C–S–C); EI-
MS (m/z, %): 303 (M+, 100) Anal. Calcd for
C14H10FN3O2S (303.32): C, 55.44; H, 3.22; N, 13.85.
Found: C, 55.61; H, 3.23; N, 13.79.


4.2. Cell lines


Human rhabdomyosarcoma/medulloblastoma (TE671),
human neuroblastoma (SK-N-AS), and rat hepatocytes
(Fao) were obtained the from European Collection of
Cell Cultures (Center for Applied Microbiology and
Research, Salisbury, UK). Human Caucasian lung car-
cinoma (A549) and human colon adenocarcinoma
(HT-29) were obtained from the Institute of Immunol-
ogy and Experimental Therapy (Polish Academy of
Sciences, Wrocław, Poland). Rat glioma (C6) was
obtained from the Department of Neonatology, Cha-
rite-Virchow Clinics, Humboldt University, Berlin,
Germany. Human skin fibroblasts (HSF) were a labora-
tory strain obtained by the outgrowth technique from
skin explants of young persons.


The following culture media purchased from Sigma (Sig-
ma Chemicals, St. Louis, MO, USA) were applied:
DMEM (HT-29, C6, HSF), 1:1 mixture of DMEM
and Nutrient mixture F-12 Ham (TE671, SK-N-AS),
2:1 mixture of DMEM and Nutrient mixture Ham’s
F-12 (A549), and Ham’s F-12K (Fao). All media were
supplemented with 10% FBS (Life Technologies,
Karlsruhe, Germany), penicillin (100 U/mL) (Sigma),
and streptomycin (100 lg/mL) (Sigma). The cultures
were kept at 37 �C in humidified atmosphere of 95%
air and 5% CO2.


4.3. Neuronal cell culture


The neuronal cell culture was prepared from cortices of
18-day-old Wistar rat fetuses as previously described.36


The tissue was pooled into ice cold glucose (33 mM)
Hanks’ Balanced Salt Solution (HBSS), cut into small
pieces, and incubated for 30 min at 37 �C with 0.25%
trypsin-EDTA solution. A single cell suspension was ob-
tained by gentle pipetting of the cortex fragments in the
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presence of 10% FBS and 0.01% DNase I (Sigma). The
cells were then sieved through the 40 lM cell strainer
(Falcon, Becton Dickinson Labware, Franklin Lakes,
New Jersey, USA), centrifuged at 800 rpm for 10 min,
and plated at 5 · 105 cells/mL density on poly-LL-lysine
(MW 70,000–150,000) coated 96-multiwell plates (Nunc,
Roskilde, Denmark). The culture medium consisted of
B-27 supplemented Neurobasal Medium (Life Technol-
ogies) which eliminates glial growth, 0.5 mM LL-gluta-
mine, and 1% of antibiotic-antimycotic solution (Life
Technologies). For the initial plating the culture med-
ium was supplemented with 25 lM glutamate. Incuba-
tion was carried out at 37 �C in humidified 95% air
and 5% CO2 atmosphere. The culture medium was chan-
ged every 3 days, until the culture reached 14 days. Neu-
ronal identity was confirmed by positive staining with
the mouse anti-neuron specific enolase cc monoclonal
antibody (Chemicon International, Inc., Single Oak
Drive, Temecula, CA, USA). Antibody detection and
antigen visualization were performed by using Streptavi-
din HRP Kit (STAR 2004) (Serotec Ltd, Oxford, UK).


4.4. Glial cell culture


The primary mixed glial cell culture was initially estab-
lished according to the same protocol used for neurons.
The cells were inoculated (15 · 106) into 75 cm2 TC
flasks and left for 48 h at 37 �C in 5% CO2 incubator.
Culture medium (1:1 mixture of DMEM and Ham
F-12 nutrient mixture supplemented with 10% FBS,
100 U/ml penicillin, and 100 lg/mL streptomycin) was
changed daily until the culture reached confluency
(7–10 days). The flasks were shaken overnight in the
orbital shaker at 210 rpm in order to remove less adher-
ent cells (neurons, microglia, and oligodendroglia).
Following this shaking procedure, the culture became
enriched with flat cells displaying typical astrocyte
morphology. Immunostaining with a primary antibody
for glial fibrillary acidic protein (GFAP, polyclonal,
DAKO, Denmark) revealed that astrocytes accounted
for �95% of the cells in the culture.


4.5. Viability assay


Tumor cells were plated on 96-well microplates (Nunc)
at a density of 0.5 · 104 (C6), 1 · 104 (TE671, A549),
and 3 · 104 (HT-29, SK-N-AS). Next day the culture
medium was removed and the cells were exposed to
serial dilutions of FABT in a fresh medium. Cell prolif-
eration was assessed after 96 h by using the MTT meth-
od (Cell proliferation kit I, Boehringer Mannheim,
Germany) in which the yellow tetrazolium salt (MTT)
is metabolized by viable cells to purple formazan
crystals. Tumor cells were incubated for 4 h with MTT
solution (5 mg/mL). Formazan crystals were solubilized
overnight in SDS buffer (10% SDS in 0.01 N HCl) and
the product was quantified spectrophotometrically by
measuring absorbance at 570 nm wavelength using
E-max Microplate Reader (Molecular Devices Corpora-
tion, Menlo Park, CA, USA).


Normal cells were plated on 96-well microplates (Nunc)
at a density of 5 · 105 (neurons), 2 · 105 (astrocytes),

and 2.5 · 105 (Fao). Next day the culture medium
was removed and the cells were exposed to FABT
(5–100 lM) for 48 h. Astrocytes and Fao cells were
incubated in the medium containing 2% of FBS.
Viability was assessed by means of MTT method.


In neuroprotection experiments, neurons were exposed
to serum deprivation (SD—Neurobasal medium with-
out B-27 supplement) and glutamate (500 lM) alone
and combined with FABT (10 and 25 lM). Cell viability
was assessed after 48 h by means of MTT method.


4.6. Proliferation assay


Cells were plated on 96-well microplates (Nunc) at a
density of 1 · 104 (C6) and 2 · 104 (A549). Next day
the culture medium was removed and the cells were
exposed to serial dilutions of FABT in a fresh medium.
Cell proliferation was quantified after 48 h by measure-
ment of BrdU incorporation during DNA synthesis
(Cell Proliferation ELISA BrdU, Roche Diagnostics
GmbH, Penzberg, Germany). Tumor cells were incu-
bated with 10 lM BrdU for 2 h. The cells were subse-
quently incubated with the FixDenat solution for
30 min and then exposed to monoclonal anti-BrdU anti-
bodies conjugated to peroxidase. Color reaction was
developed by adding the TMB substrate solution and
terminated by addition of 1 M H2SO4. The absorbance
was measured at 450 nm wavelength using E-max
Microplate Reader.


4.7. Cytotoxicity assay


A cytotoxicity detection kit based on measurement of
lactate dehydrogenase (LDH) activity was applied
(Tox-7, Sigma). The assay is based on the reduction of
NAD by the action of LDH released from damaged
cells. The resulting NADH is utilized in stoichiometric
conversion of a tetrazolium dye. The resulting colored
compound is measured spectrophotometrically. Human
skin fibroblasts (HSF) were plated on 96-well micro-
plates at a density of 1 · 105. Next day the culture med-
ium was removed and the cells were subjected to the
tested compound (5–100 lM) diluted in a fresh culture
medium with reduced amount of FBS (2%). Culture
supernatants were collected after 24 h and incubated
with substrate mixture for 30 min at room temperature
in the dark. At the end, the reaction was terminated
by the addition of 1 N HCl and the color product was
quantified spectrophotometrically at 450 nm wavelength
using E-max Microplate Reader.


4.8. Cell migration assessment


Tumor cell migration was assessed in the wound assay
model. Tumor cells (C6, A549) were plated at 1 · 106


cells on 4-cm culture dishes (Nunc). Next day, the cell
monolayer was scratched by the pipette tip (P300), the
medium and dislodged cells were aspirated, and the
plates rinsed twice with PBS. Next, the fresh culture
medium was applied and the number of cells migrated
into the wound area after 24 h was estimated in the
control and the cultures treated with FABT (5 lM).
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The plates were stained with the May-Grünwald–Giem-
sa method. The observation was performed in Olympus
BX51 System Microscope (Olympus Optical CO., LTD,
Tokyo, Japan) and the micrographs were prepared in
analySIS� software (Soft Imaging System GmbH, Mün-
ster, Germany). Cells migrated to the wound area were
counted on micrographs and results expressed as a mean
cell number migrated to the selected 50 wound areas
taken from four micrographs.


4.9. Computational methods


The compound was built with a standard bond length
and angles using the PC SPARATN Pro Ver 1.08 molec-
ular modelling program.37 The energy was minimized by
the molecular mechanic methods and then by the Har-
tree–Fock method at 6-31G**. Charge of atoms from
the electrostatic potential distribution was determined.38


Heat of formation was calculated using the PM3
method.
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50-370 Wrocław, Poland
cInstitute of Chemistry, University of Opole, Oleska 48, 45-052 Opole, Poland


Received 4 May 2006; revised 13 February 2007; accepted 20 February 2007


Available online 22 February 2007

Abstract—A novel, general, and versatile method of diversification of the P1 0 position in phosphinic pseudodipeptides, presumable
inhibitors of proteolytic enzymes, was elaborated. The procedure was based on parallel derivatization of the amino group in the
suitably protected phosphinate building blocks with appropriate alkyl and aryl halides. This synthetic strategy represents an original
approach to phosphinic dipeptide chemistry. Its usefulness was confirmed by obtaining a series of P1 0 modified phosphinic dipep-
tides, inhibitors of cytosolic leucine aminopeptidase, through computer-aided design basing on the structure of homophenylalanyl-
phenylalanine analogue (hPheP[CH2]Phe) bound in the enzyme active site as a lead structure. In this approach novel interactions
between inhibitor P1 0 fragment and the S1 0 region of the enzyme, particularly hydrogen bonding involving Asn330 and Asp332
enzyme residues, were predicted. The details of the design, synthesis, and activity evaluation toward cytosolic leucine aminopepti-
dase and aminopeptidase N are discussed. Although the potency of the lead compound has not been improved, marked selectivity of
the synthesized inhibitors toward both studied enzymes was observed.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Aminopeptidases form a family of metallo-dependent
hydrolases that are widespread in plants, animals, and
bacteria. Being responsible for cleavage of the N-terminal
amino acids from polypeptide chains, these exo-
peptidases play a key role in physiological processing
and degradation of peptides and proteins, and altera-
tions in their activity have been associated with various
pathological disorders, including cancer.1–3 Among
them, bizinc cytosolic leucine aminopeptidase (LAP,
E.C.3.4.11.1), exhibiting the substrate specificity toward
hydrophobic amino acid residues, remains one of the
most extensively studied enzymes.4,5 This interest is
mainly directed toward evaluation of its mechanism of

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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hydrolytic action, which is not completely clarified yet.
Basing on numerous three-dimensional LAP structures
obtained for both enzyme in native form and complexed
with various inhibitors,6–10 a range of mechanistic
suggestions have been coined.1,5,9,11–13 Despite this, the
mode of LAP action still simulates studies on theoretical
evaluation of zinc environmental effects, functional role
of the active-site residues,14 and role of the water chan-
nels. They are carried out in order to identify the most
likely candidates for nucleophiles active in the hydro-
lytic process.15 Related situation occurs considering
physiological and pathological implications of LAP
activity. Biological role of the enzyme has not been fully
elucidated yet, however, similarly to other aminopepti-
dases, LAP is assumed to be involved in protein modifi-
cation, activation, and degradation as well as in the
metabolism of biologically active peptides and regula-
tion of activity of hormonal and non-hormonal
peptides.2,4 In mammals, LAP processes antigenic pep-
tides for presentation by the major histocompatibility
complex class I molecules.16 Recently, it has been also
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identified as the key enzyme responsible for glutathione
turnover in liver.17,18 Significantly, over-expression of
LAP has been implicated in certain pathological stress
states including HIV infection, inflammation, cataracts,
and cancer.19–23


Biological significance and potential medical importance
of leucine aminopeptidase stimulate continuous interest
in agents regulating its activity.24 Development of orga-
nophosphorus compounds mimicking the high energy
transition state of the peptide bond hydrolysis has been
shown to be one of the most fruitful strategies in this
field.25–28 Recently, we have reported27 rationally
designed phosphinic dipeptide analogues that rank
amongst the most potent low-molecular weight inhibi-
tors of LAP reported so far. Among them, homophenyl-
alanyl-phenylalanine (compound 1, hPheP[CH2]Phe,
Fig. 1) and homophenylalanyl-tyrosine analogues (com-
pound 2, hPheP[CH2]Tyr) appeared to be highly active
(Ki = 66 and 67 nM, respectively, for mixture of four
diastereoisomers). The observation of virtually identical
binding affinities obtained for both 1 and 2 indicates
that the hydroxyl group of the side chain of Tyr at P1 0


is not involved in any additional interaction with the
enzyme.27 This is a surprising finding since the forma-
tion of the hydrogen bond between this hydroxyl group
and the side-chain amidate of Asn330 at the bottom of
S1 0 has been predicted by molecular modeling. How-
ever, this interaction apparently has not been created.
The reason of that could derive from unfavorable geom-
etry in terms of the hydrogen bond distance and angle.


Interestingly, such a structural change (Phe! Tyr in
P1 0 position) resulted with much more visible difference
in binding affinities of both compounds to microsomal
leucine aminopeptidase (aminopeptidase N, APM, E.C.
3.4.11.2).27 This monozinc exopeptidase29 was selected
intentionally in order to evaluate binding preferences
toward studied phosphinic pseudodipeptides in compar-
ison with LAP. hPheP[CH2]Tyr (2) appeared much
more effective APM inhibitor (Ki = 36 nM) than any
phosphorus containing dipeptide analogue described in
the literature30 (for recent, extensive review of APM
inhibitors, see also Ref. 31). This finding was explained
by formation of specific hydrogen bond between Tyr
hydroxyl with carboxyl group of Glu413 placed at the

H2N P COOH


X


H2N P COOH
HN n


YH
Modifications of
the P1' substituent


1, X = H (Ki = 66 nM, LAP)
Ki = 276 nM, APM)


2, X = OH (Ki = 67 nM, LAP)
(


(


Ki = 36 nM, APM)


n = 0, 1
Y = O, NH


OH


O


OH


O


Figure 1. The designed structural modifications of the lead compounds


(1 and 2)27 to optimize interaction of phosphinic dipeptides with the


S1 0 binding pocket of leucine aminopeptidase (LAP).

bottom of the S1 0 pocket of APM, as envisaged
after building the model of APM active site based on
homology to human leukotriene A4 hydrolase/
aminopeptidase.27


The above-described results stimulated further studies
directed toward design of novel P1 0 substituents in pre-
sumable inhibitors of aminopeptidases. In this paper, we
present our attempts to modify the structure of
hPheP[CH2]Phe in order to obtain new phosphinic
dipeptide inhibitors of LAP and APM. Two kinds of
modifications were planned (Fig. 1). The first one relied
on attachment of a heteroatom-containing group
(hydroxyl or amino) to the para position of the phenyl
ring via methylene bridge ensuring its increased rota-
tional freedom, which in turn should enable more flexi-
ble binding and thus facilitate hydrogen bond formation
with Asn330. The second one was introduction of an
additional amino group within the P1 0 side chain of
the dipeptide mimetic. The predicted binding mode
revealed the proximity of this amino group to the car-
bonyl portion of Asn332 and a potential for hydrogen
bond formation between them.


To obtain the designed compounds, complex synthetic
problems were solved. As corresponding a-aminoacry-
lates—key electrophilic substrates for Michael addition
methodology appeared synthetically not available, new
general parallel arylation/alkylation procedure for the
phosphinic dipeptide amino derivatives was developed.
The details of this procedure leading to the target struc-
tures are described and discussed. Finally, the binding
affinities of the set of target inhibitors toward both
LAP and APM have been evaluated.

2. Results and discussion


2.1. Design


The structure of the phosphinic dipeptide
hPheP[CH2]Phe (1, Fig. 1) bound to the active site of
LAP served as the lead compound to develop novel
inhibitors of leucine aminopeptidase. The overall struc-
tural motif, the pseudopeptide backbone as well as the
P1 hydrophobic phenylethyl side chain were conserva-
tively kept in all newly designed structures, whereas
the P1 0 position was suitably modified to obtain better
fit to the S1 0 pocket of LAP. These changes accom-
plished incorporation of the hydroxymethyl or amino-
methyl groups at the P1 0 proximity, namely they were
introduced at para position of the phenyl ring. The S1 0


pocket is partially open to solvent and based on the
docking mode of 5 (see below for details) the ortho
and meta substitutions would not result in additional
interactions with the protein. The other side of the phe-
nyl ring at P1 0 is approaching the residues of the S1 0


pocket: Ile421 and Ala333 and there is not enough space
to incorporate a functional group at the ortho and meta
positions. Therefore, para analogues were selected for
synthesis as only these were expected to form additional
contacts with LAP. Besides modification of the phenyl
ring at P1 0, the b carbon atom of the pseudophenylanine
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residue was formally replaced with nitrogen atom. Such
a replacement introduced the amino group of aromatic
character (aniline derivatives). On the other hand, inser-
tion of nitrogen gave aliphatic ones (extended benzyl-
amine derivatives), which might be important in terms
of their protonation (these amino groups differ in their
pKa values up to five orders of magnitude). Novel P1 0


residues are represented by p-hydroxymethyl- (4) or
p-aminomethylaniline (5), and p-hydroxymethyl- (7) or
p-aminomethylbenzylamine (8) structural fragments
(Fig. 2). They were synthesized together with the unsub-
stituted derivatives (3 and 6) as respective reference
compounds.


The designed structures were docked32 to the binding
site of leucine aminopeptidase obtained from the
X-ray structure of bovine lens LAP complexed with
phosphonic analogue of leucine,10 similarly as described
previously in the case of compounds 1 and 2.27 The
results of the analysis have been found promising.
Presumed interactions of 5 and other compounds
described here with LAP active site shown in Figure 3

H2N P COOH
HN


OH


O
H2N P COOH


HN


R


OH


O


R


3, R = H
4, R = CH2OH
5, R = CH2NH2


6, R = H
7, R = CH2OH
8, R = CH2NH2


Figure 2. Putative phosphinic dipeptide inhibitors of LAP containing


modified P1 0 substituents.


Figure 3. Modeled binding mode of 2-(4-aminomethylphenylamino)-


3-[(1-amino-3-phenylpropyl)hydroxyphosphinoyl]propionic acid 5 by


leucine aminopeptidase obtained using the LAP crystal structure10


(1lcp in PDB), and the Ludi computer program.27,32 The selected S1 0


pocket and the active site residues of LAP, interacting with the


dipeptide analogue, are presented. Hydrogen bonds and interactions of


the inhibitor with zinc ions are shown as black dashed lines.

indicate that the general pattern of zinc complexation,
the P1 fragment interactions, as well as binding the
backbone through the network of hydrogen bonds with
Asp273, Lys262, Gly362 are fully retained, comparing
to 1 and 2 as well as to other known LAP inhibi-
tors.9,10,12,27 The presence of the modified side chain at
the P1 0 position opens possibilities for additional inter-
actions with the S1 0 pocket of LAP. The S1 0 pocket is
formed by the Ile421, Ala333 side chains from one side
and Asn330 together with the hydrophobic portion of
Asp332 side chain from the other side. At the same time,
this pocket is partially open to solvent, which causes
that part of the P1 0 substituent to be water exposed.
Therefore, the introduction of substituents at ortho
and meta positions of the phenyl ring would not provide
additional interactions with LAP. Based on the docking
mode, the amino/hydroxy group at the para position
should be able to form the hydrogen bond with the oxy-
gen atom of the side chain of Asn330 (Fig. 3, hydrogen
bond distance is about 2.9 Å, hydrogen bond angle of
about 170�). Moreover, the secondary amino group in
b position of the pseudophenylalanine residue is in
hydrogen bond distance (2.7 Å) to the carbonyl oxygen
of Asp332. In this case, however, the geometry of hydro-
gen bond would be less favorable (hydrogen bond angle
of about 150�). To verify empirically such theoretical
arrangement, compounds 3–8 were chosen for synthesis
and for evaluation of their binding affinities toward
LAP and APM.


2.2. Chemistry


2.2.1. Retrosynthesis. The synthetic targets of this work
were molecules 3–8 of structures shown in Figure 2. The
designed compounds possess up to five functional
groups of various characters and thus their synthesis
cannot be straightforward. To face this challenge, a
short retrosynthetic analysis has been performed for
the simplest derivative 3 (Scheme 1). Michael addition
of phosphorus nucleophiles (suitably protected phosphi-
nic amino acid analogues) to appropriate carbon elec-
trophiles (usually acrylates) is the most commonly
applied method for the phosphinate pseudopeptidic
bond formation.33 In our case, the first considered idea
was the use of N-phenyl-a-aminoacrylate (N-phenylde-
hydroalanine ester, 9) as the key substrate (Scheme 1,
pathway A). To the best of our knowledge, this com-
pound of relatively simple structure has not been
reported in the literature yet. Various methods, includ-
ing elimination of appropriately substituted serine deriv-
atives, could be envisaged for its synthesis. Three other
possibilities are listed in Scheme 1, namely: arylation
of aniline with a-bromoacrylate 10, Knoevenagel reac-
tion of paraformaldehyde and monoalkyl N-phenylami-
nomalonate 11, and condensation of aniline with
pyruvate 12. All of them were preliminarily tested.
Not going into experimental details, these attempts
failed giving as the main products, respectively,
N-phenylaziridinecarboxylate in the reaction with the
use of a-bromoacrylate 10, N-phenylglycinate in Knoe-
venagel reaction, and a complex mixture in the case of
pyruvate 12 condensation. Because of the probable high
instability of the target molecule 9, it became obvious
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that much more general approach should be developed.
Elimination of serine derivatives provided an idea of
construction of versatile building blocks 13 and 14
(Scheme 1, pathway B) by Michael addition of the
appropriate phosphorus component to the dehydroala-
nine derivative 15. The availability of acid 13 and the
corresponding C-terminal ester 14 would allow multidi-
rectional diversification of the P1


0 position at the final
step of the synthesis using cross-coupling or alkylation
reactions, respectively.


2.2.2. Building block synthesis. The synthesis of the de-
signed synthons 13 and 14 is outlined in Scheme 2. Careful
choice of the protecting groups for four functions present
in the molecules of phosphinic dipeptide precursors is cru-
cial, since their selective removal at the desired synthetic
step is an absolute requirement. Thus, by addition of
Boc-protected phosphinic homophenylalanine analogue
1634 to a-aminoacrylate 1535 (Cbz-protected dehydro-
alanine methyl ester) under standard conditions,36 phos-
phinic pseudodipeptide 17 was obtained in good yield
after chromatographic purification. It should be stressed
that acrylate 15 was used in almost equimolar amount
in relation to the phosphinic acid and was added very
slowly to the activated phosphinic silyl ester, otherwise
extensive polymerization occurred. Subsequent reaction
of the hydroxyphosphinyl function with 1-adamantyl
bromide36 gave fully protected derivative 18. Its saponifi-
cation followed by catalytic hydrogenation yielded the
desired compound 13, whereas synthon 14 was obtained
after hydrogenolysis over Pd/BaSO4. The latter one could
be stored for a short period of time in the form of free
amine, and for prolonged time as hydrochloric acid salt.
The usefulness of resulting building blocks 13 and 14
(in free amine forms) for parallel protocols was verified
in two reaction types: cross-coupling (to obtain com-
pounds 3–5) and nucleophilic substitution (leading to
compounds 6–8).


2.2.3. Cross-coupling. Formation of the carbon–nitrogen
bond via cross-coupling reaction is well recognized in

the literature. A number of cleverly designed and useful
methods based on the Ullmann37 reaction using Cu
reagent and the Buchwald–Hartwig38 amination utiliz-
ing palladium catalyst have been developed. During
the last decade, several reports described mild methods
for catalytic amination of aryl halides using ligands like
a-amino acids39 or ethylene glycol40 in the case of the
Ullmann reaction and racemic BINAP41 in the case of
the Buchwald–Hartwig one. Attracted by their facility
and readiness we have tested the applicability of these
procedures for reaction of our synthon (13) with phenyl
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iodide (19). Surprisingly, no cross-coupling product was
observed in the Pd-catalyzed reaction while in the case
of CuI applied as catalyst the desired product 20 was
formed although it was isolated only in low yield.
Attempts to optimize the latter reaction (Scheme 3) by
modification of the ligand and the solvent system
according to the literature39,40 are summarized in Table
1. When elevated temperatures were used, possibly
premature loss of the protective group(s) resulted in
mixture of unidentifiable reaction products, therefore
65 �C was not exceeded.


Steric hindrance caused by the presence of the neighbor-
ing bulky adamantyl group and the relatively low reac-
tion temperature could explain the low yields of the
cross-coupling reaction. Lack of any accelerating effect,
observed by Ma39 for the a-amino acid assisted Ullmann
condensation, is in accordance with our data since the
structure of the P1 0 part of the phosphinic dipeptide
13 already represents this case.


Despite these not fully encouraging results, two addi-
tional iodobenzene derivatives 22 and 24 were synthe-
sized from a commercially available starting material
(Scheme 4). Reduction of p-iodobenzoic acid 21 with
NaBH4 provided p-iodobenzylalcohol 22 in good yield.
Bromination of the alcohol 22 followed by treatment
of the product 23 with ammonium hydroxide and subse-
quent protection of the amine with the use of di-tert-
butyl dicarbonate resulted in derivative 24.


Reaction of the obtained iodo derivatives 22 and 24 with
13 in standard conditions (entry A, Table 1) furnished
the desired cross-coupling products 25 and 26 in 10%
and 8% yield, respectively (Scheme 5). Acidic cleavage
of the protective groups in all three blocked products
(20, 25, and 26) afforded the target aniline derivatives
3–5, which were finally purified by reverse-phase pre-
parative HPLC.


2.2.4. Nucleophilic substitution. N-Alkylation of primary
amines in the presence of inorganic bases is one of the
most general methods for the synthesis of secondary

P OH
O HN


O


H
NBoc O


PhI (19), CuI, base
ligand


Ad


13
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Scheme 3.


Table 1. Comparison of the effectiveness of the Ullmann cross-coupling


recommended conditions39,40


Method Base Solvent Ligand


A K2CO3 DMSO —


B K2CO3 DMSO LL-Proline


C K2CO3 2-Propanol OHCH2CH2OH

amines.42 In order to find out the optimal conditions for
this reaction in terms of protective groups compatibility
and avoidance of formation of overalkylation byprod-
ucts, we performed a more detailed study using benzyl
bromide (27) as the alkylating agent of synthon 14
(Scheme 6). The obtained results are presented in Table 2.


Since high yield of the desired compound 28 was
achieved without detecting the overalkylation product
29, Cs2CO3 and gentle warming in dry DMF (entry A)
were concluded as recommended conditions in the next
experiments. The superiority of cesium carbonate used
as a base in N-alkylation of primary amines is well
known and has been described in the literature as
‘cesium effect’.43 Lack of overalkylation could be attri-
buted to the bulkiness of the neighboring adamantyl
group.


The appropriately p-substituted benzyl bromides (33
and 37) are commercially unavailable, thus they had to
be prepared prior to alkylation of the phosphinic dipep-
tide 14. Their synthesis is outlined in Scheme 7. Esterifi-
cation of p-bromomethylbenzoic acid 30 provided its
methyl ester 31, which was reduced to the corresponding
alcohol 32 with the use of DIBALH. Protection of the
hydroxyl group into the form of the tert-butyl ether pro-
vided the desired benzyl bromide 33. The p-amino deriv-
ative was prepared basing on the literature data.44


Initially, p-cyanobenzyl bromide 34 was hydrolyzed to
the corresponding alcohol 35. Reduction of the cyano
group furnished the amino alcohol, which was treated
subsequently with hydrobromic acid to provide bromide
36. Protection of the amino group with di-tert-butyl
dicarbonate yielded the desired bromide 37. Preliminary
experiments to reduce p-cyanobenzyl bromide in order

reaction of the building block 13 with phenyl iodide performed in


Time (h) Temperature (�C) Yield of 20 (%)
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48 65 22
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to obtain the corresponding amine in one-step proce-
dure resulted in p-methylbenzylamine 38.


The para substituted benzyl bromides 33 and 37 under-
went the reaction with precursor 14, under the condi-
tions described above, to provide the fully protected
phosphinic dipeptides 39 and 40 in good yield, similarly
to the non-substituted derivative 28 (Scheme 8). To
remove the protecting groups, pseudopeptides 28, 39,
and 40 were saponified and then treated with 50%
TFA/CH2Cl2 for 28 and 40, and 90% TFA for 39.
Preparative HPLC purification provided the target
phosphinic pseudodipeptides 6–8 as two pairs of
diastereoisomers.


2.3. Activity


Compounds 3–8 appeared to be moderate or weak
inhibitors of both leucine aminopeptidase and APM
(Table 3). They exhibited competitive type of inhibition
for both enzymes, with slow-binding mechanism of A
type determined for LAP and simple inhibition for
APM (with the exception of compounds 5 and 4-F2).
The mode of inhibition is, therefore, analogous to the
one observed earlier for aminophosphonates and
phosphinopeptides.27,28

Table 2. Optimization of the conditions of alkylation of the building block


Entry Solvent Base Time (h) Temperature (


A DMF Cs2CO3 6 45


B DMF K2CO3 6 45


C DMF Li2CO3 6 45


D DMF DBU 6 45


E DMF Et3N 6 rt


F DMF Cs2CO3 6 rt


G DMSO Cs2CO3 6 rt


H Et2O Et3N 20 rt


I — Pyridine 6 45

For almost all phosphinic dipeptides satisfactory
separation of diastereoisomers was achieved upon their
reverse-phase HPLC purification. Thus, they were
collected separately (fractions F1 and F2, in the order
of elution) and subsequently tested individually giving
two Ki values. Obviously, one fraction corresponds to
the (RS,SR) pair of enantiomers, while the another
one to (RR,SS).

14 with benzyl bromide


�C) Yield of 28 (%) Yield of 29 (%) Ratio 28/29


80 — —


66 — —


63 15 �4:1


36 — —


46 — —


80 11 �8:1


65 — —


63 — —


8 — —







Table 3. Inhibition of cytosolic (LAP) and microsomal leucine


aminopeptidase (APM) by the dipeptide analogues 3–8 containing


modified amino substituents in their P1 0 positions (fractions F1 and F2


represent the enantiomeric pair (RS,SR) and (RR,SS) separated by


means of reverse-phase HPLC)


H2N P COOH
HN R


OH


O


3-8


Compound Ki (lM)


LAPa APM


Entry P1 0 substiuent (R) F1 F2 F1 F2


3 0.57 0.45 NI NI


4
OH


10.33 6.98 0.90 1.13a


5
NH2 4.46 0.56a


6 10.06 12.37 NI �1500


7
OH


4.21 1.42 NI NI


8
NH2 2.78 2.62 19.90 2.66


a Competitive, slow-binding of A type mechanism of inhibition; NI, no


inhibition at 10–20 lM, Ki not calculated.
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Generally, the synthesized compounds did not exhibit
improved activity toward LAP comparing to the potent
lead structure 1. The calculated Ki values vary in a quite
narrow range of 0.5–12 lM (Table 3) and are one–two
orders of magnitude higher than that found for com-
pound 1. Surprisingly, the simplest, non-substituted ani-
line derivative 3 appeared to be the most interesting
inhibitor. Compounds designed as superior to com-
pound 3, namely p-substituted benzylamine derivatives
7 and 8, were slightly better than corresponding aniline
derivatives 4 and 5.

There could be few reasons of such phenomenon. First,
the studied dipeptide analogues 3–8, possessing several
polar groups of varying properties, must be highly
hydrated in aqueous media. Considering the inhibitor
affinity in terms of free binding energy, an unwanted loss
in entropy might occur because of necessity of breaking a
net of hydrogen bond with water molecules that can be
not counterbalanced with formation of novel interac-
tions of this type with the enzyme. Second, decreasing
affinity with increasing size of the P1 0 substituents (in
comparison to the lead compound 1) means that the
designed residues could be bound somewhat differently,
although theoretically predicted as well-fitting to the
S1 0 binding pocket. This is because this pocket is opened
to the solvent and the designed compounds might be
shifted a little toward the interface of the enzyme (thus
binding becomes not optimal) with their polar groups
(attached to aromatic ring) interfering with the solvent.
It has to be emphasized that the side chain of Asn330,
which was expected to form a hydrogen bond with
ligands, is solvent exposed and therefore its conforma-
tion might vary in solution and differ from the one
observed in the X-ray structure which was used for dock-
ing studies. Moreover, the detailed docking analysis indi-
cated relatively close placement of the zinc cation,
namely Zn488, to the secondary amino group introduced
into P1 0 side chain (�3.7 Å). This could result in strongly
unfavorable electrostatic repulsion, particularly in the
case of the probable protonation of the amino moiety,
and may also contribute to their shifting toward the
enzyme interface. This can be directly manifested by a
comparison of the binding affinities of 3 and 1. These
two differ only with the b carbon atom at P1 0 of 1 being
replaced by –NH– in 3, and this substitution causes
10-fold decrease in binding affinity (Table 3). The struc-
ture–activity relationship for the compounds studied
here is also ambiguous. For instance, the increase in
the length of the P1 0 fragment by a methyl group
decreases the affinity by about 20-fold for 6 versus 3,
while similar modification improves twice the affinity of
compounds bearing a polar group at the para position
of the phenyl ring (compare 7 vs 4 and 8 vs 5).


Generally, there is no significant difference between the
affinity of the separated fractions F1 and F2. It seems
straightforward that the diastereoisomer corresponding
to the relative (L,L) configuration of the natural
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substrates should be the most tightly bound. On the
other hand, it has been proven that even for more
extended phosphinic inhibitors of metalloproteases, the
stereochemistry is not a strictly discriminating factor.45


Thus, no additional efforts have been made to assume
the absolute configuration, nor to separate single diaste-
reoisomers of the studied analogues.


According to the theoretical predictions, the other than
para substitution in the P1 0 phenyl ring appeared
strongly discriminating for potency of the inhibitors.
Two ortho benzyl derivatives, additionally synthesized,
purified, and separated for fractions, exhibited very
poor activity toward LAP (no inhibition at 80 lM for
F1 and Ki = 247 lM for F2 of the o-hydroxymethyl
derivative, and no inhibition at 40 lM for F1 and
Ki = 21.6 lM for F2 of the o-aminomethyl one, data
not presented in Table 3). To some extent, this fact sup-
ports the assumption made by docking experiments that
only para derivatives are able to interact favorably with
residues forming the S1 0 binding pocket of LAP.


There are some meaningful observations concerning the
selectivity of the studied phosphinates 3–8 toward LAP
and APM. Introduction of a simple hydrophobic P1 0


residue yielded very poor or no inhibitors (compound 3
and 6) of aminopeptidase N. In the case of LAP these
groups are favored, however, a size limit is observed
(compounds 3 being far more active than 6). APM
strictly favors polar groups at the P1 0 proximity, partic-
ularly the amino moieties. Moreover, in the case of APM
the size of the substituent seems to be much more limited
than in the case of LAP. Thus, only three compounds (4,
5, and 8) are potent inhibitors of the enzyme, whereas the
others are inactive (Table 3). These results support addi-
tionally the suggested importance of the Glu413 carboxyl
group placed at the bottom of the S1 0 enzyme pocket of
APM for inhibitor discrimination.27


2.4. Conclusions


In summary, the presented results seem to have the most
significant synthetic impact. During last decade, phosphi-
nic pseudopeptides, considered as the analogues of the
high-energy transition states of the peptide bond hydroly-
sis,45–47 have been extensively applied for effective and
selective regulation of activity of various metalloproteas-
es.48–52 These achievements stimulate continuous interest
in development of novel strategies for their preparation,
including parallel and combinatorial synthesis.33 We
hope to give a contribution to this field by presenting
the synthesis of novel, amino derived building blocks 13
and 14 suitable for further diversification. Although the
obtained inhibition rates of cytosolic and microsomal
aminopeptidases by compounds 3–8 are moderate and
thus not fully satisfying, some valuable information con-
cerning structure–activity relationship for these two bio-
logically important enzymes have been also acquired.
The results have also shown that currently available
molecular modeling methods and tools are not able to
predict all possible effects associated with the binding of
inhibitor by the enzyme. In particular, this concerns
protein systems with solvent exposed ligand binding sites,

as it is with the S1 0 pocket of LAP, and therefore the
expectations driven from the ligand design studies might
not be reflected in experimentally determined properties.

3. Experimental


3.1. General


All of the compounds, for which analytical and spectro-
scopic data are given, were homogeneous by TLC. TLC
analyses were performed using silica gel plates (E.
Merck silica gel 60 F-254) and components were visual-
ized by the following methods: ultraviolet light absor-
bance, charring after spraying with a solution of
(NH4)HSO4 or after spraying with ninhydrin solution.
Column chromatography was carried out on silica gel
(E. Merck, 70–230 mesh). HPLC analyses were carried
out on: (i) a MZ-Analytical Column 250 · 4 mm, Kro-
masil, 100, C18, 5 lm, at a flow rate of 0.5 mL/min or
(ii) a semipreparative 250 · 8 mm, Kromasil, C18,
5 lm at a flow rate 3 mL/min. Solvent A: 10% CH3CN,
90% H2O, 0.1% TFA. Solvent B: 90% CH3CN, 10%
H2O, 0.09% TFA. The following gradients were used:
(1) t = 0 min (0% B), t = 29 min (20% B), t = 30 min
(50% B), t = 32 min (100% B), t = 34 min (100% B),
t = 38 (40 % B) for compounds 6 and 7. (2) t = 0 min
(0% B), t = 27 min (5% B), t = 30 min (50% B),
t = 32 min (100% B), t = 34 (100% B), t = 38 min (40%
B) for compound 8. (3) t = 0 min (0% B), t = 20 min
(35% B), t = 25 min (60% B), t = 32 min (100% B),
t = 34 (100% B), t = 38 min (40% B) for compounds 3
and 4. (4) t = 0 min (0% B), t = 20 min (20% B),
t = 35 min (30% B), t = 37 min (100% B), t = 39 (100%
B), t = 41 min (40% B) for compound 5. Eluted peaks
were detected at 254 nm. Given times (where more than
one) correspond to two pairs of diastereoisomers and
are counted in minutes.


All the compounds were characterized by 1H, 13C, and
31P NMR spectroscopy. 1H, 13C, and 31P NMR spectra
were recorded on a 200 MHz Mercury Varian spectrom-
eter. 13C and 31P NMR spectra are fully proton decou-
pled. 31P NMR chemical shifts are reported on d scale
(in ppm) downfield from 85% H3PO4.


ESI mass spectral analysis was performed on a mass
sprectrometer MSQ Surveyor, Finnigan, at the Labora-
tory of Organic Chemistry, University of Athens, using
direct sample injection. Negative or positive ion ESI
spectra were acquired by adjusting the needle and cone
voltages accordingly.


Commercially available reagents, solvents, and starting
materials were purchased from Aldrich, Merck, Sigma,
Labscan, and Fluka, and used without further purifica-
tion. THF was distilled over NaH.


3.2. Docking


Compounds described in this paper were docked by
applying the same procedure as we previously used to
calculate the binding mode of the phosphinic dipeptide
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analogues.27 The X-ray structure of LAP-LeuP (1lcp in
PDB) served to design dipeptide analogues described in
Ref. 27, including compounds 1 and 2 (Fig. 1). Based on
the calculated binding mode of 127 new substituents
were introduced at the para position of the phenyl ring
at P1 0 portion using the fragment library from the
InsightII/Builder program. In addition the b carbon
atom at the P1 0 residue was replaced by –NH– moiety,
which resulted in compounds 4 and 5. These were
further optimized within the enzyme binding site
using the AMBER force field in Discover/InsightII
program.27,53 The backbone of the protein was frozen
during optimization due to lack of the structural
changes of the enzyme upon ligand binding observed
in different X-ray structures of LAP. The distance con-
strains between zinc ions and their ligands with the force
constants values of 500 kcal/mol · Å2 were applied
during minimization procedure. The optimization was
performed using the conjugate gradient algorithm until
the maximum derivative was <0.1 kcal/mol · Å.


Compounds 6, 7, and 8 were obtained by introducing
the methyl group into the side chain of 3, 4, and 5,
respectively.


3.3. Preparation of synthons 13 and 14 for cross-coupling
and alkylation


3.3.1. 2-Benzyloxycarbonylamino-3-[(1-tert-butyloxycar-
bonylamino-3-phenylpropyl)hydroxyphosphinoyl]propionic
acid methyl ester (17). A suspension of compound 16
(2.46 g, 8.0 mmol) in hexamethyldisilazane (5 mL,
24.0 mmol) was heated at 110 �C for 1 h under argon
atmosphere. After cooling to 90 �C, acrylate 15
(2.08 g, 8.80 mmol) was added dropwise over 0.5 h and
the reaction mixture was allowed to cool to ca. 65 �C,
and MeOH (5 mL) was added dropwise. After cooling
to room temperature, the volatile products were re-
moved in vacuo and the residue was dissolved in a mix-
ture AcOEt/Et2O 1:1 and treated with 1 M HCl and
brine. The organic layer was dried over Na2SO4 and
evaporated to dryness. The residue was purified by col-
umn chromatography using CH2Cl2/MeOH/CH3COOH
9:0.1:0.1 to 9:0.5:0.2 as the eluent to afford the com-
pound 17 as a white solid. Yield: 77% (3.3 g), mp 85–
90 �C. 1H NMR (200 MHz, CDCl3) d 1.42 (s, 9H,
C(CH3)3), 1.62–1.90 (m, 2H, PCHCHH, PCHH),
1.98–2.29 (m, 3H, PCHCHH, PCHH, CHCO), 2.36–
2.79 (m, 2H, CH2Ph), 3.54 (s, 3H, OCH3), 3.67–3.81
(m, 1H, PCH), 4.62–4.87 (s, 1H, PCHNH), 5.09 (s,
2H, PhCH2O), 5.30–5.47 (s, 1H, CH2CHNH), 6.96–
7.45 (m, 10H, aryl); 13C NMR (50 MHz, CDCl3) d
28.3 (C(CH3)3), 28.4 (PCHCH2), 29.2 (PCH2), 32.1
(CH2Ph), 48.7 (d, 1JPC = 114.5 Hz, PCH), 49.6 (CHCO),
52.5 (COOCH3), 66.9 (PhCH2O), 80.1 (C(CH3)3), 125.8,
127.9, 128.3, 136.3, 141.0 (aryl), 156.2 (CONH), 156.4
(COOCH2Ph), 172.4 (d, 3JPC = 11.5 Hz, COOCH3);
31P (81 MHz, CDCl3) d 44.4 (br); ESMS m/z calcd for
C26H35N2O8P (M+H)+ 535.5, found 535.3.


3.3.2. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-benzyloxycarbon-
ylaminopropionic acid methyl ester (18). Compound 17

(2.81 g, 5.20 mmol) and 1-adamantylbromide (1.2 g,
6.20 mmol) were dissolved in CHCl3 (15 mL) and the
reaction mixture brought to reflux. Then, silver oxide
(1.2 g, 5.20 mmol) was added in five equal portions, over
50 min. This suspension was refluxed for additional 3 h.
Then, chloroform was removed; the residue was treated
with Et2O and filtered through a pad of Celite. The fil-
trate was concentrated and the residue was purified by
column chromatography using CHCl3/isopropanol
9.8:0.2 as the eluent to give compound 18 as solid. Yield:
80% (2.77 g), mp 65–67 �C. 1H NMR (200 MHz,
CDCl3) d 1.46 (s, 9 H, C(CH3)3), 1.51–1.77 (m, 8H,
PCHCHH, PCHH, CHCH2CH of Ad), 1.97–2.45 (m,
12H, PCHCHH, PCHH, CHCO, CCH2 of Ad, CH of
Ad), 2.58–2.92 (m, 2H, CH2Ph), 3.74 (s, 3H, OCH3),
3.84–4.10 (m, 1H, PCH), 4.86–5.0 (d, 3JHH = 14 Hz,
1H, PCHNH), 5.13 (s, 2H, PhCH2O), 5.97–6.09 (d,
3JHH = 12 Hz, 1H, CH2CHNH), 7.10–7.45 (m, 10H,
aryl); 13C NMR (50 MHz, CDCl3) d 28.0 (C(CH3)3),
29.7 (PCHCH2), 30.3 (PCH2), 30.8 (CH of Ad), 31.8
(d, 3JPC = 16 Hz,CH2Ph), 35.2 (CHCH2CH of Ad),
43.8 (CCH2 of Ad), 48.6 (PCH), 49.2 (CHCO), 52.2
(COOCH3), 66.5 (PhCH2O), 80.1 (C(CH3)3), 83.7
(POC), 125.6, 127.1, 127.7, 128.0, 129.0, 128.6, 129.0,
136.0, 140.8 (aryl), 155.8 (CONH), 156.4 (COOCH2Ph),
171.5 (d, 3JPC = 12.9 Hz, COOCH3); 31P (81 MHz,
CDCl3) d 46.6, 47.9, 48.1, 48.5; ESMS m/z calcd for
C39H49N2O8P (M+H)+ 669.8, found 669.3.


3.3.3. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-aminopropionic
acid methyl ester (14). Compound 18 (0.23 g, 0.34 mmol)
was dissolved in MeOH (15 mL) and H2O (2 mL), and
subjected to hydrogenolysis for 3.5 h in the presence of
10% Pd/BaSO4 as catalyst. The catalyst was removed
by filtration through a pad of Celite and the filtrate
was concentrated to dryness. MeOH was added to the
residue and concentrated to dryness. This procedure
was repeated twice to afford product 14 as a colorless
gum. The product was used immediately in the next
step. Yield: 100% (0.18 g). 1H NMR (200 MHz, CDCl3)
d 1.52 (s, 9H, C(CH3)3), 1.57–1.82 (m, 8H, PCHCHH,
PCHH, CHCH2CH of Ad), 1.91–2.38 (m, 12H,
PCHCHH, PCHH, CHCO, CCH2 of Ad, CH of Ad),
2.56–3.00 (m, 2H, CH2Ph), 3.77 (s, 3H, OCH3), 3.86–
4.29 (m, 1H, PCH), 5.15–5.25 (d, 3JHH = 10 Hz, 1H,
PCHNH), 6.18–6.35 (d, 3JHH = 10.6 Hz, 1H,
CH2CHNH), 7.15–7.40 (m, 5H, aryl); 13C NMR
(50 MHz, CDCl3) d 28.0 (C(CH3)3), 30.3 (PCHCH2),
30.5 (PCH2), 30.8 (CH of Ad), 32.1 (d,
3JPC = 5 Hz,CH2Ph), 35.3 (CHCH2CH of Ad), 43.9
(CCH2 of Ad), 49.0 (PCH), 51.8 (CHCO), 52.1
(COOCH3), 79.3 (C(CH3)3), 83.1 (POC), 125.6, 128.0,
128.1, 128.2, 129.0, 128.6, 129.0, 141.0 (aryl), 155.7
(CONH), 173.9 (COOCH3); 31P (81 MHz, CDCl3) d
46.2, 46.6, 48.1, 48.6, 49.3, 49.5.


3.3.4. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-aminopropionic
acid methyl ester (13). Compound 18 (0.67 g, 1 mmol)
was dissolved in MeOH, and 4 M NaOH (2 mmol)
was added dropwise. The final concentration of the
NaOH was 0.4 M. The mixture was stirred at room tem-
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perature for 16 h. Then, methanol was removed at re-
duced pressure and the residue was diluted with water
and acidified with 0.5 M HCl to pH 1 in an ice water
bath. This aqueous solution was extracted with AcOEt,
the organic layer was washed with water and brine,
dried over Na2SO4, and concentrated in vacuo to give
the crude product, which was purified by silica column
chromatography using CH2Cl2/methanol 9.5:0.5 as the
eluent to afford the acids as colorless gum. Yield: 92%.
1H NMR (200 MHz, CDCl3) d 1.40 (s, 9H, C(CH3)3),
1.45–1.75 (m, 8H, PCHCHH, PCHH, CHCH2CH of
Ad), 1.80–2.22 (m, 12H, PCHCHH, PCHH, CHCO,
CCH2 of Ad, CH of Ad), 2.38–2.93 (m, 2H, CH2Ph),
4.46–4.68 (m, 1H, PCH), 5.05 (s, 2H, PhCH2O), 6.21
(d, 3JHH = 11 Hz, 1H, CH2CHNH), 6.30 (PCHNH),
6.95–7.46 (m, 10H, aryl); 13C NMR (50 MHz, CDCl3)
d 28.2 (C(CH3)3), 30.5 (PCHCH2), 31.0 (PCH2), 31.1
(CH of Ad), 32.0 (CH2Ph), 35.4 (CHCH2CH of Ad),
43.9 (CCH2 of Ad), 49.1 (PCH), 49.7 (CHCO), 66.8
(PhCH2O), 79.6 (C(CH3)3), 84.8 (POC), 125.9, 127.3,
128.0, 128.3, 128.4, 136.0, 141.0 (aryl), 155.6 (CONH),
156.0 (COOCH2Ph), 172.4 (COOCH3); 31P (81 MHz,
CDCl3) d 48.3, 49.5, 49.7, 50.5. Subsequent hydrogena-
tion starting from the same quantity (0.22 g, 0.34 mmol)
and using the same procedure as described above for
compound 14 gave the analogue 13. Yield: 100%
(0.18 g), mp 95–97 �C. 1H NMR (200 MHz, CDCl3) d
1.52 (s, 9H, C(CH3)3), 1.56–1.88 (m, 8H, PCHCHH,
PCHH, CHCH2CH of Ad), 1.90–2.47 (m, 11H,
PCHCHH, PCHH, CCH2 of Ad, CH of Ad), 2.54–
3.04 (m, 2H, CH2Ph), 3.3–3.6 (m, 1H, CHCO), 3.79–
4.30 (m, 1H, PCH), 5.16 (PCHNH), 7.27 (s, 5H, aryl),
8.32 (COOH); 13C NMR (50 MHz, CDCl3) d 28.3
(C(CH3)3), 30.6 (PCHCH2), 30.7 (PCH2), 31.1 (CH of
Ad), 32.0 (CH2Ph), 35.5 (CHCH2CH of Ad), 45.1
(CCH2 of Ad), 49.2 (PCH), 68.1 (CHCO), 79.4
(C(CH3)3), 83.4 (POC), 126.1, 128.3, 128.5, 140.9 (aryl),
155.9 (CONH), 173.4 (COOH); 31P (81 MHz, CDCl3) d
49.7, 52.0, 53.5.


3.4. Cross-coupling with the use of the building block 13


3.4.1. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbonyl-
amino-3-phenylpropyl)phosphinoyl]-2-phenylaminopropionic
acid (20). General procedures. (A) Phosphinic com-
pound 13 (55 mg, 0.11 mmol) was dissolved in DMSO
(0.5 mL) and stirred under argon. Then, CuI (2 mg,
0.011 mmol), K2CO3 (30 mg, 0.22 mmol), and iodoben-
zene (12 lL, 0.11 mmol) were added at room tempera-
ture. The reaction mixture was heated at 65 �C for
48 h. The mixture was allowed to cool to room temper-
ature. Et2O and saturated solution of citric acid were
added to the mixture. The organic layer was separated,
washed with brine, and dried over Na2SO4. The solvent
was removed in vacuo to yield the crude product that
was purified by column chromatography using
CH2Cl2/MeOH 10:0 to 9.8:0.2 as the eluent. The prod-
uct 20 was obtained as deep yellow oil. Yield: 22%
(15 mg).


(B) Phosphinic compound 13 (76 mg, 0.15 mmol) was
dissolved in DMSO (0.5 mL) and stirred under argon.
Then, CuI (3 mg, 0.015 mmol), K2CO3 (41.5 mg,

0.30 mmol), LL-proline (3.4 mg, 0.03 mmol), and iodo-
benzene (17 lL, 0.15 mmol) were added at room temper-
ature. The reaction mixture was heated at 65 �C for
48 h. Compound 20 was obtained following the previ-
ously described work-up. Yield: 22% (20 mg).


(C) Phosphinic compound 13 (50 mg, 0.10 mmol) was
dissolved in 2-propanol (0.5 mL) and stirred under
argon. Then, CuI (1.9 mg, 0 01 mmol), K2CO3


(28 mg, 0.2 mmol), ethylene glycol (11 lL, 0.10 mmol),
and iodobenzene (11 lL, 0.10 mmol) were added at
room temperature. The reaction mixture was heated
at 65 �C for 48 h. Compound 20 was obtained follow-
ing the previously described work-up. Yield: 21%
(12.5 mg).


1H NMR (200 MHz, CDCl3) d 1.27 (s, 9H, C(CH3)3),
1.37–1.9 (m, 8H, PCHCHH, PCHH, CHCH2CH of
Ad), 1.94–2.27 (m, 11H, PCHCHH, PCHH, CCH2 of
Ad, CH of Ad), 2.58–2.95 (m, 2H, CH2Ph), 3.41–3.61
(m, 1H, CHCO), 3.79–4.30 (m, 1H, PCH), 5.69
(PCHNH), 7.13–7.37, 7.45–7.62, 7.69–7.82 (m, 10H,
aryl); 13C NMR (50 MHz, CDCl3) d 29.3 (PCH2), 29.7
(C(CH3)3), 30.7 (PCHCH2), 31.2 (CH of Ad), 31.9
(CH2Ph), 35.5 (CHCH2CH of Ad), 44.1 (CCH2 of
Ad), 49.2 (PCH), 65.6 (CHCO), 79.4 (C(CH3)3), 83.4
(POC), 117.2, 126.0, 128.4, 128.8, 130.9, 140.5, 141.0
(aryl), 155.9 (CONH), 173.4 (COOH); 31P (81 MHz,
CDCl3) d 42.8, 43.6.


3.4.2. 4-Iodophenylmethanol (22). To a stirred solution of
4-iodobenzoic acid 21 (0.99 g, 4 mmol) in THF (20 mL)
at �10 �C, N-methylmorpholine (0.40 g, 4 mmol) was
added, followed by isobutyl chloroformate (0.55 g,
4 mmol). After 10 min, NaBH4 (0.45 g, 12 mmol) was
added in one portion. MeOH (40 mL) is then added
dropwise to the mixture over a period of 10 min at
0 �C. The solution is stirred for additional 10 min, and
then neutralized with 1 N HCl (8 mL). The organic sol-
vents are evaporated under reduced pressure and the
product is extracted with diethyl ether. The organic
phase is washed with 1 N HCl, 5% NaHCO3, H2O, dried
over Na2SO4, and the solvent is evaporated under re-
duced pressure. The residue was purified by column
chromatography using diethyl ether/light petroleum
ether 8:2 as the eluent to give 22 as white solid. Yield:
70% (0.65 g), mp 72–73 �C. 1H NMR (200 MHz,
CDCl3) d 1.77 (br s, 1H, CH2OH), 4.64 (s, 2H, CH2OH),
7.09–7.70 (dd, 4H, J = 8.1 Hz, aryl). 13C NMR
(50 MHz, CDCl3) d 68.5 (CH2OH), 96.2 (CI), 128.9,
137.5, 139.8 (aryl).


3.4.3. 1-Bromomethyl-4-iodobenzene (23). PBr3 (0.19 mL,
2 mmol) was added to an ice-salt cooled solution of 22
(0.47 g, 2 mmol) in diethyl ether (10 mL) and the reac-
tion mixture was stirred at room temperature for 3 h.
Then it was cooled with ice and quenched with water.
The organic phase was dried over Na2SO4 and the
solvent was evaporated. The residue was purified by
column chromatography using light petroleum ether as
the eluent to give 23 as white solid. Yield: 58%
(0.34 g), mp 78–79 �C. 1H NMR (200 MHz, CDCl3) d
4.41 (s, 2H, CH2Br), 7.10-7.70 (dd, 4H, J = 8.1 Hz, aryl).
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13C NMR (50 MHz, CDCl3) d 32.7 (CH2Br), 94.4 (CI),
131.1, 137.6, 138.2 (aryl).


3.4.4. 4-[(N-tert-Butyloxycarbonylamino)methyl]iodoben-
zene (24). A solution of p-iodobenzyl bromide 23 (0.39 g,
1.01 mmol) in 28% aqueous NH4OH (100 mL) was stir-
red at room temperature for 5 days. The reaction mix-
ture was extracted with CH2Cl2, and the extract was
washed with brine, dried (NaOH), and concentrated to
give the amino derivative, which was dissolved in
CH2Cl2 (5 mL). After cooling with ice, di-tert-butyl
dicarbonate (0.33 g 1.50 mmol) was added and the mix-
ture was stirred at room temperature for 15 h. The solu-
tion was diluted with dichloromethane, washed with
H2O, dried over Na2SO4, and evaporated under vac-
uum. The residue was purified by column chromatogra-
phy using diethyl ether/light petroleum ether 1:1 as the
eluent to give 24 as white solid. Yield: 72% (0.24 g),
mp 88–89 �C. 1H NMR (200 MHz, CDCl3) d 1.43 (s,
9H, C(CH3)3), 4.21 (s, 2H, CH2), 4.85 (br s, 1H, NH),
6.99–7.65 (dd, 4H, J = 8.1 Hz, aryl). 13C NMR
(50 MHz, CDCl3) d 28.6 (CH3)3, 44.3 (CH2NH), 79.6
(C(CH3)3), 92.8 (CI), 129.5, 137.8, 138.9 (aryl), 156.0
(CO).


3.4.5. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-(4-hydroxymeth-
ylphenylamino)propionic acid (25). Compound 25 was
obtained from 13 and 22 following the method A. Yield:
10%. 1H NMR (200 MHz, CDCl3) d 1.27 (s, 9H,
C(CH3)3), 1.37–1.9 (m, 9H, PCHCHH, PCHH,
CHCH2CH of Ad, OH), 1.94–2.27 (m, 11H, PCHCHH,
PCHH, CCH2 of Ad, CH of Ad), 2.58–2.95 (m, 2H,
CH2Ph), 3.41–3.61 (m, 1H, CHCO), 3.79–4.30 (m, 1H,
PCH), 4.69 (m, 2H, CH2OH), 5.69 (PCHNH), 7.13–
7.37, 7.45–7.62, 7.69–7.82 (m, 9H, aryl); 13C NMR
(50 MHz, CDCl3) d 29.3 (PCH2), 29.7 (C(CH3)3), 30.7
(PCHCH2), 31.2 (CH of Ad), 31.9 (CH2Ph), 35.5
(CHCH2CH of Ad), 44.1 (CCH2 of Ad), 49.2 (PCH),
65.6 (CHCO), 68.5 (CH2OH), 79.4 (C(CH3)3), 83.4
(POC), 117.2, 126.0, 128.4, 128.8, 130.9, 140.5, 141.0
(aryl), 155.9 (CONH), 173.4 (COOH); 31P (81 MHz,
CDCl3) d 43.6, 45.6, 46.7.


3.4.6. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-[4-(tert-butyloxy-
carbonylaminomethyl)phenylamino]propionic acid (26).
Compound 26 was obtained from 13 and 24 following
the method A. Yield: 8%. 1H NMR (200 MHz,
CDCl3) d 1.27 (s, 18H, C(CH3)3), 1.37–1.9 (m, 8H,
PCHCHH, PCHH, CHCH2CH of Ad), 1.94–2.27
(m, 11H, PCHCHH, PCHH, CCH2 of Ad, CH of
Ad), 2.58–2.95 (m, 2H, CH2Ph), 3.41–3.61 (m, 1H,
CHCO), 3.79–4.30 (m, 1H, PCH), 4.27 (m, 2H,
CH2NHBoc), 5.69 (PCHNH), 7.13–7.37, 7.45–7.62,
7.69–7.82 (m, 9H, aryl); 13C NMR (50 MHz, CDCl3)
d 29.3 (PCH2), 29.7 (C(CH3)3), 30.7 (PCHCH2), 31.2
(CH of Ad), 31.9 (CH2Ph), 35.5 (CHCH2CH of
Ad), 44.1 (CCH2 of Ad), 44.38 (CH2NHBoc) 49.2
(PCH), 65.6 (CHCO), 79.4 (C(CH3)3), 83.4 (POC),
117.2, 126.0, 128.4, 128.8, 130.9, 140.5, 141.0 (aryl),
155.9 (CONH), 173.4 (COOH); 31P (81 MHz, CDCl3)
d 42.1, 43.9.

3.5. N-Alkylation of the building block 14


3.5.1. General procedure. To a stirred solution of com-
pound 14 (535 mg, 1 mmol, 1 equiv) in anhydrous
DMF (4 mL), cesium carbonate (164 mg, 0.5 mmol, 1
equiv) and the appropriate (non- or p-substituted) ben-
zyl bromide (1 mmol, 1 equiv) were added. The reaction
mixture was stirred at 45 �C for 6 h and then treated
with H2O and Et2O. The organic layer was dried over
Na2SO4 and concentrated in vacuo. The residue was
purified by column chromatography using CH2Cl2/iso-
propanol 9.8:0.2 as the eluent to afford the desired
product.


3.5.2. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-benzylamino-
propionic acid methyl ester (28). Yield: 80% 1H NMR
(200 MHz, CDCl3) d 1.29 (s, 9H, C(CH3)3), 1.44–1.72
(m, 8H, PCHCHH, PCHH, CHCH2CH of Ad), 1.87–
2.28 (m, 12H, PCHCHH, PCHH, CHCO, CCH2 of
Ad, CH of Ad), 2.51–2.90 (m, 2H, CH2Ph), 3.72 (s,
3H, OCH3), 3.74 (s, 2H, NHCH2), 3.86–4.10 (m, 1H,
PCH), 4.95 (d, 3JHH = 10.6 Hz, 1H, PCHNH), 6.05 (d,
3JHH = 10.4 Hz, 1H, CH2CHNH), 7.06–7.42 (m, 10H,
aryl); 13C NMR (50 MHz, CDCl3) d 28.3 (C(CH3)3),
30.6 (PCHCH2), 30.7 (PCH2), 31.1 (CH of Ad), 31.8
(CH2Ph), 35.6 (CHCH2CH of Ad), 44.2 (CCH2 of
Ad), 52.1 (PCH), 52.2 (CHCO), 52.4 (COOCH3), 52.6
(NHCH2), 79.3 (C(CH3)3), 83.8 (POC), 125.9, 127.2,
128.3, 128.4, 129.0, 141.0 (aryl), 155.7 (CONH), 173.9
(COOCH3); 31P (81 MHz, CDCl3) d 45.8, 46.7, 47.5,
48.1, 48.4.


3.5.3. Methyl 4-bromomethylbenzoate (31). To a solution
of 4-bromomethylbenzoic acid 30 (0.5 g, 2.30 mmol) in
MeOH (5.6 mL), concentrated sulfuric acid (0.14 mL)
was added. The resulting mixture was refluxed for 5 h.
Then, the mixture was cooled to room temperature
and evaporated in vacuo. H2O (20 mL) was added to
the residue in an ice-water bath, and the resulting solid
was filtered and washed with cold water. The solid mate-
rial was partitioned between Et2O/AcOEt 1:1 and
Na2CO3. The organic layer was dried over Na2SO4,
and evaporated in vacuo to afford the product as pale
yellow oil. Yield: 93% (0.49 g). 1H NMR (200 MHz,
CDCl3) d 3.82 (s, 3H, CH3), 4.51 (s, 2H, CH2Br),
7.33–7.95 (dd, 4H, aryl); 13C NMR (50 MHz, CDCl3)
d 45.0 (CH2Br), 51.8 (CH3), 126.8, 128.2, 128.7, 129.3,
129.6 (aryl), 142.0 (CCH2Br), 166.1 (CO).


3.5.4. 4-Bromomethylphenylmethanol (32). To an ice-
cooled solution of 1 M DIBALH in hexane (5.4 ml,
5.40 mmol), toluene (1.2 mL) was introduced under ar-
gon atmosphere. A solution of 31 (0.49 g, 2.1 mmol) in
toluene (5 ml) was then added dropwise and the mixture
was stirred at 0 �C for 4 h. The reaction mixture was
quenched using toluene/methanol 1:1 (5 mL), followed
by 2 M hydrochloric acid solution (5 mL). The solid alu-
minum salts were filtered, the organic layer was sepa-
rated, and the aqueous layer was extracted with
diethyl ether. The organic layer was dried over Na2SO4


and evaporated in vacuo. A mixture of diethyl ether/
light petroleum ether 1:1 was added to the white solid
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residue. The precipitate was filtered and washed with
petroleum ether. Yield: 58% (0.24 g), mp 76–77 �C. 1H
NMR (200 MHz, CDCl3) d 1.67 (br s, 1H, OH), 4.50
(s, 2H, CH2Br), 4.69 (s, 2H, CH2OH), 7.32–7.42 (m,
4H, aryl); 13C NMR (50 MHz, CDCl3) d 33.3 (CH2Br),
64.4 (CH2OH), 126.9, 127.1, 128.2, 129.1 (aryl), 136.8
(CCH2Br), 141.0 (CCH2OH).


3.5.5. 1-Bromomethyl-4-tert-butyloxymethylbenzene (33).
To an ice-cooled solution of 32 (0.15 g, 0.75 mmol) in
CH2Cl2 (5 mL), a catalytic amount of concentrated sul-
furic acid was added. Then, a large excess of liquid
isobutene (20 mL) was added and the mixture was stir-
red at room temperature for 64 h. After careful removal
of isobutene, the reaction mixture was partitioned be-
tween CH2Cl2 and Na2CO3, the organic layer was
washed with H2O and brine, dried over Na2SO4, and
concentrated in vacuo. The resulting colorless oil was
purified by column chromatography using light petro-
leum ether/diethyl ether 5:1 as the eluent to afford the
product as colorless oil. Yield: 63% (0.12 g). 1H NMR
(200 MHz, CDCl3) d 1.30 (s, 9H, C(CH3)3), 4.45 (s,
2H, CH2Br), 4.50 (s, 2H, CH2O), 7.30–7.35 (m, 4H, ar-
yl);13C NMR (50 MHz, CDCl3) d 27.6 (C(CH3)3), 33.5
(CH2Br), 63.6 (CH2O), 73.4 (C(CH3)3), 127.6, 128.9
(aryl), 136.5 (CCH2Br), 140.2 (CCH2O).


3.5.6. 4-Hydroxymethylbenzonitrile (35). 4-Bromo-
methylbenzonitrile 34 (1.4 g, 7.14 mmol) was refluxed
in deionized water (43 mL) with barium carbonate
(2.8 g, 14.20 mmol) for 4 h. Then, the mixture was
cooled to room temperature, and the solid byproduct
was removed by filtration. The filtrate was extracted
with CH2Cl2 twice. The organic phases were combined,
dried over Na2SO4 and evaporated in vacuo. The residue
was purified by column chromatography using light
petroleum ether/diethyl ether 2:3 as the eluent to afford
35 as white solid. Yield: 89 % (0.85 g), mp 49–50 �C. 1H
NMR (200 MHz, CDCl3) d 2.68 (s, 1H, OH), 4.67 (s,
2H, CH2), 7.36–7.60 (dd, 4H, aryl); 13C NMR
(50 MHz, CDCl3) d 63.5 (CH2), 110.3 (CCN), 118.7
(CN), 126.8, 132.0 (aryl), 146.5 (CCH2OH).


3.5.7. 4-Bromomethylbenzylamine hydrobromide (36).
p-Cyanobenzyl alcohol 35 (0.42 g, 3.15 mmol) was dis-
solved in dry THF (8 mL) and was added dropwise to
LiAlH4 (0.30 g, 7.88 mmol) in dry THF (8 mL) over
15 min at 0 �C under argon. After the end of the addi-
tion, the reaction mixture was refluxed for 4 h. Then,
the solvent was removed in vacuo and 1 M NaOH
(10 mL) was added dropwise at 0 �C. The resulting mix-
ture was treated with AcOEt (3 · 30 mL), the organic
layers were combined and extracted with 1 M HCl (2 ·
70 mL), and the solvent was removed using rotary evap-
oration. The residue was dissolved in H2O (3 mL) and
the solution was neutralized with 1 M NaOH (5 mL).
The solution was extracted with AcOEt (5 · 30 mL),
the combined organic phases were dried over Na2SO4


and concentrated in vacuo to yield the a-amino-a 0-hy-
droxy-p-xylene as a pale yellow solid. This solid was dis-
solved in H2O (3 mL) and HBr 46% (4.6 mL) was added.
The resulting solution was refluxed for 3.5 h. Solvent
was removed under reduced pressure and the residue

was triturated with acetone to yield the product as a pale
yellow solid. Yield: 15% (0.15 g), mp 250-252 �C. 1H
NMR (200 MHz, d6-DMSO) d 3.98 (m, 2H,
CH2NH3Br), 4.68 (CH2Br), 7.31–7.44 (m, 4H, aryl),
7.97–8.21 (br s, 3H, NH3); 13C NMR (50 MHz, d6-
DMSO) d 34.0 (CH2Br), 41.9 (CH2NH3Br), 129.3,
129.5 (aryl), 134.0 (CCH2Br), 138.4 (CCH2N).


3.5.8. (4-Bromomethylbenzyl)carbamic acid tert-butyl
ester (37). To a solution of 36 (85 mg, 0.30 mmol) in
dioxane (2.5 mL) and H2O (2.5 mL), Boc2O (1.32 g,
6.0 mmol) was added at 0 �C. Then, NaHCO3


(29.4 mg, 0.35 mmol) was added at this temperature
and the resulting mixture was stirred for 18 h at room
temperature. The mixture was partitioned between
Et2O and H2O. The aqueous phase was extracted with
Et2O and the combined organic phases were dried over
Na2SO4 and concentrated in vacuo. The residue was
purified by column chromatography using light petro-
leum ether/diethyl ether 3:2 as the eluent to afford the
product as colorless oil. Yield: 99% (90 mg). 1H NMR
(200 MHz, CDCl3) d 1.49 (s, 9H, C(CH3)3), 4.27 (s,
2H, CH2NH), 4.46 (s, 2H, CH2Br), 4.93 (br s, 1H,
NH), 7.19–7.34 (dd, 4H, aryl); 13C NMR (50 MHz,
CDCl3) d 28.3 (C(CH3)3), 33.2 (CH2NH), 44.2 (CH2Br),
79.5 (C(CH3)3), 127.7, 129.2 (aryl), 136.7 (CCH2N),
139.3 (CCH2Br), 155.8 (CO).


3.5.9. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-(4-tert-butyloxy-
methylbenzylamino)propionic acid methyl ester (39).
Yield: 65%. 1H NMR (200 MHz, CDCl3) d 1.24 (s,
9H, CH2OC(CH3)3), 1.40 (s, 9H, OCOC(CH3)3), 1.44–
1.74 (m, 8H, PCHCHH, PCHH, CHCH2CH of Ad),
1.86–2.47 (m, 12H, PCHCHH, PCHH, CHCO, CCH2


of Ad, CH of Ad), 2.57–2.80 (m, 2H, CH2Ph), 3.69 (s,
3H, OCH3), 3.72 (s, 2H, NHCH2), 3.86–4.10 (m, 1H,
PCH), 4.40 (s, 2H, CH2O), 5.18 (d, 3JHH = 7.8 Hz, 1H,
PCHNH), 6.22 (d, 3JHH = 9.4 Hz, 1H, CH2CHNH),
7.28–7.38 (m, 9H, aryl); 13C NMR (50 MHz, CDCl3) d
27.5 (CH2OC(CH3)3), 28.2 (OCOC(CH3)3), 29.5
(PCHCH2), 30.5 (PCH2), 31.0 (CH of Ad), 32.3
(CH2Ph), 35.5 (CHCH2CH of Ad), 44.0 (CCH2 of
Ad), 49.2 (PCH), 50.0 (CHCO), 52.1 (COOCH3), 55.3
(NHCH2), 63.7 (CH2O), 73.2 (CH2OC(CH3)3), 79.4
(C(CH3)3), 83.5 (POC), 125.8, 126.7, 127.2, 127.4,
128.2, 128.3, 137.4, 138.9, 141.3 (aryl), 155.7 (CONH),
174.4 (COOCH3); 31P (81 MHz, CDCl3) d 46.1, 47.2,
47.6, 48.4, 48.6.


3.5.10. 3-[(Adamantan-1-yloxy)-(1-tert-butyloxycarbon-
ylamino-3-phenylpropyl)phosphinoyl]-2-[4-(tert-butyloxy-
carbonylaminomethyl)benzylamino]propionic acid methyl
ester (40). Yield: 69%. 1H NMR (200 MHz, CDCl3) d
1.46 (s, 18H, C(CH3)3), 1.50–1.81 (m, 8H, PCHCHH,
PCHH, CHCH2CH of Ad), 1.86–2.30 (m, 12H,
PCHCHH, PCHH, CHCO, CCH2 of Ad, CH of Ad),
2.36–2.95 (m, 2H, CH2Ph), 3.72 (s, 3H, CH3), 3.74 (s,
2H, NHCH2), 3.86–4.10 (m, 1H, PCH), 4.41 (s, 2H,
CH2NHBoc), 5.00 (BocNH), 5.98 (d, 3JHH = 10.6 Hz,
1H, CH2CHNH), 7.08–7.47 (m, 9H, aryl); 13C NMR
(50 MHz, CDCl3) d 27.3 (C(CH3)3), 29.6 (PCHCH2),
30.6 (PCH2), 31.1 (CH of Ad), 32.2 (CH2Ph), 35.5
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(CHCH2CH of Ad), 36.0 (CH2NHBoc), 44.1 (CCH2 of
Ad), 51.3 (PCH), 51.8 (CHCO), 52.1 (COOCH3), 55.3
(NHCH2), 79.6 (C(CH3)3), 83.6 (POC), 125.9, 127.5,
128.3, 137.7, 141.2 (aryl), 155.8 (CONH), 173.9
(COOCH3); 31P (81 MHz, CDCl3) d 46.1, 48.3, 48.7.


3.6. Deprotection


3.6.1. General procedure for removal of Boc, t-Bu, and Ad
protecting group. Initially, in dipeptides 28, 39, and 40
the C-terminal methyl ester was removed by saponifica-
tion in same conditions as for compound 18 to give 13.
Then, 20, 25, 26, 28, and 40 were treated with a mixture
50% TFA/CH2Cl2 while 39 with 90% TFA/CH2Cl2 and
one drop of a scavenger (triisopropylsilane). The result-
ing solution was stirred for 3 h (50% TFA) or for 16 h
(90% TFA) at room temperature. Then, the mixture
was concentrated in vacuo. CH2Cl2 was added to the
residue, and the solvent was removed under reduced
pressure (3 times). A mixture of Et2O/petroleum ether
1:1 was added to the residue. The white precipitate
was filtered and washed with Et2O. The product was
purified with semi-preparative RP-HPLC using suitable
gradient.


3.6.2. 3-[(1-Amino-3-phenylpropyl)hydroxyphosphinoyl]-
2-phenylaminopropionic acid (3). HPLC: tR = 21.1 and
21.4 min using gradient 3. 1H NMR (200 MHz, D2O)
d 1.75–2.25 (m, 4H, PCHCHH, PCHH, PCHH,
PCHCHH), 2.57–2.80 (m, 2H, CH2Ph), 2.85–2.95 (m,
1H, CHCO), 2.97–3.15 (m, 1H, PCH), 7.20–7.43 (m,
10H, aryl); 13C NMR (50 MHz, D2O) d 27.5 (PCH2),
31.0 (CH2Ph), 38.8 (CHCH2), 43.8 (PCH), 49.0
(CHCO), 110.8, 126.6, 128.7, 129.0, 129.5, 130.5, 140.6
(aryl), 195.7 (COOH); 31P (81 MHz, D2O) d 32.2, 34.4;
ESMS m/z calcd for C20H27N2O4P (M�H)+ 361.35,
found 361.01.


3.6.3. 3-[(1-Amino-3-phenylpropyl)hydroxyphosphinoyl]-2-
(4-hydroxymethylphenylamino)propionic acid (4). HPLC:
tR = 20.7 and 21.2 min using gradient 3. 1H NMR
(200 MHz, D2O) d 1.75–2.25 (m, 4H, PCHCHH,
PCHH, PCHH, PCHCHH), 2.57–2.80 (m, 2H, CH2Ph),
2.85–2.95 (m, 1H, CHCO), 2.97–3.15 (m, 1H, PCH),
3.45–3.60 (m, 2H, CH2OH), 7.20–7.43 (m, 9H, aryl);
13C NMR (50 MHz, D2O) d 27.5 (PCH2), 31.0 (CH2Ph),
38.8 (CHCH2), 43.8 (PCH), 49.0 (CHCO), 68.0
(CH2OH), 110.8, 126.6, 128.7, 129.0, 129.5, 130.5,
140.6 (aryl), 195.7 (COOH); 31P (81 MHz, D2O) d
34.2, 35.9; ESMS m/z calcd for C21H29N2O5P (M�H)+


391.15, found 390.01.


3.6.4. 2-(4-Aminomethylphenylamino)-3-[(1-amino-3-
phenylpropyl)hydroxyphosphinoyl]propionic acid (5).
HPLC: tR = 30.2 and 31.0 min using gradient 4. 1H
NMR (200 MHz, D2O) d 1.75–2.25 (m, 4H, PCHCHH,
PCHH, PCHH, PCHCHH), 2.57–2.80 (m, 2H, CH2Ph),
2.85–2.95 (m, 1H, CHCO), 2.97–3.15 (m, 1H, PCH),
3.44–3.60(m, 2H, CH2NH2), 7.20–7.43 (m, 9H, aryl);
13C NMR (50 MHz, D2O) d 27.5 (PCH2), 31.0 (CH2Ph),
38.8 (CHCH2), 43.8 (PCH), 46.3 (CH2NH2), 49.0
(CHCO), 110.8, 126.6, 128.7, 129.0, 129.5, 130.5, 140.6
(aryl), 195.7 (COOH); 31P (81 MHz, D2O) d 32.2, 34.4;

ESMS m/z calcd for C20H27N2O4P (M+H)+ 391.40,
found 391.18.


3.6.5. 3-[(1-Amino-3-phenylpropyl)hydroxyphosphinoyl]-
2-benzylaminopropionic acid (6). HPLC: tR = 26.9 and
28.7 min using gradient 1. 1H NMR (200 MHz, D2O)
d 1.80–2.48 (m, 4H, PCHCHH, PCHH, PCHCHH,
PCHH), 2.55–2.93 (m, 2H, CH2Ph), 3.06–3.29 (m, 1H,
CHCO), 3.53–3.96 (m, 1H, PCH), 4.08–4.51 (m, 2H,
NHCH2), 7.12–7.53 (m, 10H, aryl); 13C NMR
(50 MHz, D2O) d 27.5 (d, 1JPC = 89 Hz, PCH2), 31.7
(d, 2JPC = 8 Hz, CH2Ph), 38.8 (CHCH2), 43.7 (PCH),
48.4 (CHCO), 50.3 (NHCH2), 126.8, 128.6, 129.0,
129.5, 130.0, 130.1, 130.5, 140.6 (aryl), 195.7 (COOH);
31P (81 MHz, D2O) d 31.6,39.2; ESMS m/z calcd for
C19H24N2O4P (M�H)+ 375.38, found 375.26.


3.6.6. 3-[(1-Amino-3-phenylpropyl)hydroxyphosphinoyl]-2-
(4-hydroxymethylbenzylamino)propionic acid (7). HPLC:
tR = 17.4 and 18.9 min using gradient 1. 1H NMR
(200 MHz, D2O) d 1.86–2.22 (m, 2H, PCHCHH,
PCHH), 2.26–2.48 (m, 2H, PCHCHH, PCHH), 2.60–
2.90 (m, 2H, CH2Ph), 3.06–3.27 (m, 1H, CHCO),
3.83–4.04 (m, 1H, PCH), 4.14–4.44 (m, 2H, NHCH2),
4.52 (s, 2H, CH2OH), 7.16–7.50 (m, 9H, aryl); 13C
NMR (50 MHz, D2O) d 27.3 (d, 1JPC = 128 Hz,
PCH2), 30.3 (CH2Ph), 31.6 (d, 2JPC = 8.35 Hz, CHCH2),
49.1 (PCH), 50.0 (NHCH2), 51.0 (CHCO), 63.4
(CH2OH) 126.7, 128.2, 128.6, 129.0, 129.5, 129.8,
130.3, 140.3, 142.0 (aryl), 195.7 (COOH); 31P
(81 MHz, D2O) d 30.8, 31.3; ESMS m/z calcd for
C20H26N2O5P (M�H)+ 405.4, found 405.3.


3.6.7. 2-(4-Aminomethylbenzylamino)-3-[(1-amino-3-phe-
nylpropyl)hydroxyphosphinoyl]propionic acid (8). HPLC:
tR = 14.9 and 16.1 min using gradient 2. 1H NMR
(200 MHz, D2O) d 1.81–2.22 (m, 4H, PCHCHH,
PCHH, PCHCHH, PCHH), 2.24–2.48 (m, 2H, CH2Ph),
2.56–2.89 (m, 1H, CHCO), 3.10–3.30 (m, 1H, PCH), 4.0
(s, 2H, CH2NH2), 4.21–4.48 (m, 2H, NHCH2), 6.94–
7.47 (m, 9H, aryl); 13C NMR (50 MHz, D2O) d 27.3
(d, 1JPC = 100 Hz, PCH2), 29.3 (CH2Ph), 31.8 (CHCH2),
36.9 (PCH), 42.6 (CHCO), 49.7 (NHCH2), 50.3
(CH2NH2) 126.7, 128.5, 128.9, 129.7, 130.7, 131.3,
134.3, 140.5 (aryl), 195.7 (COOH); 31P (81 MHz, D2O)
d 31.3, 31.6; ESMS m/z calcd for C20H27N2O4P
(M�H)+ 404.42, found 404.3.


3.7. Enzymatic assays


For the details of the kinetic studies: the enzymes, prep-
aration, activation, assays of LAP and APM activity,
and the Ki value determination, as well as computational
data for inhibitor docking, see the Ref. 27.

Acknowledgments


The financial support within Polish-Greek Scientific and
Technological International Cooperation Joint Project
for the Years 2004/2005 is gratefully acknowledged. This
work was also partially financed by Polish Ministry of
Education and Science.







3200 S. Vassiliou et al. / Bioorg. Med. Chem. 15 (2007) 3187–3200

References and notes


1. Taylor, A. Trends Biochem. Sci. 1993, 18, 167–171.
2. Taylor, A. FASEB J. 1993, 7, 290–298.
3. Current Topics: Aminopeptidases in Health and Disease.


Biol. Pharm. Bull. 2004, 27, 760–780.
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Abstract—The syntheses of six iejimalide carbamate derivatives are described. Their biological activity and those of the unmodified
iejimalides A and B against breast and prostate cancer cell lines were determined. These results show that the serine hydroxyl group
of iejimalides A and B is a permissive site that can be functionalized to form carbamate derivatives without significant loss of normal
biological activity. This method of derivatization will be valuable for cellular target identification, mechanism of action studies, and
drug development efforts. A fluorescent derivative does not exhibit binding to the cytoskeletal features of cancer cells.
� 2007 Elsevier Ltd. All rights reserved.
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1a Iejimalide A: R1 = R2 = H
1b Iejimalide B: R1 = CH3, R2 = H
1c Iejimalide C: R1 = H, R2 = SO3Na
1d Iejimalide D: R1 = CH3, R2 = SO3Na


Figure 1. Structures of iejimalides A through D.

1. Introduction


Iejimalides A–D (1a–d) constitute a class of naturally
occurring marine macrolides. These compounds occur
in minute quantities (0.0003–0.0006% of wet weight) in
Eudistoma cf. rigida, a species of marine tunicate native
to coral reefs in the vicinity of Ie Island (Iejima) near
Okinawa, Japan. They were originally isolated by
J. Kobayashi and co-workers.1–3 Their structures consist
of a 24-membered lactone ring bearing an N-formyl ser-
ine terminated side chain (Fig. 1). The only difference
between iejimalide A (1a) and iejimalide B (1b) is the
simple replacement of the hydrogen of the C(2) carbon
by a methyl group.


The Kobayashi laboratory measured high levels of cyto-
toxicity of the iejimalides in a few cancer cell lines.1,2 We
have also confirmed the significant biological activity of
these compounds against several other human cancer
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cell lines. As we will report in detail elsewhere, we have
data for over 70 cell lines to date, including the standard
NCI panel and others. As of now, only limited studies of
the biological target(s) of the iejimalides have been re-
ported. In a recent study, iejimalides were shown to have
an antiosteoporotic effect via the inhibition of a V-ATP-
ase.4 Total syntheses of iejimalide B have been accom-
plished in the Fürstner5 and Helquist laboratories.6–10


As of now, no iejimalide analogues for use in drug
development efforts have been reported.


In order to perform these further investigations, a per-
missive site must be found in the iejimalides to allow
incorporation of appropriate structural modifications
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without adversely affecting the biological activity. For
example, it would be useful to be able to attach a fluo-
rescent or an affinity label to track cellular uptake and
subcellular sites of accumulation of the iejimalides. Like-
wise, drug development efforts may require incorpora-
tion of groups to improve physiological transport and
other therapeutic properties.


In this paper, we describe our initial studies of the prep-
aration of derivatives of the iejimalides and the study of
their biological activity. These early investigations have
been successful in elucidating appropriate means for
obtaining active, stable derivatives of the iejimalides
and for providing an initial indication of the intracellu-
lar binding sites of the compounds.

2. Results and discussion


2.1. Synthesis of iejimalide carbamates


The iejimalides are nearly devoid of functional groups
that can serve as sites for direct derivatization with min-
imal changes of structure. The most accessible site for
derivatization is the hydroxyl group of the serine sub-
unit of iejimalides A and B (1a and 1b). Less useful reac-
tivity is provided by the amide and ether groups. Direct
reactions of any of these less reactive groups would dis-
rupt the overall structural integrity of the iejimalide sys-
tem. In order to probe for the feasibility of using the
serine hydroxyl group to provide derivatives that retain
normal biological activity, the synthesis of carbamate
derivatives was undertaken. Although the formation of
esters could also be considered, carbamates are expected
to be more robust than esters under physiological condi-
tions. Esters may be more appropriate choices as possi-
ble prodrug forms for later drug development studies;
for the purpose of other studies, we have in fact synthe-
sized simple iejimalide ester derivatives.


The reactions of iejimalides A (1a) and B (1b), with
phenyl isocyanate and b-naphthyl isocyanate in the
presence of 4-dimethylaminopyridine (DMAP) and
N,N-diisopropylethylamine, resulted in the formation
of the corresponding carbamate derivatives 2a,b and
3a,b in reasonable yields (Scheme 1). Due to the limited
availability of the natural iejimalides, these reactions
were necessarily performed on small scales. The prod-
ucts were purified effectively by HPLC. These results
show that the hydroxyl functionality of iejimalides is
an accessible point for derivatization. The resulting car-
bamates are the first reported derivatives of the
iejimalides.9


In order to probe the influence of a linker between the
naphthyl unit and the iejimalide core on biological activ-
ity, a b-naphthol iejimalide B carbamate derivative (6b)
containing a 1,5-pentylene linker was also prepared
(Scheme 2). b-Naphthol was first alkylated with 1,5-di-
iodopentane. The resulting alkyl iodide (4) was treated
with AgOCN to form an alkyl isocyanate (5),11 which
was allowed to react with iejimalide B under the stan-
dard conditions.

2.2. Biological activity of unmodified iejimalides and
iejimalide carbamates


As mentioned above, we have assay data for the
ie-jimalides in over 70 cell lines. In the present study,
we have employed the cell lines MCF7, MDA231, and
SKBR3 derived from breast tumors, and the PC3 cell
line derived from a prostate tumor. In these cell lines
and others which we have studied, iejimalide B (1b)
was observed to be an order of magnitude more
potent than iejimalide A (1a) despite the minimal
structural difference between them. The cell growth
inhibition activities of 2a, 2b, 3a, 3b, and 6b against
the same human cancer cell lines as the unmodified
iejimalides were determined. The GI50 values are sum-
marized in Table 1.


Consistent with previous results, the data indicate that
the parent compound iejimalide B (1b) is a potent
agent causing complete growth arrest at very low nM
concentrations. Most importantly, the new data show
that the phenyl carbamates 2a and 2b have the same
activity profiles and very nearly the same levels of
activity as the unmodified iejimalides. However, there
is an order of magnitude difference in activity between
the phenyl carbamates 2a and 2b and the b-naphthyl
carbamates 3a and 3b, with the latter being less potent.
Even with this reduction of potency, the activity of
most of the derivatives is sufficient for the purposes
of this work.

2.3. Synthesis of iejimalide B coumarin conjugate


Since a carbamate substitution of the serine side chain
produced iejimalide derivatives which retained signifi-
cant levels of activity, we reasoned that the attach-
ment of a fluorophore of approximately the same
size as a naphthyl group might produce an iejimalide
fluorophore conjugate that also retains significant bio-
logical activity. Thus, such a derivative may be suit-
able to study the cellular localization of the
iejimalides. We therefore decided to pursue the attach-
ment of a 7-diethylaminocoumarin-3-carbonyl substi-
tuent to an iejimalide through carbamate formation
(Scheme 3). Recently, the attachment of 7-diethylami-
nocoumarin-3-carbonyl to another natural product
through a carbamate linkage was reported in the liter-
ature.12 We chose to synthesize the coumarin deriva-
tive of iejimalide B (1b), since ie-jimalide B is on
average about one order of magnitude more active
than iejimalide A towards several cell lines (Table 1).
Heating a benzene solution of 7-diethylaminocouma-
rin-3-carbonyl azide for 5 h at 85 �C resulted in a Cur-
tius rearrangement to form 7-diethylaminocoumarin-3-
isocyanate, which then reacted with iejimalide B (1b)
in the same manner as employed for the other carba-
mate derivatives to form the 7-diethylaminocoumarin-
3-carbamate of iejimalide B (7b). In order to access a
control compound for the biological studies, the 7-
diethylaminocoumarin-3-carbamate derivative (8) of
benzyl alcohol was also prepared following the same
procedure.
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Scheme 2. Synthesis of b-naphthol iejimalide B carbamate derivative (6b).


Table 1. GI50 (nM) of iejimalides A and B, and their derivatives


Cell line 1a 2a 3a 1b 2b 3b 6b 7b


MCF7 6.9 7.5 126 1.2 8.3 44 12.7 13.6


MDA231 9.4 12.0 221 1.2 8.8 44 12.7 13.6


PC3 6.1 15.3 99 1.4 9.9 60 18.6 16.4


SKBr3 <5.0 20.0 77 1.0 10.5 82 41 10.9


1a, iejimalide A; 2a, iejimalide A phenyl carbamate; 3a, iejimalide A b-naphthyl carbamate; 1b, iejimalide B; 2b, iejimalide B phenyl carbamate; 3b,


iejimalide B b-naphthyl carbamate; 6b, b-naphthol iejimalide B carbamate derivative; 7b, 7-diethylaminocoumarin-3-carbamate of iejimalide B.
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The biological activity of this coumarin standard was
tested against the four cell lines employed in this study.
It did not show growth inhibition activity against any of
these cell lines (data not shown).


2.4. Biological activity and cellular localization of
iejimalide B coumarin conjugate


We tested the biological activity of iejimalide B 7-dieth-
ylaminocoumarin-3-carbamate (7b) against human
cancer cell lines (Table 1). Interestingly, we found that
iejimalide B coumarin conjugate 7b has an activity
profile similar to that observed with iejimalide B phenyl
carbamate (2b).


To investigate the cellular localization of this fluorescent
iejimalide B derivative, PC3 live cell imaging was con-
ducted with confocal microscopy (Fig. 2). Iejimalide B
coumarin conjugate 7b showed a significantly different
cell staining pattern than that of the control benzyl cou-
marin 8. It can be concluded that the difference in cellu-
lar localization of iejimalide coumarin conjugate 7b as
compared to coumarin standard 8 is due to its parent
iejimalide portion.


Figure 2A shows that iejimalide B coumarin 7b does not
accumulate in the nucleus, but it instead accumulates at
a number of specific locations within the cytoplasm.
Although these data may suggest a higher concentration
of 7b in the vicinity of mitochondria, none of our other
studies have suggested inhibition of mitochondrial
function. In contrast to 7b, its coumarin standard 8 is
contained in the endosomes. While an endosomal locali-

zation of the iejimalides cannot be ruled out by these stud-
ies, Figure 2A indicates that the uptake and apparent
cellular distribution of the iejimalide-coumarin conjugate
is elevated in these cells when compared to dye alone.


NCI COMPARE analyses,13,14 which allow tentative
predictions of the biochemical mechanisms of action of
novel drugs on the basis of their in vitro activity profiles,
were conducted on both iejimalide A and iejimalide B.15


A modest correlation was found between P3616,
S236580 (destruxin B), P3618, and iejimalide A, and
between S24818 (podophyllotoxin), S648784, and iejima-
lide B. Among the possible mechanisms of action of these
compounds is the disruption of microtubules.16


However, co-staining of PC3 cells with both a monoclo-
nal anti-microtubule antibody and iejimalide B couma-
rin 8b revealed that a significant portion of iejimalide
B coumarin 8b does not co-localize with the microtu-
bules (Fig. 3). Cells treated with iejimalide B at 10 nM
for 12 h did not show microtubule binding or disruption
as indicated by comparison with paclitaxel17,18 (Fig. 4).
Furthermore, 8b appears mainly perinuclear localized.
The results suggest that iejimalides may have a different,
non-microtubule-based mechanism of action, which is
also in agreement with other recent studies.4,9 However,
the significant intracellular distribution of iejimalide
indicates that additional sites of binding and initiation
of a drug action may exist and contribute to the tumor
cell growth inhibition.

3. Significance of the work


The most important finding from the present study is
that the serine subunit of the iejimalide core provides
a conveniently manipulated, permissive site for derivati-
zation without adversely affecting the tumor cell growth
inhibitory activity. Using a fluorophore-labeled iejima-
lide B, we have shown that the iejimalide core structure
is responsible for cellular uptake and that the subcellular
distribution does not appear to involve nuclear localiza-
tion. A combination of results reported here and other







Figure 2. Confocal images of iejimalide B coumarin 7b (A) and its coumarin standard 8 (B). PC3 cells were treated with either 200 nM iejimalide


coumarin or 200 nM coumarin standard for 3 h and then washed with PBS three times. Live cell images were obtained by confocal microscopy. The


length of the scale bar is 10 lm.


Figure 4. Staining of the microtubules in fixed PC3 cells treated with 10 nM iejimalide B (1b) (A) and 100 nM paclitaxel (B). The cells were treated in


both cases for 12 h with 10 nM iejimalide B (1b) and 100 nM paclitaxel, respectively, and were then fixed and stained with a mouse monoclonal anti-


microtubule antibody. The microtubule structure is not disrupted in the case of iejimalide B treated PC3 cells (A), whereas it is in the case of


paclitaxel treated cells (B).


Figure 3. Differential staining of iejimalide B coumarin 7b and microtubules on fixed PC3 cells. Fixed cells were co-stained with iejimalide B


coumarin 7b (A) and a mouse monoclonal anti-microtubule antibody (B). The merged image (C) does not show co-localization of iejimalide B


coumarin with the microtubules. The length of the scale bar is 10 lm.
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studies from our laboratories has further substantiated
Kobayashi’s earlier reports of potent inhibitory activity
of the iejimalides against several cancer cell lines. In work
to be reported elsewhere, cell line selectivity is also indi-
cated. Ongoing studies are being directed at identification
of the specific binding sites and mechanism(s) of action.

4. Experimental


4.1. General methods


Unless stated otherwise, all reagents and solvents were
used as received from commercial suppliers. 7-Diethyla-
minocoumarin-3-carbonyl azide (D-1446) was obtained
from Molecular Probes. All moisture sensitive reactions

were performed using dried solvents in flame-dried
glassware under an atmosphere of Ar. 1H NMR spectra
were measured at 300 MHz on a Varian VXR-300 spec-
trometer. All chemical shifts (d) are relative to residual
solvent. Mass spectral data were measured on a JEOL
JMS-AX505 HA spectrometer. All HPLC separations
were performed using a C18 reverse phase column
(RCM 8 · 10, Radial-Pak Cartridge, Type: 8NV C18
4l or Novo-Pak C18, 3.9 · 150 mm) on a Waters�


HPLC system with absorption detection at 254 nm.

4.2. Isolation of iejimalides from tunicates


Specimens of Eudistoma cf. rigida (3.7 kg wet) were
collected near Ie Island, Japan, cut up, and repeatedly







D. Schweitzer et al. / Bioorg. Med. Chem. 15 (2007) 3208–3216 3213

extracted with acetone. A portion (1.038 g) of the crude
acetone extract (7.24 g) was filtered through a pad of
silica gel (60 mL, ICN 60 Å silica gel, 32–63 l) using
methanol (400 mL). After removal of the solvent, the
residue was purified on a silica gel column
(2.2 · 16 cm, gradient: 100% CH2Cl2! 16% MeOH/
CH2Cl2). Fractions containing iejimalides were identi-
fied by the presence of the N-formyl signal at 8.3 ppm
in the 1H NMR spectrum. All iejimalide-containing
fractions were combined, and the solvent was removed
on a rotary evaporator. The residue was purified on a
second silica gel column (2.2 · 16 cm, gradient: 100%
CH2Cl2! 5% MeOH/CH2Cl2) to yield 35 mg of iejima-
lide-containing material. This material was purified on a
Sephadex LH-20 column (2.2 · 14 cm, gradient: 100%
CH2Cl2! 50% MeOH/CH2Cl2), followed by a third sil-
ica gel column (2.2 · 12 cm, gradient: 100% CH2


Cl2! 5% MeOH/CH2Cl2) to yield 25 mg of iejimalide-
containing material. On this material, HPLC (C18, iso-
cratic MeCN/H2O: 70:30, 1 mL/min, tR (iejimalide
A) = 13.0 min, tR (iejimalide B) = 15.0 min) was per-
formed to yield 6.5 mg of iejimalide A and 7.7 mg of
iejimalide B as white, amorphous solids.


4.3. Phenyl carbamate (2a) of iejimalide A


DMAP (0.9 mg, 0.0074 mmol) was added to a flask con-
taining iejimalide A (1a) (3.8 mg, 0.0056 mmol), fol-
lowed by dry THF (1.5 mL). Phenyl isocyanate (5 lL,
0.0459 mmol) and N,N-diisopropylethylamine (2 lL,
0.0115 mmol) were added, followed by dry THF
(0.5 mL). The mixture was stirred at 25 �C for 45 h.
The reaction was quenched by adding five drops of
H2O, and the mixture was evaporated to dryness. The
residue was taken up in CH2Cl2/H2O. After extraction
and phase separation, the aqueous phase was extracted
with additional CH2Cl2. The combined organic phase
was evaporated to dryness, redissolved in CDCl3, and
filtered through cotton in a pipette. The product was
purified by HPLC (C18, isocratic MeCN/H2O: 70:30,
1 mL/min, tR = 28.0 min) to provide 2a as an off-white
solid (2.1 mg, 0.0027 mmol, 48% yield): 1H NMR
(300 MHz, CDCl3): d 8.30 (s, 1H, H34), 8.26 (m, 1H,
aromatic), 7.35 (m, 3H, aromatic), 7.11 (m, 1H, aro-
matic), 6.91 (m, 2H, NH30, NH33), 6.80 (dd, 1H,
J = 9.6, 15.4 Hz, H3), 6.70 (m, 1H, NH47), 6.45 (d, 1H,
J = 15.8 Hz, H12), 6.26 (d, 1H, J = 12.0 Hz, H26), 6.13
(d, 1H, J = 12.0 Hz, H27), 6.04 (m, 2H, H19, H20), 5.90
(d, 1H, J = 15.4 Hz, H6), 5.71 (d, 1H, J = 15.6 Hz,
H2), 5.58–5.36 (m, 4H, H5, H11, H18, H21), 5.12 (m,
3H, H8, H14, H23), 4.81 (m, 1H, H32), 4.52 (m, 2H,
H35), 4.15 (m, 1H, H9), 3.91 (m, 2H, H29), 3.34 (m,
1H, H17), 3.26 (s, 3H, H41), 3.03 (s, 3H, H39), 2.96 (m,
1H, H4), 2.62 (m, 1H, H10), 2.51 (m, 2H, H15, H22),
2.35 (m, 1H, H10), 2.02 (m, 1H, H15), 1.81–1.74 (4 over-
lapping s, 12H, H36, H37, H40, H42), 1.61 (m, 1H, H16),
1.41 (m, 1H, H16), 1.10 (d, 3H, J = 6.8 Hz, H43), 0.91
(d, 3H, J = 6.8 Hz, H38).


4.4. b-Naphthyl carbamate (3a) of iejimalide A


The reaction was performed as for 2a using
DMAP (2.0 mg, 0.0164 mmol), b-naphthyl isocyanate

(6.0 mg, 0.0355 mmol), N,N-diisopropylethylamine
(2 lL, 0.0115 mmol), and iejimalide A (1a) (2.8 mg,
0.0041 mmol). The product was purified by HPLC
(C18, MeCN/H2O: 80:20, 1 mL/min, tR = 16.5 min) to
provide 3a as an off-white solid (1.0 mg, 0.0012 mmol,
29% yield): 1H NMR (300 MHz, CDCl3): d 8.33 (s,
1H, H34), 8.15 (m, 2H, aromatic), 7.97 (s, 1H, aromatic),
7.79 (m, 2H, aromatic), 7.44 (m, 2H, aromatic), 7.14 (m,
1H, NH30 or NH33), 6.98 (m, 1H, NH33 or NH30), 6.79
(dd, 1H, J = 9.5, 15.3 Hz, H3), 6.70 (m, 1H, NH47),
6.51–6.38 (m, 2H, H12, H26), 6.30–5.85 (m, 4H, H6,
H19, H20, H27), 5.70 (d, 1H, J = 15.4 Hz, H2), 5.64–
5.32 (m, 4H, H5, H11, H18, H21), 5.20 (m, 1H, H14),
5.11 (m, 1H, H23), 5.02 (d, 1H, J = 10.0 Hz, H8), 4.84
(m, 1H, H32), 4.57 (m, 2H, H35), 4.14 (m, 1H, H9),
3.92 (m, 2H, H29), 3.34 (m, 1H, H17), 3.26 (s, 3H,
H41), 3.03 (s, 3H, H39), 2.96 (m, 1H, H4), 2.62 (m, 1H,
H10), 2.51 (m, 2H, H15, H22), 2.35 (m, 1H, H10), 2.02
(m, 1H, H15), 1.81–1.74 (4 overlapping s, 12H, H36,
H37, H40, H42), 1.61 (m, 1H, H16), 1.41 (m, 1H, H16),
1.10 (d, 3H, J = 6.8 Hz, H43), 0.91 (d, 3H, J = 6.8 Hz,
H38).


4.5. Phenyl carbamate (2b) of iejimalide B


The reaction was performed as above using DMAP
(3.0 mg, 0.0245 mmol), iejimalide B (1b) (1.3 mg,
0.0018 mmol), phenyl isocyanate (6 lL, 0.0550 mmol),
and N,N-diisopropylethylamine (5 lL, 0.0286 mmol).
The product was purified by HPLC (C18, isocratic
MeCN/H2O: 80:20, 1 mL/min, tR = 14.5 min) to pro-
vide 2b as an off-white solid (0.8 mg, 0.0010 mmol,
53% yield): 1H NMR (300 MHz, CDCl3): d 8.31 (s,
1H, H34), 8.15 (m, 1H, aromatic), 7.35 (m, 3H, aro-
matic), 7.11 (m, 1H, aromatic), 6.88 (m, 2H, NH30,
NH33), 6.71 (m, 1H, NH47), 6.62 (d, 1H, J = 9.6 Hz,
H3), 6.50 (d, 1H, J = 16.3 Hz, H12), 6.41 (m, 1H, H19


or H20), 6.28 (d, 1H, J = 12.0 Hz, H26), 6.14 (d, 1H,
J = 12.0 Hz, H27), 6.02 (m, 1H, H20 or H19), 5.86 (d,
1H, J = 15.6 Hz, H6), 5.58–5.34 (m, 4H, H5, H11, H18,
H21), 5.15 (m, 3H, H14, H23, H8), 4.83 (m, 1H, H32),
4.54 (m, 2H, H35), 4.14 (m, 1H, H9), 3.92 (m, 2H,
H29), 3.30 (m, 1H, H17), 3.26 (s, 3H, H41), 3.14 (m,
1H, H4), 2.96 (s, 3H, H39), 2.67 (m, 1H, H10), 2.56 (m,
2H, H15, H22), 2.32 (m, 1H, H10), 1.90 (m, 1H, H15),
1.81–1.75 (5 overlapping s, 15 H, H36, H37, H40, H42,
H44), 1.67 (m, 1H, H16), 1.32 (m, 1H, H16), 1.05 (d,
3H, J = 6.4 Hz, H43), 0.92 (d, 3H, J = 6.4 Hz, H38).
HRMS (FAB+) m/z ([(M�CH3O)H]+): Calcd for
C47H62N3O7: 780.4588. Found: 780.4594.


4.6. b-Naphthyl carbamate (3b) of iejimalide B


The reaction was performed as above using DMAP
(3.0 mg, 0.0245 mmol), b-naphthyl isocyanate (7.1 mg,
0.0419 mmol), iejimalide B (1b) (1.3 mg, 0.0018 mmol),
and N,N-diisopropylethylamine (5 lL, 0.0286 mmol).
The product was purified by HPLC (C18, MeCN/H2O:
80:20, 1 mL/min, tR = 19.5 min) to provide 3b as an
off-white solid (1.2 mg, 0.0014 mmol, 74% yield): 1H
NMR (300 MHz, CDCl3): d 8.33 (s, 1H, H34), 8.20 (m,
2H, aromatic), 7.97 (s, 1H, aromatic), 7.78 (m, 2H, aro-
matic), 7.43 (m, 2H, aromatic), 6.84 (d, 1H, J = 9.0 Hz,
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NH33), 6.61 (m, 3H, H3, NH30, NH47), 6.49 (d, 1H,
J = 15.4 Hz, H12), 6.27 (d, 1H, J = 11.6 Hz, H26), 6.14
(d, 1H, J = 11.1 Hz, H27), 6.00 (m, 2H, H19, H20), 5.85
(d, 1H, J = 15.2 Hz, H6), 5.58–5.26 (m, 4H, H5, H11,
H18, H21), 5.11 (m, 3H, H8, H14, H23), 4.87 (m, 1H,
H32), 4.62 (dd, 1H, J = 5.7, 11.8 Hz, H35), 4.49 (dd,
1H, J = 5.7, 11.8 Hz, H35), 4.13 (m, 1H, H9), 3.92 (m,
2H, H29), 3.30 (m, 1H, H17), 3.26 (s, 3H, H41), 3.14
(m, 1H, H4), 2.96 (s, 3H, H39), 2.67 (m, 1H, H10), 2.56
(m, 2H, H15, H22), 2.32 (m, 1H, H10), 1.90 (m, 1H,
H15), 1.81–1.75 (5 overlapping s, 15 H, H36, H37, H40,
H42, H44), 1.67 (m, 1H, H16), 1.32 (m, 1H, H16), 1.04
(d, 3H, J = 6.6 Hz, H43), 0.93 (d, 3H, J = 6.6 Hz, H38).
HRMS (FAB+) m/z ([M�CH3O]+): Calcd for
C51H64N3O7: 830.4744. Found: 830.4708.


4.7. 5-(1-Iodopentyl)-b-naphthol (4)


A stirred mixture containing b-naphthol (1.00 g,
6.93 mmol), K2CO3 (1.03 g, 7.45 mmol), freshly distilled
1,5-diiodopentane (7.46 g, 23.0 mmol), and acetone
(50 mL) was heated under reflux for 27 h. After filtration
and concentration, the residue was purified twice by
chromatography (SiO2, 2.8 · 19 cm, gradient: 100% hex-
anes! 20% ethyl acetate/hexanes) to provide 4 as a
nearly colorless oil (2.09 g, 6.13 mmol, 89% yield)
(Rf = 0.65 using 40% ethyl acetate/hexanes). 1H NMR
(300 MHz, CDCl3): d 7.77 (m, 3H, aromatic), 7.48 (dt,
1H, J = 7.6, 1.2 Hz, aromatic), 7.37 (dt, 1H, J = 7.6,
1.2 Hz, aromatic), 7.21 (dd, 1H, J = 9.6, 2.6 Hz, aro-
matic), 7.11 (d, 1H, J = 2.4 Hz, aromatic), 3.94 (t, 2H,
J = 6.3 Hz, H5), 3.14 (t, 2H, J = 7.0 Hz, H1), 1.76 (m,
4H, H2, H4), 1.52 (m, 2H, H3); 13C NMR (75 MHz,
CDCl3): d 157.0, 134.7, 129.3, 129.0, 127.7, 126.7,
126.3, 123.5, 118.9, 106.9, 67.6, 33.2, 28.2, 27.2, 6.5;
IR (thin film): 3056, 2939, 2868, 1621, 1600,
1511 cm�1; HRMS (FAB+) m/z (M+): Calcd for
C15H17OI: 340.0324. Found: 340.0303.


4.8. 1-(5-Isocyanatopentyl)-b-naphthol (5)


Under stirring, 5-(1-iodopentyl)-b-naphthol (4) (151 mg,
0.44 mmol), AgNCO (145 mg, 0.97 mmol), and benzene
(1.0 mL) were heated in a closed Ace pressure tube
(V = 60 mL) to 152 �C for 5 h. After cooling, the content
was filtered and concentrated to yield an oil. 1H NMR
indicated ca. 90% conversion to the desired product.
1H NMR (300 MHz, CDCl3): d 7.77 (m, 3H, aromatic),
7.48 (dt, 1H, J = 7.6, 1.2 Hz, aromatic), 7.37 (dt, 1H,
J = 7.6, 1.2 Hz, aromatic), 7.18 (m, 2H, aromatic),
4.10 (t, 2H, J = 6.3 Hz, H1), 3.36 (t, 2H, J = 6.5 Hz,
H5), 1.78 (m, 2H, H2), 1.72 (m, 2H, H3 or H4), 1.63
(m, 2H, H4 or H3); 13C NMR (75 MHz, CDCl3): d
157.2, 157.1, 134.8, 129.6, 129.1, 127.8, 126.9, 126.5,
123.7, 119.1, 106.7, 67.7, 43.0, 31.2, 28.8, 23.4; IR (thin
film): 2274 cm�1; HRMS (FAB+) m/z (M+): Calcd for
C16H17NO2: 255.1259. Found: 255.1254.


4.9. b-Naphthol iejimalide B carbamate derivative (6b)


1-(5-Isocyanatopentyl)-b-naphthol (6) (114 mg, 0.446
mmol) was dissolved in THF (12 mL). A portion
(1.5 mL, 0.056 mmol) of this solution was added to a flask

containing iejimalide B (1.3 mg, 0.0019 mmol) and
DMAP (4 mg, 0.033 mmol). N,N-Diisopropylethylamine
(10 lL, 0.057 mmol) was added, and the mixture was stir-
red at 25 �C for 120 h. It was taken up in CH2Cl2/H2O
(20:15 mL). After extraction and phase separation, the
aqueous phase was twice extracted with additional
CH2Cl2 (20 mL). The combined organic phase was evap-
orated to dryness. The residue was dissolved in CH2Cl2
and filtered through cotton in a pipette. The residue was
purified by HPLC (Novo-Pak C18, 3.9 · 150 mm,
MeCN/H2O: 85:15, 1 mL/min, tR = 8.2 min) to provide
6b as a white solid (1.1 mg, 0.0012 mmol, 62% yield):
1H NMR (300 MHz, CDCl3): d 8.27 (s, 1H, H34), 7.75
(m, 3H, aromatic), 7.44 (dt, 1H, J = 7.6, 1.2 Hz, aro-
matic), 7.34 (dt, 1H, J = 7.6, 1.2 Hz, aromatic), 7.25 (s,
1H, NH47), 7.14 (m, 2H, aromatic), 6.93 (d, 1H, J =
6.9 Hz, NH33), 6.62 (d, 1H, J = 10.3 Hz, H3), 6.49 (d,
1H, J = 15.4 Hz, H12), 6.36 (t, 1H, J = 5.6 Hz, NH30),
6.28 (d, 1H, J = 11.1 Hz, H26), 6.12 (d, 1H, J = 10.5 Hz,
H27), 6.02 (m, 2H, H19, H20), 5.85 (d, 1H, J = 15.4 Hz,
H6), 5.57–5.32 (m, 4H, H5, H11, H18, H21), 5.13 (m, 3H,
H8, H14, H23), 4.89 (m, 1H, H32), 4.71 (m, 1H, H35),
4.42 (m, 1H, H35), 4.13 (m, 1H, H9), 4.09 (t, 2H,
J = 6.2 Hz, H59), 3.90 (m, 2H, H29), 3.29 (m, 1H, H17),
3.26 (s, 3H, H41), 3.23 (m, 2H, H48), 3.14 (m, 1H, H4),
2.95 (s, 3H, H39), 2.69 (m, 1H, H10), 2.56 (m, 2H, H15,
H22), 2.33 (m, 1H, H10), 1.88 (m, 1H, H15), 1.81–1.73 (5
overlapping s, 15 H, H36, H37, H40, H42, H44), 1.59 (m,
7 H, H16, H49, H50, H51), 1.31 (m, 1H, H16), 1.04 (d,
3H, J = 6.6 Hz, H43), 0.92 (d, 3H, J = 6.8 Hz, H38).
HRMS (FAB+) m/z (M+): Calcd for C57H77N3O9:
947.5660. Found: 947.5634.
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4.10. 7-Diethylaminocoumarin-3-carbamate (7b) of
iejimalide B


7-Diethylaminocoumarin-3-carbonyl azide (11.1 mg,
0.0387 mmol) was dried in a flask on a high vacuum line
for 1 h. It was dissolved in dry benzene (3.0 mL) under
Ar, and the solution was heated for 5 h at 85 �C. During
this time, iejimalide B (1b) (2.6 mg, 0.0037 mmol) and
DMAP (2.7 mg, 0.0221 mmol) were dried in a flask on
a high vacuum line for 3 h. Once the benzene solution
was cooled to 25 �C, it was added to the second flask.
N,N-Diisopropylethylamine (10 lL, 0.0572 mmol) was
added. The mixture was stirred at 25 �C for 136 h. The
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reaction was quenched by adding five drops of H2O, and
the resulting mixture was evaporated to dryness. The
residue was taken up in CH2Cl2/H2O. After extraction
and phase separation, the aqueous phase was extracted
with additional CH2Cl2. The combined organic phase
was evaporated to dryness and filtered through cotton
in a pipette using CH2Cl2. The product was purified
by HPLC (C18, MeCN/H2O: 80:20, 1 mL/min,
tR = 28.5 min) to provide 7b as a light yellow solid
(1.6 mg, 0.0017 mmol, 45% yield): 1H NMR
(300 MHz, CDCl3): d 8.32 (s, 1H, H34), 8.20 (s, 1H,
NH47 or H57), 8.17 (s, 1H, H57 or NH47), 7.43 (s, 1H,
aromatic), 6.72 (m, 2H, NH33, aromatic), 6.62 (m, 2H,
H3, NH30), 6.49 (d, 1H, J = 14.1 Hz, H12), 6.28 (m,
2H, H26, aromatic), 6.14 (d, 1H, J = 11.3 Hz, H27),
6.02 (m, 2H, H19, H20), 5.85 (d, 1H, J = 15.6 Hz, H6),
5.57–5.32 (m, 4H, H5, H11, H18, H21), 5.13 (m, 3H,
H8, H14, H23), 4.82 (m, 1H, H32), 4.62 (dd, 1H,
J = 5.8, 11.3 Hz, H35), 4.46 (dd, 1H, J = 5.8, 11.3 Hz,
H35), 4.13 (m, 1H, H9), 3.93 (m, 2H, H29), 3.42 (q, 4H,
J = 7.1 Hz, H59), 3.30 (m, 1H, H17), 3.26 (s, 3H, H41),
3.14 (m, 1H, H4), 2.95 (s, 3H, H39), 2.67 (m, 1H, H10),
2.56 (m, 2H, H15, H22), 2.32 (m, 1H, H10), 1.90 (m,
1H, H15), 1.81–1.75 (5 overlapping s, 15 H, H36, H37,
H40, H42, H44), 1.67 (m, 1H, H16), 1.32 (m, 1H, H16),
1.21 (t, 6 H, J = 7.1 Hz, H60), 1.04 (d, 3H, J = 6.6 Hz,
H43), 0.92 (d, 3H, J = 6.8 Hz, H38). HRMS (FAB+)
m/z ([M�H]+): Calcd for C55H73N4O10: 949.5327.
Found: 949.5295.


4.11. Benzyl-7-diethylaminocoumarin-3-carbamate (8)


7-Diethylaminocoumarin-3-carbonyl azide (6.6 mg,
0.023 mmol) was dried in a flask on a high vacuum line
for 1 h. It was dissolved in benzene (3.0 mL) under Ar,
and the solution was heated for 5 h at 85 �C. Once the
benzene solution was cooled to 25 �C, benzyl alcohol
(50 lL, 0.482 mmol), DMAP (10.9 mg, 0.089 mmol),
and N,N-diisopropylethylamine (45 lL, 0.260 mmol)
were added. The mixture was stirred at 25 �C for
208 h. After concentration, the residue was purified
twice by chromatography (SiO2, 2.2 · 19 cm, gradient:
100% hexanes! 20% ethyl acetate/hexanes) to provide
8 as a white solid (5.7 mg, 0.0156 mmol, 68% yield)
(Rf = 0.50 using 40% ethyl acetate/hexanes). 1H NMR
(300 MHz, CDCl3): d 8.21 (s, 1H, H4), 7.41–7.24 (m, 7
H, Ph, NH, H5 or H6), 6.61 (d, 1H, J = 8.8 Hz, H6 or
H5), 6.50 (s, 1H, H8), 5.21 (s, 2H, H14), 3.40 (q, 4H,
J = 7.1 Hz, H15, H16), 1.20 (t, 6 H, J = 7.1 Hz, H17,
H18); HRMS (FAB+) m/z (M+): Calcd for
C21H22N2O4: 366.1580. Found: 366.1595.


4.12. Cell culture


Human breast cancer cell lines SKBr3, MCF7,
MDA231, and human prostate cancer cell line PC3 were
obtained from ATCC and grown in T-75 tissue culture
flasks (Falcon Labware, Oxnard, CA) at 37 �C in a
humidified atmosphere containing 5% CO2. The compo-
sitions of the growth media used for the different cell
lines were: (i) SKBR3 cells: McCoy’s 5a medium con-
taining 1.5 mM LL-glutamine, 1.5 g/L NaHCO3, and
10% fetal bovine serum; (ii) MDA231 cells: RPMI

1640 medium containing 1.5 mM LL-glutamine, 1.5 g/L
NaHCO3, and 10% fetal bovine serum; (iii) MCF7 cells:
Basal Medium Eagle containing Earle’s balanced salts
(Invitrogen, Carlsbad, CA), 2 mM LL-glutamine, 1.5 g/L
NaHCO3, 0.1 mM sodium pyruvate, 0.01 mg/mL bovine
insulin, and 10% fetal bovine serum; and (iv) PC3 cells:
Ham’s F-12 medium containing 2 mM LL-glutamine,
1.5 g/L NaHCO3, and 10% fetal bovine serum. To every
liter of medium, 10 mL of 10,000 U/mL penicillin So-
dium, 10 mg/mL streptomycin sulfate solution, and
1 mL of Fungizone (Invitrogen, Carlsbad, CA) were
added and then adjusted to pH 7.2 before filter
sterilization.


4.13. Screening for biological activity


Cells were harvested from T-75 flasks by removing the
medium and rinsing with 0.25% trypsin containing
0.03% EDTA. The flasks were stored at 37 �C until
the cells detached. Cells were plated at 3000 cells/
100 lL in 96-well plates and allowed to incubate at
37 �C overnight. The medium in each well was re-
placed with fresh medium containing appropriate con-
centrations of the compound of interest. Six wells
were used for each compound concentration. The
number of viable cells was determined using the
MTT assay.19 A stock solution of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
at 5 mg/mL was made in PBS. After 72 h compound
treatment, the compound containing media were
replaced with 98 lL of fresh media and 2 lL of
MTT stock solution in each well. The cell plates were
incubated at 37 �C for 4 h to allow MTT to be metab-
olized. The plates were then dried, and MTT’s meta-
bolic product, formazan, was dissolved in 200 lL
DMSO. The plates were shaken for 2 min, and the
optical density in each well was determined at
560 nm. The cell numbers were plotted as percentage
of day zero, with 100% indicating that the cells did
not grow after treatment with the compound of inter-
est for 3 days. Each dose response experiment was
conducted twice. GraphPad Prism 4 software (San
Diego, CA) was used to calculate the GI50 value of
each compound for each cell line. Two-way ANOVA
statistical analysis was performed using GraphPad
Prism 4.


4.14. Fluorescence microscopy on fixed cells


Cells grown in 12-well plates covered with microscope
cover glasses were fixed with cold methanol for 8 min,
washed three times with PBS, permeabilized (0.3% Tri-
ton-100, 1% BSA, 10% FBS in PBS) for 1 h, and stained
with either mouse monoclonal antibody (1:100 dilution)
for 30 min or 1 lM iejimalide coumarin 7b for 2 h. Cells
were then washed with PBS five times, 5 min per wash,
and the cells stained with mouse monoclonal antibody
were then incubated with Alexa Flour 594 goat anti-
mouse secondary antibody (Molecular Probes) for 1 h.
Fluorescence images were acquired using an E1000
microscope (Nikon, Tokyo, Japan) equipped with a
SPOT RT (Diagnostic Instruments, Sterling Heights,
MI) monochromatic camera.
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4.15. Confocal microscopy on live cells


For drug uptake studies, PC3 cells were grown on cov-
erglass plates to 60–70% confluency, treated with
200 nM iejimalide-coumarin 7b or coumarin standard
8 solutions in media for 3 h at 37 �C, and then washed
three times with PBS to remove excess drug–dye
conjugate or control dye before collecting images. An
incubation period of 3 h was necessary to obtain a suf-
ficiently strong fluorescence signal of the coumarin
derivative within the cell. The confocal system used
was a MRC-1024UV (Bio-Rad, Hemel Hempstead,
England) on a Diaphot 300 (Nikon, Tokyo, Japan)
inverted microscope at the Purdue University Cytome-
try Laboratory.
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Improved automated synthesis of [18F]fluoroethylcholine as a
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Abstract—[18F]Fluoroethylcholine has been recently introduced as a promising 18F-labelled analogue of [11C]choline which had
been previously described as a tracer for metabolic cancer imaging with positron emission tomography (PET). Due to the practical
advantages of using the longer-lived radioisotope 18F (t1/2 = 110 min), offering the opportunity of a more widespread clinical
application, we established a reliable, fully automated synthesis for its production using a modified, commercially available
module. [18F]Fluoroethylcholine was prepared from N,N-dimethylaminoethanol by iodide catalyzed alkylation with 1-[18F]fluoro-2-
tosylethane as alkylating agent, resulting in a total radiochemical yield of 30 ± 6% after a synthesis time of 50 min. The specific activity
of [18F]fluoroethylcholine was >55 GBq/lmol and the radiochemical purity 95–99%.
� 2007 Elsevier Ltd. All rights reserved.

18F 18

1. Introduction


Many tumours are characterized by an enhanced cell
proliferation. This is usually associated with an elevated
uptake and phosphorylation of choline to form choline
phosphate which is used in the synthesis of membrane
phospholipids.1–3 31P magnetic resonance spectroscopy
has confirmed this hypothesis by showing higher levels
of choline phosphate in different tumour entities.


Therefore, [11C]choline was developed and has shown its
clinical potential in the evaluation of brain tumours,
oesophageal carcinoma and prostate cancer4–6 using
PET. Because of the short half-life of 11C (t1/2 =
20.38 min), resulting in a limited usefulness for clini-
cal routine, different 18F-labelled (t1/2 = 109.7 min)
analogues were synthesized to overcome this problem.
Shown in Figure 1 are the most prominent choline
derivatives.


[18F]fluorocholine ([18F]FCh) (2), first introduced by
DeGrado et al.,7 is synthesized by reacting N,N-dimeth-
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ylaminoethanol (DMAE) with [18F]fluoro-bromome-
thane ([18F]FBM). This labelling synthon has to be
cleaned up via gas chromatographic purification, which
is not a standard operation in radiopharmaceutical
laboratories.8 A simple and more convenient way of
synthesizing choline analogue compounds is the
18F-fluoroethylation of N,N-dimethylaminoethanol,
leading to [18F]fluoroethylcholine ([18F]FECh) (3). The
production route of 18F-fluoroethylating synthons, espe-
cially1-[18F]fluoro-2-tosylethane ([18F]FETos), is a sim-
ple, very reliable procedure and can be established in a
fully automated way without any demanding purifica-
tion steps (Fig. 2).


Comparing the chemical structure differences between
[18F]FCh (2) and [18F]FECh (3), it is obvious that
[18F]FCh (2) is more similar to [11C]Cho (1), than
[18F]FECh (3) is. Deves and Krupka,9 as well as Clary

NH3
11C OH N OH N OHF


(1) (2) (3)


Figure 1. Structure of [11C]choline (1, [11C]Cho) and the 18F-fluori-


nated analogues [18F]fluorocholine (2, FCh) and [18F]fluoroethylcho-


line (3, FECh).
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Figure 3. Radiochemical yields of the 18F-fluoroethylation of DMAE


using different labelling systems (DMSO; T = 85 �C; t = 20 min).


N OH 18F X MI


X = Br, OTos;   M = Li, Na, K


X X [18F]KF-K222 18F X


+ DMSO N OH


MeCN
80°C


18F


Figure 2. Synthesis of [18F]fluoroethylcholine.


Table 1. Radiochemical yields of the 18F-fluoroethylation of DMAE


using higher reaction temperatures (DMSO; [18F]FETos/LiI;


t = 20 min)


Temperature (�C) 100 110 120


RCY (%) 86 ± 5.6 92 ± 5.8 97 ± 1.0
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et al.,10 investigated the behaviour of synthetic choline
analogues. They found that 2 methyl groups are essential,
while the third one can be replaced by longer alkyl chains
in terms of affinity to the choline transport system and
substrate specificity of choline kinase. These results were
confirmed by Hara et al.11 in vitro and in vivo.


Considering the isotope properties, complexity of syn-
thesis and biochemical behaviour of the derivatives,
[18F]FECh seems to be the most promising candidate
for clinical PET studies. Hence, there is a high interest
in a reliable, fully automated synthesis for the produc-
tion of [18F]FECh. Since Hara et al. described the devel-
opment and automated synthesis of [18F]FECh, only
minor changes in its preparation were published.11,12


In this first publication a one-pot strategy was developed
in which the secondary labelling agent [18F]FETos was
used without further purification for the alkylation of
N,N-dimethylaminoethanol (DMAE). This may result
in the formation of by-products, caused by the reaction
of the ethylenglycol-1,2-ditosylate with DMAE. A puri-
fication of [18F]FECh from these by-products may be
problematic due to their cationic nature. Another draw-
back of this synthesis is that a relatively large excess of
DMAE (300 lL) was used in the reaction which had
to be removed afterwards by evaporation using high
vacuum. These factors are all unfavourable to a reliable
automated synthesis, because they may result in a high
variability in the performance of the automated module.


Recently, we reported that the addition of alkali iodides
to [18F]FETos and 1-bromo-2-[18F]fluoroethane
([18F]BFE) led to drastically increased radiochemical
yields, most probably due to the in situ formation of
1-iodo-2-[18F]fluoroethane ([18F]IFE).13 We therefore
applied this new approach to a fully automated synthe-
sis for the production of [18F]FECh, using the iodide-
promoted alkylation, which circumvents the problems
of the one-pot strategy.

2. Results and discussion


Due to the structure of the [18F]fluoroethylcholine the
fluoroethylation of N,N-dimethylaminoethanol is the
most efficient way for its synthesis. Thus, [18F]FECh is
produced in a two-step synthesis, which consists of the
formation of the 18F-fluoroethylating agent, followed
by the reaction with DMAE.


The most common 18F-fluoroethylating agents used in
the production of radiopharmaceuticals are [18F]FETos
and [18F]BFE, resulting in various pathways for their
synthesis and purification.14–17 Hence, in a previous

study, we compared these two secondary labelling
precursors with regard to reaction conditions and radio-
chemical yields by labelling DMAE.13 In this study, in
which reaction temperatures of up to 85 �C were tested,
[18F]BFE showed significantly better yields than
[18F]FETos (Fig. 3).


In the case of [18F]BFE, higher reaction temperatures
were avoided due to its low boiling point (bp 73 �C),
as this normally results in a not negligible amount of
[18F]BFE in the gas phase of the reaction vial. There-
fore, in further experiments higher reaction tempera-
tures up to 120 �C were only examined for
[18F]FETos/LiI resulting in similar radiochemical yields
(�95%) as for [18F]BFE/LiI at 85 �C (Table 1). Because
of the better practical handling of [18F]FETos, especially
in the case of the automated modules, only this 18F-flu-
oroethylating agent was used for further experiments.


In order to develop a new approach for a fully auto-
mated production of [18F]FECh, we first established a
manual synthesis, which we used to optimize the reac-
tion conditions, regarding the use of a commercial mod-
ule, in a fast and convenient manner.


2.1. Preliminary synthesis


The [18F]FECh was prepared in a two-step synthesis via
a 18F-fluoroethylation using [18F]FETos. In the first step
[18F]fluoride was dried and activated as [18F]KF-K222


complex and afterwards reacted with ethylenglycol-1,
2-ditosylate at 80 �C for 6 min to yield [18F]FETos.18


Then the crude product was purified via HPLC, loaded
on a LiChrolut EN column and eluted using DMSO.
Afterwards this solution was reacted with N,N-dimeth-
ylaminoethanol for 20 minutes using alkali iodide catal-
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ysis, then diluted with water and purified with a LiChro-
lut SCX column and HPLC to yield the [18F]FECh in
high radiochemical yields.


As previously reported, the highest radiochemical yields
were obtained via the alkali iodide promoted 18F-fluo-
roethylation with [18F]FETos by using lithium iodide
as catalyst, apparently the most potent of the iodide
salts.


Due to the toxicity of the lithium, we examined the use
of sodium iodide as catalyst which seems more suitable
for routine production. In preliminary syntheses we
therefore optimized different reaction parameters such
as reaction temperature, precursor concentration and
the amount of iodide, regarding the use of sodium
iodide. Compared to lithium iodide this resulted in a
higher reaction temperature of 120 �C, a higher precur-
sor concentration of 250 mM, a reduced amount of
sodium iodide of 7.5 mg (50 mM) and a radiochemical
yield of 85–90%. Subsequently these results were
adapted to the automated module (Fig. 4).


2.2. Automated radiosynthesis


The automated radiosynthesis of [18F]FECh was per-
formed by using a existing module for 11C-methylation
from GE Medical Systems (formerly Nuclear Interface),
which is generally suitable for our purposes. Because
of the different labelling techniques of 11C and 18F, the
module had to be modified. Hence, the cooling, the heat-
ing and several valves and tubes had to be re-arranged,
respectively added, resulting in the module shown in
Figure 5.


Because this automated module offers one only possibil-
ity for HPLC purification per synthesis, we had to sub-

Figure 4. Schematic diagram of the automated synthesis module.

stitute the purification of the [18F]FETos with a solid
phase extraction. Therefore, after the reaction of the
[18F]fluoride with the ethyleneglycol-1,2-ditosylate the
crude product was diluted with water, loaded on a
LiChrolut EN cartridge and eluted with DMSO. After
optimization of this purification step, which is described
elsewhere,19 the [18F]FETos could be obtained in a good
radiochemical and chemical purity.


The synthesis was performed as described below, result-
ing in a total radiochemical yield of 30 ± 6% after a syn-
thesis time of 50 min. Due to lack of a UV-signal of the
reference compound FECh, the identity was confirmed
by ion exchange chromatography. The sensitivity of
the established analytical system was �10 ng/lL and
the concentration of FECh in the final product was be-
low detection limit. The radiochemical purity of the
product was 95–99%, with a specific activity of
>55 GBq/lmol.

3. Conclusions


The approach to generate the more reactive intermediate
[18F]IFE in situ significantly facilitates the nucleophilic
18F-fluoroethylation of N,N-dimethylaminoethanol.
Due to this new strategy we could reduce the amount
of precursor drastically, whilst having the similar radio-
chemical yields. This lower precursor concentration al-
lows a direct purification of the product via HPLC
without a precedent evaporation of the excess of the pre-
cursor. After optimization and automation of this
iodide-promoted 18F-fluoroalkylation, a fast and reliable
high-yield synthesis of [18F]fluoroethylcholine was devel-
oped, which can be accomplished by a modified com-
mercially available module.







Figure 5. Typical radiochromatogram of the quality control of [18F]FECh using ion exchange chromatography.
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These increased yields provide sufficiently high batch


productions of [18F]fluoroethylcholine in a clinical envi-
ronment and permit routine diagnostic applications of
this radiopharmaceutical for cancer imaging.

4. Experimental


4.1. General


All reagents were purchased from commercial sources
and were used without further purification. 1-Fluoro-
2-tosylethane, fluoroethylcholine tosylate and [18F]FE-
Tos were prepared according to the literature.11,20 Solid
phase columns were purchased from Merck (LiChrolut
EN, LiChrolut SCX) and the anion exchange resin from
Bio-Rad (AG1X8). High performance liquid chroma-
tography (HPLC) was performed with a Jasco
PU-1588 gradient pump, a S3200 UV–Vis detector from
Sycam and a NaI radioactivity detector from Canberra
Packard.


[18F]Fluoride was produced via the 18O(p,n)18F reaction
with a CTI RDS 111 cyclotron (Zentralklinik Bad
Berka, Department of Nuclear Medicine).


The synthesis of [18F]fluoroethylcholine was carried out
according to GMP. Therefore, the [18F]FECh was pro-
duced in a hot cell equipped with the automated synthe-
sis module under laminar flow conditions using sterile
filtered argon as gas carrier. All starting materials were
tested using validated methods and qualified equipment.
After the synthesis of the [18F]FECh, a quality control
was performed in which the chemical and the radiochem-
ical purity, the pH and other parameters were tested.

4.2. Automated radiosynthesis


The [18F]fluoride (30–50 GBq) was separated from the
target water using a prepared AG1X8 anion exchange
column (30 mg, HCO3


� form) and eluted into the first
reactor using 200 lL of 0.1 M K2CO3. After addition
of Kryptofix 2.2.2. (30 mg, 80 lmol) and 1 mL acetoni-
trile, the mixture was dried in a stream of helium at
80 �C. A solution of 15 mg (40 lmol) ethylene glycol-
1,2-ditosylate in 1 mL acetonitrile was added to this
dried Kryptofix 2.2.2./[18F]fluoride-complex and heated
at 80 �C under stirring in a sealed vial for 6 min. The
mixture was diluted with 1 mL water, loaded on a
LiChrolut EN column and dried with helium. The
[18F]FETos was eluted into the second reactor using
1.5 mL of tempered (100 �C) DMSO. Afterwards the
reactor, already containing 50 lL of N,N-dimethylami-
noethanol and 6.5 mg sodium iodide, was tempered for
20 min at 120 �C. The mixture was diluted with
13.5 mL of water, loaded on a LiChrolut SCX car-
tridge (500 mg/H+ form) and eluted into the injection
loop with 3 mL of a 0.15 M disodium hydrogen phos-
phate buffer in physiological saline solution. The
[18F]fluoroethylcholine was purified using HPLC
(0.1 M H3PO4, flow rate: 3 mL/min) by collecting the
peak between 6 and 7.5 min. This fraction was then di-
rectly sterile filtered into a vial containing 100 lL of
1 M NaHCO3 to yield 7–15 GBq [18F]fluoroethylcho-
line (pH 6–8) in a radiochemical yield of 30 ± 6%
and a radiochemical purity of 95–99% after a synthesis
time of about 50 min.


The [18F]FECh was analysed using ion exchange chro-
matography (Alltech universal cation 100 · 4.6 mm,
0.0015 M methane sulfonic acid, flow rate: 1.5 mL/min).







M. Piel et al. / Bioorg. Med. Chem. 15 (2007) 3171–3175 3175

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2007.02.038
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Abstract—Sulfonylureas stimulate insulin secretion independent of the blood glucose concentration and therefore cause hypoglyce-
mia in type 2 diabetic patients. Over the last years, a number of aryl-imidazoline derivatives have been identified that stimulate
insulin secretion in a glucose-dependent manner. In the present study, we have developed three series of substituted N-(thie-
no[2,3-b]pyridin-3-yl)-guanidine (2a–l), N-(1H-pyrrolo[2,3-b]pyridin-3-yl)-guanidine (3a–l), and N-(1H-indol-3-yl)-guanidine (4a–l)
as new class of antidiabetic agents. In vitro glucose-dependent insulinotropic activity of test compounds 2a–l, 3a–l, and 4a–l was
evaluated using RIN5F (Rat Insulinoma cell) based assay. All the test compounds showed concentration-dependent insulin secre-
tion, only in presence of glucose load (16.7 mmol). Some of the test compounds (2c, 3c, and 4c) from each series were found to be
equipotent to BL 11282 (standard aryl-imidazoline), which indicated that the guanidine group acts as a bioisostere of imidazoline
ring system.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


The incidence of type 2 diabetes is increasing worldwide
due to changing lifestyle and prevalence of obesity and
the metabolic syndrome.1 Clinically type 2 diabetes is
characterized by elevated blood glucose level, caused
by decreased insulin secretion from the pancreas, insulin
resistance or both.2 In diabetic patients it is important to
control the elevated blood glucose level, both for the
prevention and mitigation of diabetic complications.3,4


Today many therapeutic options are available to treat
hyperglycemia.5 However, most of the insulin secreta-
gogues which are commonly in practice exhibit serious
side-effects such as hypoglycemia.6 Therefore, agents
that do not stimulate basal insulin secretion but aug-
ment glucose-induced insulin secretion hold a better

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmc.2007.02.029


Keywords: Guanidine; Pyrrolo[2,3-b]pyridine; Thieno[2,3-b]pyridine;


Indole; Type 2 diabetes; Insulinotropic; Antidiabetic.
q ZRC communication No. 189.
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therapeutic option for the safe and effective treatment
of the type 2 diabetes.


In this regard, endogenous incretin hormone such as
glucagon-like peptide (GLP-1) and its synthetic analog
Exendin-4 appears to be very promising for the treat-
ment and management of type 2 diabetes.7 However,
the GLP-1 agonists, which are available in the market
or under clinical development, are peptide-based drugs
and therefore mainly administered by the parenteral
route of administration. Thus, the patient incompliance
is going to be the major problem with such GLP-1
mimetics, until an oral drug or a non-invasive delivery
system is made available.


In the last two decades, several aryl-imidazolines are
reported to be potent stimulators of insulin secretion.8,9


Aryl-imidazolines are known to bind with a putative I3


receptor (a 3rd imidazoline binding site distinct from
two imidazoline receptors I1 and I2) in pancreatic b-cells
and thereby regulate insulin secretion.10–12 Such aryl-
imidazolines do not bind to a-adrenoceptors or KATP


channels and exhibit only glucose-dependent insulin
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Figure 1. General structures of arylimidazoline (BL 11282) and hetero-aryl guanidine derivatives.
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secretion.13 Thus, aryl-imidazolines have developed sub-
stantial interest and have potential to become therapeu-
tic agents for the treatment of type 2 diabetes.14,15


One such novel imidazoline compound is BL 11282 (1;
Fig. 1).16 Interestingly, BL 11282 does not block KATP


channel and has shown glucose-dependent insulin secre-
tion (in vitro), a pharmacological profile similar to GLP-1
agonist.17,18 Knowing the in vitro glucose-dependent
insulin secretion potential of BL 11282, in the present
investigation, three series of hetero-aryl guanidine
derivatives, mainly substituted N-(thieno[2,3-b]pyridin-
3-yl)-guanidines (2a–l), N-(1H-pyrrolo[2,3-b]pyridin-3-
yl)-guanidines (3a–l), and N-(1H-indol-3-yl)-guanidines
(4a–l), were designed as analog of BL 11282 and their
in vitro glucose-dependent insulinotropic activity was
evaluated using RIN5F (Rat insulinoma) cell-based
assay.

2. Chemistry


Synthesis of hetero-aryl guanidines (2–4) was carried
out, using appropriate synthetic routes (Schemes 1–3).
Initially, attempts were made to prepare hetero-aryl
guanidines using commercially available guanylating re-
agents such as cyanamide,19 O-methylisourea hydrogen
sulfate,20 2-ethyl-2-thiopseudo hydrobromide,21 3,5-
dimethylpyrazole-1-carboxamidine nitrate,22 and 1H-
pyrazole-1-carboxamidine hydrochloride.23,24 However,
none of the guanylating agents showed sufficient reactiv-
ity toward heteroaryl amines (compounds 5, 9, and 13).
Therefore, synthesis of compounds 2–4 was carried out
by condensation of respective heteroaryl amines with
bis-Boc-thiourea, using mercuric chloride (HgCl2).25–29

N


a
R1


5a-l 6a-l


S


NH2


R2


N
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S


HN


Scheme 1. Reagents and conditions: (a) bis-Boc-thiourea, DMF, HgCl2, TE

In this reaction, metal salt HgCl2 was used to increase
the reactivity of bis-Boc-thiourea, via its complex for-
mation with the sulfur atom. When the same reaction
was attempted without using a metal salt, instead of
guanylated product, it led to the formation of unsym-
metrical thiourea, indicating that the addition of metal
salt is crucial for the facile reaction.30 The bis-Boc-thio-
urea was used as a guanylating agent because the strong
electron-withdrawing Boc-groups, present on bis-Boc-
thiourea, increase the reactivity of thiourea and thereby
facilitate the guanylation reaction, under the mild reac-
tion condition.31 The bis-Boc-thiourea was prepared
from thiourea and di-tert-butyl-dicarbonate, in tetrahy-
drofuran (THF), using the literature procedure.31 Final-
ly, the bis-Boc-protected hetero-aryl guanidines (6, 10,
and 14) upon deprotection with trifluoroacetic acid
(TFA) cleavage mixture lead to the formation of title
compounds 2–4.


The starting material 2,5-disubstituted-thieno[2,3-b]pyri-
din-3-ylamine (5) was prepared from 2-mercapto-5-
substituted-nicotinonitrile and different alkyl halides.32


Intermediate compound 2,5-disubstituted-3-amino-7-
azaindole (9) was prepared starting from 2,5-disubsti-
tuted-7-azaindole (7). In this reaction, nitrosation of
the compound 7 was carried out by treatment with
sodium nitrite (NaNO2) and 2,5-disubstituted-3-nitro-
so-7-azaindole (8) was obtained, which was subsequently
reduced to compound 9, by treatment with sodium dithi-
onite (Na2S2O4) in sodium hydroxide (NaOH) and etha-
nol.33 Furthermore, compound 7 was prepared starting
from 5-substituted-3-methyl-pyridin-2-ylamine, by the
directed ortho-lithiation reaction.34 The 2,5-disubsti-
tuted-3-amino-indole (13) was prepared starting from
2,5-disubstituted-indole (11). In this reaction, nitration
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A, 48 h stirring; (b) TFA:DCM (1:1, v/v), 1 h stirring at rt.
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of the compound 11 was carried out by treatment with
benzoyl nitrate and 2,5-disubstituted-3-nitro-indole (12)
was obtained, which was subsequently reduced to com-
pound 13, by treatment with Palladium charcoal.35 The
starting material 2,5-disubstituted-indoles (11) was pre-
pared from aniline or p-chloro aniline, according to the
Fischer indole synthesis.36–38


In general, compounds 2a–l, 3a–l, and 4a–l were pre-
pared in good yield, under the mild reaction condition,
and the overall percentage yield was found to be in the
range of 60–70%. The Infrared (IR) spectra of com-
pounds 2–4 showed peaks in the region of �3400 (N–
H stretching) and 1600 (C–N bending), due to free
NH2 groups of guanidine. Compounds 6, 10, and 14
showed absorption peaks in the region of �2850 (C–H
stretching, aromatic), 1710 (C@O stretching), 1375
(CAH stretching, CH3), and 1050 (CAO stretching),
mainly due to bis-Boc groups. Compounds 5, 9, and
13 showed peaks in the region of �3400 (NAH stretch-
ing) and 1610 (NAH bending), due to free amino group,
and compounds 8 and 12 showed peak in the region of
�1540 (N@O stretching), due to nitroso group.

The 1H NMR spectra of compounds 6, 10, and 14
showed chemical shift (d ppm) in the range of �1.3 (s,
9H) and 1.54 (s, 9H), due to bis-Boc groups. Com-
pounds 2–4 showed disappearance of signals due to
bis-Boc group and appearance of additional signals in
the range of �6.6 (br s, 2H) and 6.9 (s, 1H), due to
–NH2 and NH groups of free guanidine. Compounds
5, 9, and 13 showed chemical shift in the range of
�8.78 (br s, 2H), due to free amino group. The
corresponding IR, 1H NMR, ESI-MS, and CHN data
are presented in Section 5.2. Synthesis of BL 11282
was carried out by literature procedure37. The Exen-
din-4 used in the in vitro assay was prepared in-house
by Fmoc-based solid-phase peptide synthesis approach
(peptide content 94%).

3. Results and discussion


3.1. In vitro insulin secretion assay results


In vitro glucose-dependent or -independent insulin
secretion properties of test compounds 2a–l, 3a–l, and
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4a–l were determined using a RIN5F cell assay.39,40


Insulin secretion, both in presence and absence of
16.7 mM glucose was measured for Exendin-4, at 0.1,
1, and 10 nM and compounds 1, 2a–l, 3a–l, and 4a–l,
at 0.1, 1, and 10 lM concentrations. At 0 mM glucose
load, incubation of test and standard compounds with
RIN5F cells, showed only basal insulin secretion.
However, in presence of 16.7 mM glucose load, signifi-
cant concentration-dependent insulin secretions were
observed, both for standard and test compounds. Fur-
ther to validate the in vitro assay, RIN5F cells were
incubated with Tolbutamide (sulfonylurea), both in
presence or absence of glucose load (0 and 16.7 mM),
at 0.1 and 1 lM concentrations. Tolbutamide showed
significant insulin secretion both in presence or absence
of glucose load (Tables 1–3).


In thieno[2,3-b]pyridin-3-yl-guanidine series (2a–l), com-
pounds 2c, 2f, and 2j showed highest insulin secretion,
compounds 2a, 2b, 2g–i, 2k and 2l showed minimal insu-
lin secretion, while compounds 2d and 2e showed mod-
erate insulin secretion (Table 1). Among compounds 2c,
2f, and 2j, compound 2c showed highest insulin secre-
tion. In 1H-pyrrolo[2,3-b]pyridin-3-yl-guanidine series
(3a–l), compounds 3c, 3f, and 3j showed highest insulin
secretion, compounds 3a, 3b, 3g, 3i, 3k, and 3l showed
minimal insulin secretion, while compounds 3d and 3e
showed moderate insulin secretion (Table 2). In 1H-in-
dol-3-yl-guanidine series (4a–l), compounds 4c, 4f, and
4j showed highest insulin secretion, compound 4a, 4b,
4g, 4i, 4k, and 4l showed minimal insulin secretion,
while compounds 4d and 4e showed moderate insulin
secretion (Table 3). Among the compounds 4c, 4f, and
4j, compound 4c showed highest insulin secretion. In
general, insulin secretion profile of compounds 2c, 2f,
2j, 3c, 3f, and 3j was found to be comparable with that
of BL 11282, while compounds 4c, 4f, and 4j showed BL
11282 like insulin secretion, in vitro. Furthermore,
among these nine compounds from three different series,

Table 1. In vitro glucose-dependent insulin secretion activity of compounds


Compound R1 R2


Control 1 (0 mM glucose)


Control 2 (16.7 mM glucose)


Tolbutamide (0 mM glucose)


Tolbutamide (16.7 mM glucose)


BL 11282 (1)


EX-4 peptide (nM)


2a H H


2b Cl H


2c Cl CH3


2d H CH3


2e H C6H5


2f Cl C6H5


2g H Cyclohex


2h Cl Cyclohex


2i H C2H5


2j Cl C2H5


2k H CH2–C6H5


2l Cl CH2–C6H5


a In vitro glucose-dependent (16.7-mM glucose load) insulin secretion with v


using rat insulinoma (RIN5F) cells. The total insulin content (pg) was divid


wells. n = 3, values represent means ± SD.

compounds 2c, 3c, and 4c were found to be most potent
compounds and among these three most potent com-
pounds, compound N-(2-methyl, 5-chloro-1H-indol-
3-yl)-guanidine (4c) was found to be equipotent to
BL 11282.


Overall, substitution of R1 with hydrogen atom drasti-
cally reduces potency of the test compound, in all the
three series and as a result, compounds 2a, 2g, 2i, 2k,
3a, 3g, 3i, 3k, 4a, 4g, 4i, and 4k were found to be least
potent compounds, among the representative com-
pounds from each series. Substitution of R2 with hydro-
gen (2b, 3b, and 4b), cyclohexyl (2h, 3h, and 4h) or
benzyl group (2l, 3l, and 4l) significantly reduces activ-
ity. Among all the three series, compounds 2a, 2b,
2g–i, 2k, 2l, 3a, 3b, 3g–i, 3k, 3l, 4a, 4b, 4g–i, 4k, and
4l were found to be the least potent compounds. Com-
pounds with chloro-substitution at R1 position and
CH3 group at R2 position were found to be the most
potent compounds among all the three series, indicating
that small hydrophobic (alkyl group) substitution at R2


position is favorable. Substitution of R1 with H and R2


with methyl or phenyl groups (2d, 2e, 3d, 3e, 4d, and 4e)
showed moderate insulin secretion.

4. Conclusions


Most of the clinically available sulfonylurea class of
insulin secretagogues showed hypoglycemia because
they cause glucose-independent insulin secretion.
Therefore, for a safe and effective treatment of type 2
diabetes, it is essential to develop insulin-secreting
agents, which show glucose-dependent insulin secretion
only. In the recent years, many essential features of the
aryl-imidazolines have been reviewed and as a result,
imidazolines have emerged as promising therapeutic
agent for the treatment of type 2 diabetes.41,42


Aryl-imidazoline derivative, BL 11282 (1), showed

2a–l


Concn (lM) Insulin secretion (pg/lg/h)a


6 ± 0.66


10 ± 0.62


0.1/1 19.6 ± 0.61 / 26.0 ± 0.52


0.1/1 19.9 ± 0.56 / 27.1 ± 0.59


0.1/1/10 16.4 ± 0.61 / 20.6 ± 0.52 / 36.4 ± 0.36


0.1/1/10 19.2 ± 0.56 / 22.5 ± 0.59 / 40.5 ± 0.61


0.1/1/10 10.1 ± 0.52 / 12.1 ± 0.16 / 14.1 ± 0.36


0.1/1/10 10.2 ± 0.26 / 12.2 ± 0.33 / 14.2 ± 0.51


0.1/1/10 15.1 ± 0.16 / 18.1 ± 0.26 / 32.1 ± 0.22


0.1/1/10 11.1 ± 0.23 / 15.1 ± 0.34 / 29.1 ± 0.27


0.1/1/10 11.1 ± 0.15 / 15.1 ± 0.55 / 27.9 ± 0.44


0.1/1/10 14.9 ± 0.19 / 17.8 ± 0.46 / 31.6 ± 0.56


0.1/1/10 10.1 ± 0.31 / 12.1 ± 0.54 / 14.1 ± 0.26


0.1/1/10 10.5 ± 0.26 / 12.5 ± 0.46 / 14.5 ± 0.28


0.1/1/10 10.6 ± 0.25 / 12.6 ± 0.22 / 14.6 ± 0.28


0.1/1/10 14.8 ± 0.52 / 17.8 ± 0.51 / 31.5 ± 0.59


0.1/1/10 10.5 ± 0.46 / 12.5 ± 0.26 / 14.5 ± 0.16


0.1/1/10 10.6 ± 0.26 / 12.6 ± 0.46 / 14.5 ± 0.18


arious concentrations of test and standard compounds was measured


ed with total protein (lg) to normalize difference in cell density between







Table 2. In vitro glucose-dependent insulin secretion activity of compounds 3a–l


Compound R1 R2 Concn (lM) Insulin secretion (pg/lg/h)a


Control 1 (0 mM glucose) 6 ± 0.66


Control 2 (16.7 mM glucose) 10 ± 0.62


Tolbutamide (0 mM glucose) 0.1/1 19.6 ± 0.61 / 26.0 ± 0.52


Tolbutamide (16.7 mM glucose) 0.1/1 19.9 ± 0.56 / 27.1 ± 0.59


BL 11282 (1) 0.1/1/10 16.4 ± 0.61 / 20.6 ± 0.52 / 36.4 ± 0.36


EX-4 peptide (nM) 0.1/1/10 19.2 ± 0.56 / 22.5 ± 0.59 / 40.5 ± 0.61


3a H H 0.1/1/10 10.5 ± 0.16 / 12.5 ± 0.26 / 14.5 ± 0.22


3b Cl H 0.1/1/10 10.5 ± 0.42 / 12.5 ± 0.39 / 14.6 ± 0.60


3c Cl CH3 0.1/1/10 15.5 ± 0.15 / 19.1 ± 0.19 / 35.1 ± 0.20


3d H CH3 0.1/1/10 11.5 ± 0.42 / 15.5 ± 0.39 / 29.5 ± 0.60


3e H C6H5 0.1/1/10 11.5 ± 0.31 / 15.5 ± 0.36 / 28.5 ± 0.22


3f Cl C6H5 0.1/1/10 15.2 ± 0.61 / 18.1 ± 0.33 / 33.1 ± 0.12


3g H Cyclohex 0.1/1/10 10.2 ± 0.17 / 12.5 ± 0.45 / 14.5 ± 0.19


3h Cl Cyclohex 0.1/1/10 10.8 ± 0.60 / 13.1 ± 0.41 / 15.1 ± 0.19


3i H C2H5 0.1/1/10 10.8 ± 0.61 / 13.0 ± 0.16 / 15.0 ± 0.32


3j Cl C2H5 0.1/1/10 15.1 ± 0.60 / 18.1 ± 0.36 / 33.1 ± 0.39


3k H CH2–C6H5 0.1/1/10 10.9 ± 0.66 / 12.6 ± 0.36 / 14.9 ± 0.14


3l Cl CH2–C6H5 0.1/1/10 10.9 ± 0.16 / 12.9 ± 0.26 / 15.0 ± 0.46


a In vitro glucose-dependent (16.7-mM glucose load) insulin secretion with various concentrations of test and standard compounds was measured


using rat insulinoma (RIN5F) cells. The total insulin content (pg) was divided with total protein (lg) to normalize difference in cell density between


wells. n = 3, values represent means ± SD.


Table 3. In vitro glucose-dependent insulin secretion activity of compounds 4a–l


Compound R1 R2 Concn (lM) Insulin secretion (pg/lg/h)a


Control 1 (0 mM glucose) 6 ± 0.66


Control 2 (16.7 mM glucose) 10 ± 0.62


Tolbutamide (0 mM glucose) 0.1/1 19.6 ± 0.61 / 26.0 ± 0.52


Tolbutamide (16.7 mM glucose) 0.1/1 19.9 ± 0.56 / 27.1 ± 0.59


BL 11282 (1) 0.1/1/10 16.4 ± 0.61 / 20.6 ± 0.52 / 36.4 ± 0.36


EX-4 peptide (nM) 0.1/1/10 19.2 ± 0.56 / 22.5 ± 0.59 / 40.5 ± 0.61


4a H H 0.1/1/10 10.9 ± 0.36 / 13.0 ± 0.39 / 15.0 ± 0.30


4b Cl H 0.1/1/10 11.1 ± 0.26 / 13.2 ± 0.22 / 15.5 ± 0.29


4c Cl CH3 0.1/1/10 16.1 ± 0.43 / 20.1 ± 0.45 / 36.0 ± 0.31


4d H CH3 0.1/1/10 12.1 ± 0.36 / 16.1 ± 0.35 / 30.1 ± 0.46


4e H C6H5 0.1/1/10 12.1 ± 0.26 / 16.1 ± 0.22 / 29.1 ± 0.21


4f Cl C6H5 0.1/1/10 15.9 ± 0.19 / 19.5 ± 0.44 / 35.5 ± 0.45


4g H Cyclohex 0.1/1/10 10.9 ± 0.27 / 13.1 ± 0.38 / 15.1 ± 0.43


4h Cl Cyclohex 0.1/1/10 11.2 ± 0.33 / 13.2 ± 0.31 / 15.9 ± 0.34


4i H C2H5 0.1/1/10 11.1 ± 0.44 / 13.4 ± 0.49 / 16.1 ± 0.56


4j Cl C2H5 0.1/1/10 15.8 ± 0.36 / 19.5 ± 0.26 / 35.2 ± 0.46


4k H CH2–C6H5 0.1/1/10 11.1 ± 0.38 / 13.1 ± 0.22 / 15.1 ± 0.29


4l Cl CH2–C6H5 0.1/1/10 11.2 ± 0.16 / 13.2 ± 0.19 / 15.4 ± 0.55


a In vitro glucose-dependent (16.7-mM glucose load) insulin secretion with various concentrations of test and standard compounds was measured


using rat insulinoma (RIN5F) cells. The total insulin content (pg) was divided with total protein (lg) to normalize difference in cell density between


wells. n = 3, values represent means ± SD.
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glucose-dependent insulin secretion from the pancreatic
b-cells, without modulating the KATP channels.16 Re-
sults of the present study indicated that all the three
series of hetero-aryl guanidines, which were designed
as analog of BL 11282, showed glucose- and concentra-
tion-dependent insulin secretion. Among all the 36 new
compounds tested, compound N-(2-methyl, 5-chloro-
1H-indol-3-yl)-guanidine (4c; R1 = Cl and R2 = CH3)
was found to be equipotent to BL11282. Overall, the
in vitro profile of the test compounds appears like
the BL11282, indicated that guanidine group acts as
a bioisostere of imidazoline ring system. Combined
evaluation of our in vitro results suggests that this
new class of compounds could be useful for the preven-
tion and mitigation of type2 diabetes. The in vivo

pharmacological and detailed mechanistic studies to
investigate the exact mode of action of our test com-
pounds are in progress and will be published elsewhere.

5. Experimental


5.1. Chemistry


Melting points were determined in open glass capillaries,
using a scientific melting point apparatus and are uncor-
rected. IR spectra were recorded on a Shimadzu FT
IR8300 spectrophotometer (Vmax in cm�1, using KBr
pellets). The 1H NMR spectra were recorded on a Bruc-
ker Avanc-300 spectrometer (300 MHz). The chemical
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shifts (d) are reported in parts per million (ppm) relative
to TMS, either in CDCl3 or DMSO-d6 solution. Signal
multiplicities are represented by s (singlet), d (doublet),
t (triplet), q (quartet), br s (broad singlet), and m (mul-
tiplet). Mass spectra (ESI MS) were obtained on Shima-
dzu LCMS 2010-A spectrometer. Elemental analyses
were carried out, using a Perkin-Elmer 2400 CHN ana-
lyzer, and values within limit of ±0.4% of the theoretical
values were taken into consideration. Purity of synthe-
sized compounds was checked by precoated TLC plates
(E. Merck Kieselgel 60 F254) and the spots were visual-
ized by iodine vapors. The chromatographic purification
was carried out on silica gel (100–200 mesh size). All the
chemicals used for the synthesis were purchased from
Aldrich Company Limited, Dorset (UK).


5.2. Experimental details


5.2.1. General method for the synthesis of N-(2,5-disubsti-
tuted-thieno[2,3-b]pyridin-3-yl)-guanidine (2a–l; Scheme 1).


5.2.1.1. Synthesis of bis-Boc-N-(thieno[2,3-b]pyridin-3-
yl)-guanidine (6a). A mixture of thieno[2,3-b]pyridin-3-yla-
mine (5a; 0.1 g, 0.666 mmol), bis-Boc-thiourea (0.184 g,
0.666 mmol), HgCl2 (0.179 g, 0.666 mmol) and triethyl-
amine (TEA; 0.25 mL, 1.8 mmol), in dry dimethylform-
amide (DMF; 6 mL) was stirred for 48 h, under nitrogen
atmosphere. The reaction mixture was poured onto
crushed ice and solid product was filtered. The crude
product was purified by column chromatography,
using a mixture of petroleum ether and ether (8:2) as
an eluent system, fractions were evaporated, and white so-
lid product was isolated. Yield: 61%; white solid; mp
125–127 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 6.10 (s, 1H, thiophene ring), 7.21–7.22 (d,
1H, pyridine ring), 7.31–7.32 (dd, 1H, pyridine ring),
8.51–8.52 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65
(s, 1H, –NH). MS (ESI) m/z 393.2 [M+1]+; analysis for
C18H24N4O4S (392), calcd: C, 55.08; H, 6.16; N 14.28.
Found: C, 55.05; H, 6.13; N 14.25.


5.2.1.2. Bis-Boc-N-(5-chloro-thieno[2,3-b]pyridin-3-yl)-
guanidine (6b). Yield: 60%; white solid; mp 129–
131 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 7.21–7.22 (d, 1H, pyridine ring), 8.51–8.52
(d, 1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H,
–NH). MS (ESI) m/z 427.2 [M+1]+, 428.2 [M+2]+; analy-
sis for C18H23ClN4O4S (426), calcd: C, 50.64; H, 5.43; N
13.12. Found: C, 50.63; H, 5.41; N, 13.10.


5.2.1.3. Bis-Boc-N-(5-chloro-2-methyl-thieno[2,3-b]pyri-
din-3-yl)-guanidine (6c). Yield: 65%; white solid; mp
135–137 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375
1050, 775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43
(s, 9H, (CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CA
OACOANHA), 2.41 (s, 3H, –CH3), 7.2 (d, 1H, pyridine
ring), 8.51–8.52 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH),
11.65 (s, 1H, –NH). MS (ESI) m/z 441 [M+1]+, 442
[M+2]+; analysis for C19H25ClN4O4S (440), calcd: C,
51.75; H, 5.71; N 12.71. Found: C, 51.73; H, 5.70; N, 12.68.

5.2.1.4. Bis-Boc-N-(2-methyl-thieno[2,3-b]pyridin-3-
yl)-guanidine (6d). Yield: 63%; white solid; mp 147–
149 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375
1050 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 2.41 (s, 3H, –CH3), 7.21–7.22 (d, 1H, pyri-
dine ring), 7.31–7.32 (dd, 1H, pyridine ring), 8.51–8.52
(d, 1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H,
–NH). MS (ESI) m/z 407 [M+1]+; analysis for
C19H26N4O4S (406), calcd: C, 56.14; H, 6.45; N, 11.96.
Found: C, 56.11; H, 6.43; N 11.93.


5.2.1.5. Bis-Boc-N-(2-phenyl-thieno[2,3-b]pyridin-3-yl)-
guanidine (6e). Yield: 63%; white solid; mp 143–145 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1050 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.43 (s, 9H, (CH3)3CAOACOA
N@), 1.56 (s, 9H, (CH3)3CAOACOANHA), 7.21–7.22
(d, 1H, pyridine ring), 7.30–7.31 (dd, 1H, pyridine ring),
7.33–7.42 (m, 5H, benzene ring), 8.51–8.52 (d, 1H, pyridine
ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS (ESI) m/z
187.2 [M+1]+; analysis for C24H28N4O4S (186), calcd: C,
61.52; H, 6.02; N, 11.96. Found: C, 61.50; H, 6.00; N,
11.98.


5.2.1.6. Bis-Boc-N-(5-chloro-2-phenyl-thieno[2,3-b]pyri-
din-3-yl)-guanidine (6f). Yield: 64%; white solid; mp 127–
129 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 7.21–7.22 (d, 1H, pyridine ring), 7.31– 7.41
(m, 5H, benzene ring), 8.51–8.52 (d, 1H, pyridine ring),
9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS (ESI) m/z
469 [M+1]+, 470 [M+2]+; analysis for C24H27ClN4O4S
(468), calcd: C, 57.31; H, 5.41; N, 11.14. Found: C,
57.29; H, 5.39; N, 11.12.


5.2.1.7. Bis-Boc-N-(2-cyclohexyl-thieno[2,3-b]pyridin-
3-yl)-guanidine (6g). Yield: 66%; white solid; mp 107–
105 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
720 cm�1. 1H NMR (300 MHz, CDCl3): d 1.29–1.30
(m, 6H, –cyclohex), 1.43 (s, 9H, (CH3)3CAOA
COAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.21–7.22 (d, 1H, pyridine ring), 7.31–7.32 (dd, 1H,
pyridine ring), 8.50–8.51 (d, 1H, pyridine ring), 9.97 (s,
1H, –NH), 11.65 (s, 1H, –NH). MS (ESI) m/z 475.2
[M+1]+; analysis for C24H34N4O4S (474), calcd: C,
60.73; H, 7.22; N, 11.80. Found: C, 60.70; H, 7.20; N,
11.77.


5.2.1.8. Bis-Boc-N-(5-chloro-2-cyclohexyl-thieno[2,3-
b]pyridin-3-yl)-guanidine (6h). Yield: 61%; white solid;
mp 114–116 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050, 775, 720 cm�1. 1H NMR (300 MHz, CDCl3): d
1.29-1.30 (m, 6H, –cyclohex), 1.43 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOA COANHA),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H,
–cyclohex), 7.21–7.22 (d, 1H, Pyridine ring), 8.52–
8.53 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65
(s, 1H, –NH). MS (ESI) m/z 510.2 [M+1]+, 511.2
[M+2]+; analysis for C24H33ClN4O4S (509), calcd: C,
56.63; H, 6.53; N, 11.01. Found: C, 56.60; H, 6.50;
N, 11.00.
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5.2.1.9. Bis-Boc-N-(2-ethyl-thieno[2,3-b]pyridin-3-yl)-
guanidine (6i). Yield: 63%; white solid; mp 119–121 �C;
mp 121 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375
1050 cm�1. 1H NMR (300 MHz, CDCl3): d 1.24 (t,
3H, –CH2CH3), 1.43 (s, 9H, (CH3)3CAOACOAN@),
1.56 (s, 9H, (CH3)3CAOACOANHA), 2.59–2.60 (m,
2H, –CH2CH3), 7.20–7.21 (d, 1H, pyridine ring), 7.31–
7.32 (dd, 1H, pyridine ring), 8.53–8.54 (d, 1H, pyridine
ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS
(ESI) m/z 421 [M+1]+; analysis for C20H28N4O4S
(420.1), calcd: C, 57.12; H, 6.71; N, 13.32. Found: C,
57.09 H, 6.69; N, 13.29.


5.2.1.10. Bis-Boc-N-(5-chloro-2-ethyl-thieno[2,3-b]pyri-
din-3-yl)-guanidine (6j). Yield: 66%; white solid; mp 113–
115 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.24–1.25 (t,
3H, –CH2CH3), 1.43 (s, 9H, (CH3)3CAOACOAN@),
1.56 (s, 9H, (CH3)3CAOACOANHA), 2.59–2.60 (m,
2H, –CH2CH3), 7.21–7.22 (d, 1H, pyridine ring), 8.51–
8.53 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s,
1H, –NH). MS (ESI) m/z 455 [M+1]+, 456 [M+2]+; analy-
sis for C20H27ClN4O4S (454.2), calcd: C, 52.80; H, 5.98; N,
12.31. Found: C, 52.78; H, 5.96; N, 12.29.


5.2.1.11. Bis-Boc-N-(2-benzyl-thieno[2,3-b]pyridin-3-
yl)-guanidine (6k). Yield: 67%; white solid; mp 113–
115 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.43 (s, 9H, (CH3)3CAOA
COAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA), 3.81
(s, 2H, –CH2–Ph), 7.21–7.23 (dd, 1H, pyridine ring),
7.30–7.31 (d, 1H, pyridine ring), 7.33–7.40 (m, 5H, ben-
zene ring), 8.51–8.52 (d, 1H, pyridine ring), 9.97 (s, 1H,
–NH), 11.65 (s, 1H, –NH). MS (ESI) m/z 483.2 [M+1]+;
analysis for C25H30N4O4S (482.2), calcd: C, 62.22; H,
6.27; N, 11.61. Found: C, 62.20; H, 6.24; N, 11.58.


5.2.1.12. Bis-Boc-N-(2-benzyl-5-chloro-thieno[2,3-b]pyri-
din-3-yl)-guanidine (6l). Yield: 67%; white solid; mp 134–
136 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050, 775 cm�1.
1H NMR (300 MHz, CDCl3):d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOACOA
NHA), 3.81 (s, 2H, –CH2–Ph), 7.21–7.22 (d, 1H, pyridine
ring), 7.32–7.44 (m, 5H, benzene ring), 8.53–8.54 (d, 1H,
pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS
(ESI) m/z 518.2 [M+1]+, 519.2 [M+2]+; analysis for
C25H29ClN4O4S (517), calcd: C, 58.07; H, 5.65; N, 10.84.
Found: C, 58.03; H, 5.61; N, 10.82.


5.2.1.13. Synthesis of N-(thieno[2,3-b]pyridin-3-yl)-
guanidine (2a). A cleavage mixture of TFA: DCM
(1: 1 v/v; 10 mL) was added to Bis-Boc-N-(thieno[2,3-
b]pyridin-3-yl)-guanidine (6a; 0.1 g, 0.255 mmol) and
stirred for 1 h at room temperature. The reaction mix-
ture was evaporated to dryness and traces of TFA were
removed by azeotroping with ether. The residue ob-
tained was dissolved in water, basified with NaHCO3,
upto pH 8. The aqueous layer was extracted with
DCM and the organic layer was washed with water
and brine solution. The DCM layer was dried over
Na2SO4 and evaporated to obtain the solid residue.
The residue was dissolved in methanol, precipitated with
diisopropylether, and the solid product was filtered and

dried. Yield: 60%; white solid; mp 137–139 �C; IR
(KBr): 3430, 2854, 1610 cm�1. 1H NMR (300 MHz,
CDCl3): d 6.10 (s, 1H, thiophene ring), 7.22–7.23 (d,
1H, pyridine ring), 7.33–7.34 (dd, 1H, pyridine ring),
8.55–8.56 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH),
11.65 (s, 1H, –NH). MS (ESI) m/z 193.2 [M+1]+; analy-
sis for C8H8N4S (192.2), calcd: C, 58.07; H, 5.65; N,
10.84. Found: C, 58.03; H, 5.61; N, 10.82.


5.2.1.14. N-(5-Chloro-thieno[2,3-b]pyridin-3-yl)-guani-
dine (2b). Yield: 63%; white solid; mp 140–142 �C; IR
(KBr): 3430, 2854, 1610, 774 cm�1. 1H NMR
(300 MHz, CDCl3): d 7.20–7.21 (d, 1H, pyridine ring),
8.50–8.51 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH),
11.65 (s, 1H, –NH). MS (ESI) m/z 227.4 [M+1]+, 228.4
[M+2]+; analysis for C8H7ClN4S (226.2), calcd: C,
42.39; H, 3.11; N, 24.72. Found: C, 42.36; H, 3.08; N,
24.69.


5.2.1.15. N-(5-Chloro-2-methyl-thieno[2,3-b]pyridin-3-
yl)-guanidine (2c). Yield: 60%; white solid; mp 150–151
�C; IR (KBr): 3400, 2854, 1610, 1375, 775 cm�1. 1H
NMR (300 MHz, CDCl3): d 2.41 (s, 3H, –CH3), 7.23–
7.24 (d, 1H, pyridine ring), 8.54–8.55 (d, 1H, pyridine
ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS
(ESI) m/z 241.2 [M+1]+, 242.2 [M+2]+; analysis for
C9H9ClN4S (240.1), calcd: C, 44.91; H, 3.77; N, 23.28.
Found: C, 44.88; H, 3.74; N, 23.25.


5.2.1.16. N-(2-Methyl-thieno[2,3-b]pyridin-3-yl)-gua-
nidine (2d). Yield: 61%; white solid; mp 126–127 �C;
IR (KBr): 3400, 2854, 1610, 1375 cm�1. 1H NMR
(300 MHz, CDCl3): d 2.41 (s, 3H, –CH3), 7.21–7.22 (d,
1H, pyridine ring), 7.31–7.32 (dd, 1H, pyridine ring),
8.51–8.52 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH),
11.65 (s, 1H, –NH). MS (ESI) m/z 207.5 [M+1]+; analy-
sis for C9H10N4S (206.2), calcd: C, 52.41; H, 4.89; N,
27.16. Found: C, 52.38; H, 4.86; N, 27.13.


5.2.1.17. N-(2-Phenyl-thieno[2,3-b]pyridin-3-yl)-guani-
dine (2e). Yield: 63%; white solid; mp 158–159 �C; IR
(KBr): 3430, 2854,1610 cm�1. 1H NMR (300 MHz,
CDCl3): d 7.21–7.22 (d, 1H, pyridine ring), 7.29–7.30
(dd, 1H, pyridine ring), 7.31–7.41 (m, 5H, benzene ring),
8.51–8.52 (d, 1H, pyridine ring), 9.97 (s, 1H, –NH),
11.65 (s, 1H, –NH). MS (ESI) m/z 269.3 [M+1]+; analy-
sis for C14H12N4S (268.1), calcd: C, 62.66; H, 4.51; N,
20.88. Found: C, 62.63; H, 4.48; N, 20.84.


5.2.1.18. N-(5-Chloro-2-phenyl-thieno[2,3-b]pyridin-3-
yl)-guanidine (2f). Yield: 66%; white solid; mp 125–
126 �C; IR (KBr): 3400, 2854, 1610, 775 cm�1. 1H
NMR (300 MHz, CDCl3): d 7.31–7.42 (m, 5H, benzene
ring), 7.21–7.22 (d, 1H, pyridine ring), 8.51–8.52 (d, 1H,
pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH).
MS (ESI) m/z 303.2 [M+1]+, 304.2 [M+2]+; analysis
for C14H11ClN4S (302), calcd: C, 55.53; H, 3.66; N,
18.50. Found: C, 55.50; H, 3.63; N, 18.47.


5.2.1.19. N-(2-Cyclohexyl-thieno[2,3-b]pyridin-3-yl)-
guanidine (2g). Yield: 67%; white solid; mp 128–131 �C;
IR (KBr): 3400, 2854, 1610, 1410.,720 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.29–1.31 (m, 6H, –cyclohex),
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1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.21–7.22 (d, 1H, pyridine ring), 7.30–7.31 (dd,
1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine ring),
9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS (ESI) m/z
275.2 [M+1]+; analysis for C14H18N4S (274), calcd:
C, 61.28; H, 6.61; N, 20.42. Found: C, 61.25; H, 6.58;
N, 20.39.


5.2.1.20. N-(5-Chloro-2-cyclohexyl-thieno[2,3-b]pyri-
din-3-yl)-guanidine (2h). Yield: 71%; white solid; mp
133–135 �C; IR (KBr): 3400, 2854, 1610, 1410, 775,
720 cm�1. 1H NMR (300 MHz, CDCl3): d 1.29–1.31
(m, 6H, –cyclohex), 1.58–159 (m, 4H, –cyclohex),
2.76–2.77 (m, 1H, –cyclohex), 7.22–7.23 (d, 1H, pyridine
ring), 8.51–8.50 (d, 1H, pyridine ring), 9.97 (s, 1H,
–NH), 11.65 (s, 1H, –NH). MS (ESI) m/z 309.2
[M+1]+, 310.2 [M+2]+; analysis for C14H17ClN4S
(308.1), calcd: C, 54.45; H, 5.55; N, 18.14. Found: C,
54.42; H, 5.51; N, 18.11.


5.2.1.21. N-(2-Ethyl-thieno[2,3-b]pyridin-3-yl)-guani-
dine (2i). Yield: 63%; white solid; mp 127–129 �C; IR
(KBr): 3400, 2854, 1610, 1400, 1375 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.24–1.26 (t, 3H, –CH2CH3),
2.59–2.60 (m, 2H, –CH2CH3), 7.21–7.22 (d, 1H, pyridine
ring), 7.33–7.34 (dd, 1H, pyridine ring), 8.54–8.55 (d,
1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H,
–NH). MS (ESI) m/z 221.3 [M+1]+; analysis for
C10H12N4S (220.1), calcd: C, 54.52; H, 5.49; N, 25.43.
Found: C, 54.49; H, 5.45; N, 25.40.


5.2.1.22. N-(5-Chloro-2-ethyl-thieno[2,3-b]pyridin-3-
yl)-guanidine (2j). Yield: 65%; white solid; mp 134–
136 �C; IR (KBr): 3400, 2854, 1610, 1400, 1375,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.24–1.25 (t,
3H, –CH2CH3), 2.59–2.60 (m, 2H, –CH2CH3), 7.21–
7.22 (d, 1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine
ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS
(ESI) m/z 255.5 [M+1]+, 256.5 [M+2]+; analysis for
C10H11ClN4S (254), calcd: C, 47.15; H, 4.35; N, 21.99.
Found: C, 47.11; H, 4.31; N, 21.96.


5.2.1.23. N-(2-Benzyl-thieno[2,3-b]pyridin-3-yl)-guani-
dine (2k). Yield: 63%; white solid; mp 117–119 �C; IR
(KBr): 3400, 2854, 1610, 1400 cm�1. 1H NMR
(300 MHz, CDCl3): d 3.81 (s, 2H, –CH2–Ph), 7.30–
7.40 (m, 5H, benzene ring), 7.30–7.31 (d, 1H, pyridine
ring), 7.21–7.22 (dd, 1H, pyridine ring), 8.50–8.51 (d,
1H, pyridine ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H,
–NH). MS (ESI) m/z 283.6 [M+1]+; analysis for
C15H14N4S (282.1), calcd: C, 63.80; H, 5.00; N, 19.84.
Found: C, 63.76; H, 4.98; N, 19.81.


5.2.1.24. N-(2-Benzyl-5-chloro-thieno[2,3-b]pyridin-3-
yl)-guanidine (2l). Yield: 66%; white solid; mp 130–
131 �C; IR (KBr): 3400, 2854, 1610, 1400, 775,
720 cm�1. 1H NMR (300 MHz, CDCl3): d 3.81 (s,
2H, –CH2–Ph), 7.31–7.39 (m, 5H, benzene ring), 7.19–
7.20 (d, 1H, pyridine ring), 8.49–8.50 (d, 1H, pyridine
ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H, –NH). MS
(ESI) m/z 317.3 [M+1]+, 318.3 [M+2]+; analysis for
C15H13ClN4S (316), calcd: C, 56.87; H, 4.14; N, 17.68.
Found: C, 56.84; H, 4.11; N, 17.65.

5.2.2. General method for the synthesis of N-(2,5-disub-
stituted-1H-pyrrolo[2,3-b]pyridin-3-yl)-guanidine (3a–l;
Scheme 2).


5.2.2.1. Synthesis of 3-nitroso-1H-pyrrolo[2,3-b]pyri-
dine (8a). To a solution of pyrrolo[2,3-b]pyridine (7a,
0.2 g, 1.69 mmol), dissolved in acetic acid (5 mL), a solu-
tion of NaNO2 (0.1 g) in water (5 mL) was added and
the reaction mixture was stirred at room temperature
for 30 min. The mixture was diluted with water, the solid
obtained was filtered, dried, and recrystallized from
chloroform. Yield: 66%; yellow solid; mp 216–218 �C;
IR (KBr): 3400, 2845, 1610, 1540 cm�1. 1H NMR
(300 MHz, CDCl3) d 6.61 (s, 1H, pyrrole ring), 7.38–
7.39 (m, 1H, pyridine ring), 7.65–7.66 (d, 1H, pyridine
ring), 8.51–8.52 (d, 1H, pyridine ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 147.8 [M+1]+; analysis for
C7H5N3O (147.2), calcd: C, 57.14; H, 3.43; N, 28.56;
Found: C, 57.12; H, 3.45; N, 28.52.


5.2.2.2. 5-Chloro-3-nitroso-1H-pyrrolo[2,3-b]pyridine
(8b). Yield: 60%; yellow solid; mp 224–226 �C; IR
(KBr): 3400, 2845, 1610, 1545, 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 6.60 (s, 1H, pyrrole ring), 7.65–
7.66 (d, 1H, pyridine ring), 8.48–8.49 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 181.9 [M+1]+,
182.9 [M+2]+; analysis for C7H4ClN3O (181.5), calcd:
C, 46.30; H, 2.22; N, 23.14. Found: C, 46.26; H, 2.24;
N, 23.12.


5.2.2.3. 5-Chloro-2-methyl-3-nitroso-1H-pyrrolo[2,3-b]
pyridine (8c). Yield: 63%; yellow solid; mp 230–232 �C; IR
(KBr): 3400, 2845, 1610, 1545, 1375 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 2.14 (s, 3H, Methyl), 7.65–7.66 (d,
1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.7
(s, 1H, –NH). MS (ESI) m/z 196.3 [M+1]+, 197.3
[M+2]+; analysis for C8H6ClN3O (195.6), calcd: C,
49.12; H, 3.09; N, 21.48; Found: C, 49.15; H, 3.12; N,
21.43.


5.2.2.4. 2-Methyl-3-nitroso-1H-pyrrolo[2,3-b]pyridine
(8d). Yield: 67%; yellow solid; mp 206–208 �C; IR
(KBr): 3400, 2845, 1610, 1545, 1375 cm�1. 1H NMR
(300 MHz, CDCl3) d 2.14 (s, 3H, Methyl), 7.32–7.33
(m, 1H, pyridine ring), 7.65–7.66 (d, 1H, pyridine ring),
8.51–8.52 (d, 1H, pyridine ring), 11.7 (s, 1H, –NH). MS
(ESI) m/z 162.8 [M+1]+; analysis for C8H7N3O (161.2),
calcd: C, 59.62; H, 4.38; N, 26.07; Found: C, 59.58; H,
4.35; N, 26.11.


5.2.2.5. 3-Nitroso-2-phenyl-1H-pyrrolo[2,3-b]pyridine
(8e). Yield: 68%; yellow solid; mp 234–236 �C; IR
(KBr): 3400, 2845, 1610, 1545 1435 cm�1. 1H NMR
(300 MHz, CDCl3) d 7.31–7.40 (m, 5H, benzene ring),
7.21–7.22 (m, 1H, pyridine ring), 7.60–7.61 (d, 1H, pyr-
idine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 223.8 [M+1]+; analysis for
C13H9N3O (223.2), calcd: C, 69.95; H, 4.06; N, 18.82;
Found: C, 69.93; H, 4.10; N, 18.80.


5.2.2.6. 5-Chloro-3-nitroso-2-phenyl-1H-pyrrolo[2,3-
b]pyridine (8f). Yield: 63%; yellow solid; mp 256–
258 �C; IR (KBr): 3400, 2845, 1610, 1545 1435,
770 cm�1. 1H NMR (300 MHz, CDCl3) d 7.18–7.19
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(d, 1H, pyridine ring), 7.29–7.38 (m, 5H, benzene ring),
8.48–8.49 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH). MS
(ESI) m/z 258 [M+1]+, 259 [M+2]+; analysis for
C13H8ClN3O (257.2), calcd: C, 60.60; H, 3.13; N,
16.31. Found: C, 60.56; H, 3.12; N, 16.28.


5.2.2.7. 2-Cyclohexyl-3-nitroso-1H-pyrrolo[2,3-b]pyri-
dine (8g). Yield: 66%; yellow solid; mp 222–224 �C; IR
(KBr): 3400, 2845, 1610, 1545 1440, 1375, 720 cm�1.
1H NMR (300 MHz, CDCl3) d 1.29–1.30 (m, 6H,
–cyclohex), 1.58–1.59 (m, 4H, –cyclohex), 7.21–7.22
(m, 1H, pyridine ring), 7.60–7.61 (d, 1H, pyridine ring),
2.76–2.77 (m, 1H, –cyclohex), 8.51–8.52 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 229.7 [M+1]+;
analysis for C13H15N3O (229.2), calcd: C, 68.10; H,
6.59; N, 18.33. Found: C, 68.13; H, 6.62; N, 18.31.


5.2.2.8. 5-Chloro-2-cyclohexyl-3-nitroso-1H-pyrrolo-
[2,3-b]pyridine (8h). Yield: 69%; yellow solid; mp 228–
230 �C; IR (KBr): 3400, 2845, 1610, 1545 1440, 1375,
775, 720 cm�1. 1H NMR (300 MHz, CDCl3) d 1.28–
1.29 (m, 6H, –cyclohex), 1.57–1.58 (m, 4H, –cyclohex),
7.59–2.60 (d, 1H, pyridine ring), 2.77–2.78 (m, 1H,
–cyclohex), 8.49–8.50 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 264.7 [M+1]+, 265.7 [M+2]+;
analysis for C13H14ClN3O (263.7), calcd: C, 59.21; H,
5.35; N, 15.93. Found: C, 59.17; H, 5.30; N, 15.90.


5.2.2.9. 2-Ethyl-3-nitroso-1H-pyrrolo[2,3-b]pyridine
(8i). Yield: 62%; yellow solid; mp 213–215 �C; IR
(KBr): 3400, 2845, 1610, 1545 1440, 1375 cm�1. 1H
NMR (300 MHz, CDCl3) d 1.24–1.25 (t, 3H,
–CH2CH3), 2.59–2.60 (m, 2H, –CH2CH3), 7.00–7.13
(m, 1H, pyridine ring), 7.53–7.54 (d, 1H, pyridine ring),
8.52–8.53 (d, 1H, Pyridine ring), 11.65 (s, 1H, –NH). MS
(ESI) m/z 175.9 [M+1]+; analysis for C9H9N3O (175.2),
calcd: C, 61.70; H, 5.18; N, 23.99. Found: C, 61.68; H,
5.21; N, 23.97.


5.2.2.10. 5-Chloro-2-ethyl-3-nitroso-1H-pyrrolo[2,3-b]
pyridine (8j). Yield: 65%; yellow solid; mp 218–220 �C;
IR (KBr): 3400, 2845, 1610, 1545 1440, 1375,
745 cm�1. 1H NMR (300 MHz, CDCl3) d 1.22–1.23 (t,
3H, –CH2CH3), 2.59–2.60 (m, 2H, –CH2CH3), 7.48–
7.49 (d, 1H, pyridine ring), 8.51–8.52 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 210.3 [M+1]+,
211.3 [M+2]+; analysis for C9H8ClN3O (209.6), calcd:
C, 51.56; H, 3.85; N, 20.04. Found: C, 51.52; H, 3.82;
N, 20.06.


5.2.2.11. 2-Benzyl-3-nitroso-1H-pyrrolo[2,3-b]pyridine
(8k). Yield: 64%; yellow solid; mp 230–232 �C; IR
(KBr): 3400, 2845, 1610, 1545 1440 cm�1. 1H NMR
(300 MHz, CDCl3) d 3.81 (s, 2H, –CH2–Ph), 7.28–7.29
(m, 1H, pyridine ring), 7.31–7.40 (m, 5H, benzene ring),
7.70–7.71 (d, 1H, pyridine ring), 8.48–8.49 (d, 1H, pyri-
dine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 237.8
[M+1]+; analysis for C14H11N3O (237.2.6), calcd: C,
70.87; H, 4.67; N, 17.71. Found: C, 70.84; H, 4.65; N,
17.74.


5.2.2.12. 2-Benzyl-5-chloro-3-nitroso-1H-pyrrolo[2,3-b]
pyridine (8l). Yield: 66%; yellow solid; mp 236–238 �C; IR

(KBr): 3400, 2845, 1610, 1545 1440, 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 3.81 (s, 2H, –CH2–Ph), 7.22–7.23
(m, 5H, benzene ring), 7.77–7.78 (d, 1H, pyridine ring),
8.54–8.55 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH). MS
(ESI) m/z 272.5 [M+1]+, 273.5 [M+2]+; analysis for
C14H10ClN3O (271.6), calcd: C, 61.89; H, 3.71; N, 15.47.
Found: C, 61.85; H, 3.73; N, 15.43.


5.2.2.13. Synthesis of 3-amino-1H-pyrrolo[2,3-b]pyri-
dine (9a). A mixture of 3-nitroso-1H-pyrrolo[2,3-b]pyri-
dine (8a; 0.1 g, 0.680 mmol), Na2S2O4 (0.34 g,
1.97 mmol), and NaOH (1.1 mL; 2 N) in ethanol
(10 mL) was heated under reflux for 30 min. The
yellow solid obtained was filtered, washed with water,
and dried to get the pure compound 9a.Yield: 74%;
yellow solid; mp 194–196 �C; IR (KBr): 3400, 2845,
1610 cm�1. 1H NMR (300 MHz, CDCl3) d 6.61 (s, 1H,
pyrrole ring), 7.38–7.39 (m, 1H, pyridine ring),
7.65–7.66 (d, 1H, pyridine ring), 8.51–8.52 (d, 1H,
pyridine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z
133.8 [M+1]+; analysis for C7H7N3 (133.2), calcd: C,
63.14; H, 5.30; N, 31.56. Found: C, 63.16; H, 5.32; N,
31.53.


5.2.2.14. 5-Chloro-1H-pyrrolo[2,3-b]pyridin-3-ylamine
(9b). Yield: 62%; yellow solid; mp 202–204 �C; IR
(KBr): 3400, 2845, 1610, 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 6.69 (s, 1H, pyrrole ring), 7.66–
7.67 (d, 1H, pyridine ring), 8.52–8.53 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 168.3 [M+1]+,
169.3 [M+2]+; analysis for C7H6ClN3 (167.5), calcd: C,
15.17; H, 3.61; N, 21.15. Found: C, 15.15; H, 3.63; N,
21.12.


5.2.2.15. 5-Chloro-2-methyl-1H-pyrrolo[2,3-b]pyridin-
3-ylamine (9c). Yield: 67%; yellow solid; mp 197–199 �C;
IR (KBr): 3400, 2845, 1610, 1375, 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 2.14 (s, 3H, methyl), 7.65–7.66
(d, 1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine ring),
11.70 (s, 1H, –NH). MS (ESI) m/z 182.3 [M+1]+, 183.3
[M+2]+; analysis for C8H8ClN3 (181.6), calcd: C,
52.90; H, 4.44; N, 23.14. Found: C, 52.92; H, 4.47; N,
23.10.


5.2.2.16. 2-Methyl-1H-pyrrolo[2,3-b]pyridin-3-ylamine
(9d). Yield: 62%; yellow solid; mp 200–202 �C; IR
(KBr): 3400, 2845, 1600, 1375 cm�1. 1H NMR
(300 MHz, CDCl3) d 2.14 (s, 3H, methyl), 7.32–7.33
(m, 1H, pyridine ring), 7.65–7.66 (d, 1H, pyridine ring),
8.50–8.51 (d, 1H, pyridine ring), 11.70 (s, 1H, –NH). MS
(ESI) m/z 148 [M+1]+; analysis for C8H9N3 (147.2),
calcd: C, 65.29; H, 6.16; N, 28.55. Found: C, 65.26; H,
6.18; N, 28.58.


5.2.2.17. 2-Phenyl-1H-pyrrolo[2,3-b]pyridin-3-ylamine
(9e). Yield: 68%; yellow solid; mp 207–209 �C; IR (KBr):
3400, 2845, 1600, 1375 cm�1. 1H NMR (300 MHz,
CDCl3) d 7.20–7.21 (m, 1H, pyridine ring), 7.30 –7.40
(m, 5H, benzene ring), 7.60–7.61 (d, 1H, pyridine ring),
8.50–8.51 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH). MS
(ESI) m/z 209.8 [M+1]+; analysis for C13H11N3 (209.2),
calcd: C, 74.62; H, 5.30; N, 20.08. Found: C, 74.60; H,
5.33; N, 20.11.
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5.2.2.18. 5-Chloro-2-phenyl-1H-pyrrolo[2,3-b]pyridin-
3-ylamine (9f). Yield: 67%; yellow solid; mp 213–215 �C;
IR (KBr): 3400, 2845, 1600, 776 cm�1. 1H NMR
(300 MHz, CDCl3) d 7.30–7.40 (m, 5H, benzene ring),
7.20–7.21 (m, 1H, pyridine ring), 7.60–7.61 (d, 1H, pyr-
idine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 244.3 [M+1]+, 245.3 [M+2]+;
analysis for C13H10ClN3 (243.6), calcd: C, 64.07; H,
4.14; N, 17.24. Found: C, 64.09; H, 4.11; N, 17.20.


5.2.2.19. 2-Cyclohexyl-1H-pyrrolo[2,3-b]pyridin-3-yl-
amine (9g). Yield: 66%; yellow solid; mp 215–217 �C;
IR (KBr): 3400, 2845, 1600, 1400, 720 cm�1. 1H NMR
(300 MHz, CDCl3) d 1.29–1.30 (m, 6H, –cyclohex),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.20–7.21 (m, 1H, pyridine ring), 7.60–7.61 (d, 1H,
pyridine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 215.8 [M+1]+; analysis for
C13H17N3 (215.2), calcd: C, 72.52; H, 7.96; N, 19.52.
Found: C, 72.55; H, 7.99; N, 19.50.


5.2.2.20. 5-Chloro-2-cyclohexyl-1H-pyrrolo[2,3-b]pyri-
din-3-ylamine (9h). Yield: 60%; yellow solid; mp 209–
211 �C; IR (KBr): 3400, 2845, 1600, 1400, 775 cm�1. 1H
NMR (300 MHz, CDCl3) d 1.29–1.30 (m, 6H, –cyclohex),
1.57–1.58 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.50–7.51 (d, 1H, pyridine ring), 8.50–8.51 (d, 1H,
pyridine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 250.8
[M+1]+, 251.8 [M+2]+; analysis for C13H16ClN3 (250),
calcd C, 62.52; H, 6.46; N, 16.83. Found: C, 62.48; H,
6.43; N, 16.79.


5.2.2.21. 2-Ethyl-1H-pyrrolo[2,3-b]pyridin-3-ylamine
(9i). Yield: 72%; yellow solid; mp 202–204 �C; IR
(KBr): 3400, 2845, 1600, 1400, 1375 cm�1. 1H NMR
(300 MHz, CDCl3) d 1.24–1.25 (t, 3H, –CH2CH3),
2.59–2.60 (m, 2H, –CH2CH3), 7.20–7.21 (m, 1H, pyri-
dine ring), 7.50–7.51 (d, 1H, pyridine ring), 8.50–8.51
(d, 1H, pyridine ring), 11.65 (s, 1H, –NH). MS (ESI)
m/z 161.9 [M+1]+; analysis for C9H11N3 (161.2), calcd:
C, 67.06; H, 6.88; N, 26.07. Found: C, 67.01; H, 6.80;
N, 26.00.


5.2.2.22. 5-Chloro-2-ethyl-1H-pyrrolo[2,3-b]pyridin-3-
ylamine (9j). Yield: 71%; yellow solid; mp 212–214 �C;
IR (KBr): 3400, 2845, 1600, 1400, 1375, 770 cm�1. 1H
NMR (300 MHz, CDCl3) d 1.24–1.25 (t, 3H, –CH2CH3),
2.59–2.60 (m, 2H, –CH2CH3), 7.48–7.49 (d, 1H, pyridine
ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 196 [M+1]+, 197 [M+2]+; analysis for
C9H10ClN3 (195.5), calcd: C, 55.25; H, 5.15; N, 21.48.
Found: C, 55.23; H, 5.12; N, 21.51.


5.2.2.23. 2-Benzyl-1H-pyrrolo[2,3-b]pyridin-3-ylamine
(9k). Yield: 67%; yellow solid; mp 218–220 �C; IR
(KBr): 3400, 2845, 1600, 1400 cm�1. 1H NMR
(300 MHz, CDCl3) d 3.81 (s, 2H, –CH2–Ph), 7.30 –
7.40 (m, 5H, benzene ring), 7.30–7.31 (m, 1H, pyridine
ring), 7.71–7.72 (d, 1H, pyridine ring), 8.50–8.51 (d,
1H, pyridine ring), 11.65 (s, 1H, –NH). MS(ESI) m/z
223.8 [M+1]+; analysis for C14H13N3 (223.2), calcd: C,
75.31; H, 5.87; N, 18.82. Found: C, 75.28; H, 5.89; N,
18.85.

5.2.2.24. 2-Benzyl-5-chloro-1H-pyrrolo[2,3-b]pyridin-
3-ylamine (9l). Yield: 63%; yellow solid; mp 222–
224 �C; IR (KBr): 3400, 2845, 1600, 1400, 776 cm�1.
1H NMR (300 MHz, CDCl3) d 3.81 (s, 2H, –CH2–Ph),
7.29–7.31 (m, 5H, benzene ring), 7.70–7.71 (d, 1H, pyr-
idine ring), 8.49–8.50 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 223.8 [M+1]+, 224.8 [M+2]+;
analysis for C14H13N3 (223.2), calcd: C, 65.25; H, 4.69;
N, 16.30. Found: C, 65.22; H, 4.66; N, 16.27.


5.2.2.25. Synthesis of bis-Boc-(1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10a). Synthesis of compound 10a
was carried out starting from 3-amino-1H-pyrrolo[2,3-
b]pyridine (9a), using a general procedure described
for the synthesis of compound 6a. Yield: 72%; white
solid; mp 292–294 �C; IR (KBr): 3400, 2850, 1710,
1610, 1050 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43
(s, 9H, (CH3)3CAOACOAN@), 1.56 (s, 9H,
(CH3)3CAOACOANHA), 6.60 (s, 1H, Pyrrole ring),
7.20–7.21 (d, 1H, pyridine ring), 7.68–7.69 (dd, 1H, Pyr-
idine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 375.8 [M+1]+; analysis for
C18H25N5O4 (375.3), calcd: C, 57.59; H, 6.71; N,
18.65. Found: C, 57.56; H, 6.75; N, 18.68.


5.2.2.26. Bis-Boc-N-(5-chloro-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10b). Yield: 61%; white solid; mp
297–299 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 6.60 (s, 1H, pyrrole ring), 7.68–7.69 (dd,
1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 410.2 [M+1]+, 411.2
[M+2]+; analysis for C18H24ClN5O4 (409.5), calcd: C,
52.75; H, 5.90; N, 17.09. Found: C, 52.72; H, 5.93; N,
17.05.


5.2.2.27. Bis-Boc-N-(5-chloro-2-methyl-1H-pyrrolo-
[2,3-b]pyridin-3-yl)-guanidine (10c). Yield: 64%; white so-
lid; mp 296–298 �C; IR (KBr): 3400, 2850, 1710, 1610,
1375, 1050, 775 cm�1. 1H NMR (300 MHz, CDCl3) d
1.43 (s, 9H, (CH3)3CAOACOAN@), 1.56 (s, 9H,
(CH3)3CAOACOANHA), 2.10 (s, 1H, –CH3 proton),
7.68–7.69 (dd, 1H, pyridine ring), 8.50–8.51 (d, 1H, pyr-
idine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 424
[M+1]+, 425 [M+2]+; analysis for C19H26ClN5O4


(423.5), calcd: C, 53.84; H, 6.18; N, 16.52. Found: C,
53.82; H, 6.19; N, 16.55.


5.2.2.28. Bis-Boc-N-(2-methyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10d). Yield: 72%; white solid; mp
286–288 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375,
1050 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 2.10 (s, 1H, –CH3 proton), 7.20–7.21 (d,
1H, pyridine ring), 7.68–7.69 (dd, 1H, pyridine ring),
8.50–8.51 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 389.8 [M+1]+; analysis for C19H27N5O4


(389.2), calcd: C, 58.60; H, 6.99; N, 17.98. Found: C,
58.58; H, 6.96; N, 17.97.


5.2.2.29. Bis-Boc-N-(2-phenyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10e). Yield: 68%; white solid; mp
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>300 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050 cm�1.
1H NMR (300 MHz, CDCl3) d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 7.30–7.40 (m, 5H, benzene ring), 7.20–
7.21 (m, 1H, pyridine ring), 7.61–7.62 (d, 1H, pyridine
ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 452.1 [M+1]+; analysis for
C24H29N5O4 (451), calcd: C, 63.84; H, 6.47; N, 15.51.
Found: C, 63.82; H, 6.49; N, 15.47.


5.2.2.30. Bis-Boc-N-(5-chloro-2-Phenyl-1H-pyrrolo-
[2,3-b]pyridin-3-yl)-guanidine (10f). Yield: 63%; white so-
lid; mp >300 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050, 775 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43
(s, 9H, (CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CA
OACOANHA), 7.31–7.41 (m, 5H, benzene ring), 7.61–
7.62 (d, 1H, pyridine ring), 8.48–8.49 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 485.8 [M+1]+,
486.8 [M+2]+; analysis for C24H28ClN5O4 (485), calcd:
C, 59.32; H, 5.81; N, 14.41. Found: C, 59.29; H, 5.78;
N, 14.45.


5.2.2.31. Bis-Boc-N–(2-cyclohexyl-1H-pyrrolo[2,3-b]-
pyridin-3-yl)-guanidine (10g). Yield: 64%; white solid;
mp 295–297 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050, 720 cm�1. 1H NMR (300 MHz, CDCl3) d 1.29–
1.30 (m, 6H, –cyclohex), 1.43 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
1.57–1.58 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.21–7.22 (m, 1H, pyridine ring), 7.61–7.62 (d, 1H,
pyridine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 457.8 [M+1]+; analysis for
C24H35N5O4 (457.2), calcd: C, 63.00; H, 7.71; N,
15.31. Found: C, 63.03; H, 7.75; N, 15.28.


5.2.2.32. Bis-Boc-N-(5-chloro-2-cyclohexyl-1H-pyrro-
lo[2,3-b]pyridin-3-yl)-guanidine (10h). Yield: 62%; white
solid; mp >300 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050, 775, 720 cm�1. 1H NMR (300 MHz, CDCl3) d
1.29–1.30 (m, 6H, –cyclohex), 1.43 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H,–cyclo-
hex), 7.59–7.60 (d, 1H, pyridine ring), 8.52–8.53 (d,
1H, pyridine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z
492.6 [M+1]+, 493.6 [M+2]+; analysis for C24H34ClN5O4


(492), calcd: C, 58.59; H, 6.97; N, 14.23. Found: C,
58.56; H, 6.94; N, 14.26.


5.2.2.33. Bis-Boc-N-(2-ethyl-1H-pyrrolo[2,3-b]pyridin-
3-yl)-guanidine (10i). Yield: 60%; white solid; mp 286–
288 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375
1050 cm�1. 1H NMR (300 MHz, CDCl3) d 1.24–1.25
(t, 3H, –CH2CH3), 1.43 (s, 9H, (CH3)3CAOACOAN@),
1.56 (s, 9H, (CH3)3CAOACOANHA), 2.59–2.60 (m,
2H, –CH2CH3), 7.20–7.21 (d, 1H, pyridine ring), 7.67–
7.68 (dd, 1H, pyridine ring), 8.50–8.51 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS(ESI) m/z 404.3 [M+1]+;
analysis for C20H29N5O4 (403.5), calcd: C, 59.54; H,
7.24; N, 17.36. Found: C, 59.52; H, 7.23; N, 17.39.


5.2.2.34. Bis-Boc-N-(5-chloro-2-ethyl-1H-pyrrolo[2,3-
b]pyridin-3-yl)-guanidine (10j). Yield: 71%; white solid;
mp 294–296 �C; IR (KBr): 3400, 2850, 1710, 1610,

1375 1050 cm�1. 1H NMR (300 MHz, CDCl3) d 1.22–
1.23 (t, 3H, –CH2CH3), 1.40 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
2.59–2.60 (m, 2H, –CH2CH3), 7.67–7.68 (dd, 1H, pyri-
dine ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 437.8 [M+1]+, 438.8 [M+2]+;
analysis for C20H28ClN5O4 (437), calcd: C, 54.85; H,
6.44; N, 15.99. Found: C, 54.82; H, 6.47; N, 15.96.


5.2.2.35. Bis-Boc-N-(2-benzyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10k). Yield: 68%; white solid;
mp >300 �C; IR (KBr): 3400, 2850, 1710, 1610,
1050 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43 (s,
9H, (CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CA
OACOANHA), 3.81 (s, 2H, –CH2–Ph), 7.28–7.29 (m,
1H, pyridine ring), 7.30–7.40 (m, 5H, benzene ring),
7.66–7.67 (dd, 1H, pyridine ring), 8.47–8.48 (d, 1H, pyr-
idine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 467
[M+1]+; analysis for C25H31N5O4 (465.5), calcd: C,
64.50; H, 6.71; N, 15.04. Found: C, 64.47; H, 6.74; N,
15.07.


5.2.2.36. Bis-Boc-N-(2-benzyl-5-chloro-1H-pyrrolo[2,3-
b]pyridin-3-yl)-guanidine (10l). Yield: 66%; white solid;
mp >300 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3) d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 3.81 (s, 2H, –CH2–Ph), 7.33 – 7.43 (m,
5H, benzene ring), 7.56–7.57 (dd, 1H, pyridine ring),
8.51–8.52 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH.
MS (ESI) m/z 500.2 [M+1]+, 501.2 [M+2]+; analysis
for C25H30ClN5O4 (499.5), calcd: C, 60.05; H, 6.05; N,
14.01. Found: C, 60.09; H, 6.08; N, 14.03.


5.2.2.37. Synthesis of N-(1H-pyrrolo[2,3-b]pyridin-3-
yl)-guanidine (3a). Synthesis of compound 3a was car-
ried out starting from bis-Boc-N-(1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (10a), using a general procedure
described for the synthesis of compound 2a. Yield:
58%; white solid; mp 218–220 �C; IR (KBr): 3430,
2854, 1610 cm�1. 1H NMR (300 MHz, CDCl3) d 6.70
(s, 1H, Pyrrole ring), 7.10–7.11 (m, 1H, pyridine ring),
7.67–7.68 (d, 1H, pyridine ring), 8.20–8.21 (d, 1H, pyri-
dine ring), 11.77 (s, 1H, –NH). MS (ESI) m/z 175.8
[M+1]+; analysis for C8H9N5 (175.2), calcd: C, 54.85;
H, 5.18; N, 39.98. Found: C, 54.82; H, 5.19; N, 39.95.


5.2.2.38. N-(5-Chloro-1H-pyrrolo[2,3-b]pyridin-3-yl)-
guanidine (3b). Yield: 63%; white solid; mp 224–
226 �C; IR (KBr): 3430, 2854,, 1610, 774 cm�1. 1H
NMR (300 MHz, CDCl3) d 6.69 (s, 1H, pyrrole ring),
7.64–7.65 (d, 1H, pyridine ring), 8.22–8.23 (d, 1H, pyri-
dine ring), 11.77 (s, 1H, –NH). MS (ESI) m/z 210
[M+1]+, 211 [M+2]+; analysis for C8H8ClN5 (209.5),
calcd: C, 45.83; H, 3.85; N, 33.41. Found: C, 45.80; H,
3.88; N, 33.44.


5.2.2.39. N-(5-Chloro-2-methyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (3c). Yield: 69%; white solid; mp
227–229 �C; IR (KBr): 3400, 2854, 1610, 1375,
775 cm�1. 1H NMR (300 MHz, CDCl3) d 2.16 (s, 3H,
Methyl), 7.80 (s, 1H, pyridine ring), 8.48 (s, 1H, pyridine
ring), 11.70 (s, 1H, –NH). MS (ESI) m/z 224.2 [M+1]+,
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225.2 [M+2]+; analysis for C9H10ClN5 (223.5), calcd: C,
48.33; H, 4.51; N, 31.31. Found: C, 48.30; H, 4.55; N,
31.28.


5.2.2.40. N-(2-Methyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-
guanidine (3d). Yield: 65%; white solid; mp 214–216 �C;
IR (KBr): 3400, 2854, 1610, 1375 cm�1. 1H NMR
(300 MHz, CDCl3) d 2.16 (s, 3H, methyl), 7.10–7.11
(m, 1H, pyridine ring), 7.67 (s, 1H, pyridine ring), 8.50
(s, 1H, pyridine ring), 11.70 (s, 1H, –NH). MS (ESI)
m/z 189.8 [M+1]+; analysis for C9H11N5 (189.2), calcd:
C, 57.13; H, 5.86; N, 37.01. Found: C, 57.10; H, 5.89;
N, 37.05.


5.2.2.41. N-(2-Phenyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-
guanidine (3e). Yield: 68%; white solid; mp 236–238
�C; IR (KBr): 3430, 2854, 1610 cm�1. 1H NMR
(300 MHz, CDCl3) d 7.03–7.04 (m, 1H, benzene ring),
7.12–7.13 (m, 1H, pyridine ring), 7.39–7.48 (m, 2H, ben-
zene ring), 7.67–7.68 (d, 1H, pyridine ring), 7.97–7.98 (d,
2H, benzene ring), 8.20–8.21 (d, 1H, pyridine ring),
11.77 (s, 1H, –NH). MS (ESI) m/z 251.8 [M+1]+; analy-
sis for C14H13N5 (251.2), calcd: C, 66.92; H, 5.21; N,
27.87. Found: C, 66.89; H, 5.22; N, 27.85.


5.2.2.42. N-(5-Chloro-2-phenyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (3f). Yield: 63%; white solid; mp 243–
245 �C; IR (KBr): 3400, 2854, 1610, 775 cm�1. 1H NMR
(300 MHz, CDCl3) d 7.10–7.11 (m, 1H, benzene ring),
7.39–7.48 (m, 2H, benzene ring), 7.80 (s, 1H, pyridine
ring), 7.96–7.97 (d, 2H, benzene ring), 8.48 (s, 1H, pyr-
idine ring), 11.71 (s, 1H, –NH). MS (ESI) m/z 285.8
[M+1]+, 286.8 [M+2]+; analysis for C14H12ClN5 (285),
calcd: C, 58.85; H, 4.23; N, 24.51. Found: C, 58.82; H,
4.26; N, 24.48.


5.2.2.43. N-(2-Cyclohexyl-1H-pyrrolo[2,3-b]pyridin-3-
yl)-guanidine (3g). Yield: 65%; white solid; mp 228–
230 �C; IR (KBr): 3400, 2854, 1610, 1410, 720 cm�1.
1H NMR (300 MHz, CDCl3) d 1.29–1.30 (m, 6H,
–cyclohex), 1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77
(m, 1H, –cyclohex), 7.20–7.21 (m, 1H, pyridine ring),
7.65–7.66 (d, 1H, pyridine ring), 8.51–8.52 (d, 1H, pyri-
dine ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 257.8
[M+1]+; analysis for C14H9N5 (257), calcd: C, 65.34;
H, 7.44; N, 27.22. Found: C, 65.32; H, 7.47; N, 27.18.


5.2.2.44. N-(5-Chloro-2-cyclohexyl-1H-pyrrolo[2,3-
b]pyridin-3-yl)-guanidine (3h). Yield: 61%; white solid;
mp 234–236 �C; IR (KBr): 3400, 2854, 1610, 1410,
775, 720 cm�1. 1H NMR (300 MHz, CDCl3) d 1.29–
1.30 (m, 6H, –cyclohex), 1.58–1.59 (m, 4H, –cyclohex),
2.76–2.77 (m, 1H, –cyclohex), 7.66–7.67 (d, 1H, pyridine
ring), 8.50–8.51 (d, 1H, pyridine ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 292.3 [M+1]+, 293.3 [M+2]+; anal-
ysis for C14H18ClN5 (291.5), calcd: C, 57.63; H, 6.22; N,
24.00. Found: C, 57.60; H, 6.18; N, 24.04.


5.2.2.45. N-(2-Ethyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-
guanidine (3i). Yield: 63%; white solid; mp 218–220 �C;
IR (KBr): 3400, 2854, 1610, 1400, 1375 cm�1. 1H
NMR (300 MHz, CDCl3) d 1.24–1.25 (t, 3H,
–CH2CH3), 2.59–2.60 (m, 2H, –CH2CH3), 7.22–7.23

(m, 1H, pyridine ring), 7.74–7.75 (d, 1H, pyridine ring),
8.49–8.50 (d, 1H, pyridine ring), 11.65 (s, 1H, –NH). MS
(ESI) m/z 203.7 [M+1]+; analysis for C10H13N5 (203.2),
calcd: C, 59.10; H, 6.45; N, 34.46. Found: C, 59.13; H,
6.48; N, 34.42.


5.2.2.46. N-(5-Chloro-2-ethyl-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (3j). Yield: 67%; white solid; mp
224–226 �C; IR (KBr): 3400, 2854, 1610, 1400, 1375,
775 cm�1. 1H NMR (300 MHz, CDCl3) d 1.22–1.23 (t,
3H, –CH2CH3), 2.58–2.59 (m, 2H, –CH2CH3), 7.44–
7.45 (d, 1H, pyridine ring), 8.48–8.49 (d, 1H, pyridine
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 238.4 [M+1]+,
239.4 [M+2]+; analysis for C10H12ClN5 (237.6), calcd:
C, 50.53; H, 5.09; N, 29.46. Found: C, 50.50; H, 5.11;
N, 29.49.


5.2.2.47. N-(2-Benzyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-
guanidine (3k). Yield: 66%; white solid; mp 232–
234 �C; IR (KBr): 3400, 2854, 1610, 1400 cm�1. 1H
NMR (300 MHz, CDCl3) d 3.81 (s, 2H, –CH2–Ph),
7.12–7.13 (m, 1H, pyridine ring), 7.28–7.29 (d, 1H, pyr-
idine ring), 7.30 – 7.41 (m, 5H, benzene ring), 8.55–8.56
(d, 1H, pyridine ring). MS (ESI) m/z 265.7 [M+1]+; anal-
ysis for C15H15N5 (265.1), calcd: C, 67.90; H, 5.70; N,
26.40. Found: C, 67.88; H, 5.73; N, 26.44.


5.2.2.48. N-(2-Benzyl-5-chloro-1H-pyrrolo[2,3-b]pyri-
din-3-yl)-guanidine (3l). Yield: 68%; white solid; mp 240–
242 �C; IR (KBr): 3400, 2854, 1610, 1400, 775,
720 cm�1. 1H NMR (300 MHz, CDCl3) d 3.81 (s, 2H,
–CH2–Ph), 7.23–7.24 (m, 5H, benzene ring), 7.31–7.32
(d, 1H, pyridine ring), 8.52–8.53 (d, 1H, pyridine ring).
MS (ESI) m/z 300.3 [M+1]+, 301.3 [M+2]+; analysis
for C15H14ClN5 (299.6.1), calcd: C, 60.10; H, 4.71; N,
23.36. Found: C, 60.13; H, 4.75; N, 23.38.


5.2.3. General method for the synthesis of N-(2,5-disub-
stituted-1H-indol-3-yl)-guanidine (4a–l; Scheme 3).


5.2.3.1. Synthesis of 3-nitro-1H-indole (12a). To a mix-
ture of indole (11a; 1 g, 8.55 mmol) and silver nitrate
(AgNO3; 1.55 g, 9.1 mmol), dissolved in acetonitrile
(8 mL), a solution of benzoyl chloride (1.25 g, 9.1 mmol)
was added dropwise, at 0 �C. The reaction mixture was
stirred at 0 �C for 45 min. The mixture was diluted with
water (200 mL), extracted with benzene (3 · 30 mL),
and the extract was washed with Na2CO3 solution
(2 N). The organic layer was dried over Na2SO4 and evap-
orated under reduced pressure to obtain the amorphous
material. Residue obtained was acidified with HCl (2 N)
solution. The white precipitate obtained was filtered,
dried and recrystallized from Benzene to get the pure com-
pound 12a. Yield: 61%; yellow solid; mp 212–213 �C; IR
(KBr): 3400, 2845, 1610, 1540 cm�1. 1H NMR
(300 MHz, CDCl3): d 6.60 (s, 1H, pyrrole ring), 7.38–
7.39 (m, 1H, benzene ring), 7.55–7.56 (d, 1H, benzene
ring), 7.65–7.66 (d, 1H, benzene ring), 8.55–8.56 (d, 1H,
benzene ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 163.2
[M+1]+; analysis for C8H6N2O2 (162), calcd: C, 59.26;
H, 3.73; N, 17.28. Found: C, 59.22; H, 3.70; N, 17.25.


5.2.3.2. 5-Chloro-3-nitro-1H-indole (12b). Yield: 60%;
yellow solid; mp 218–220 �C; IR (KBr): 3400, 2845,
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1610, 1545, 775 cm�1. 1H NMR (300 MHz, CDCl3): d
6.61 (s, 1H, pyrrole ring), 7.55–7.56 (d, 1H, benzene
ring), 7.65–7.66 (d, 1H, benzene ring), 8.44–8.45 (d,
1H, benzene ring), 11.65 (s, 1H, –NH). MS (ESI) m/z
197.3 [M+1]+, 198.3 [M+2]+; analysis for C8H5ClN2O2


(196), calcd: C, 48.88; H, 2.56; N, 14.25. Found: C,
48.84; H, 2.52; N, 14.21.


5.2.3.3. 5-Chloro-2-methyl-3-nitro-1H-indole (12c).
Yield: 63%; yellow solid; mp 203–205 �C; IR (KBr):
3400, 2845, 1610, 1545, 1375 775 cm�1. 1H NMR (300
MHz, CDCl3): d 2.14 (s, 3H, Methyl), 7.55–7.56 (d,
1H, benzene ring), 7.65–7.66 (d, 1H, benzene ring),
8.55–8.56 (d, 1H, benzene ring), 11.70 (s, 1H, –NH).
MS (ESI) m/z 211.3 [M+1]+, 212.3 [M+2]+; analysis
for C9H7ClN2O2 (210), calcd: C, 51.32; H, 3.35; N,
13.30. Found: C, 51.30; H, 3.31; N, 13.27.


5.2.3.4. 2-Methyl-3-nitro-1H-indole (12d). Yield: 67%;
yellow solid; mp 246–248 �C; IR (KBr): 3400, 2845,
1610, 1545, 1375 cm�1. 1H NMR (300 MHz, CDCl3):
d 2.14 (s, 3H, methyl), 7.32–7.33 (m, 1H, benzene ring),
7.54–7.55 (d, 1H, benzene ring), 7.65–7.66 (d, 1H, ben-
zene ring), 8.50–8.51 (d, 1H, benzene ring), 11.69 (s,
1H, –NH). MS (ESI) m/z 177.2 [M+1]+; analysis for
C9H8N2O2 (176), calcd: C, 61.36; H, 4.58; N, 15.90.
Found: C, 61.32; H, 4.55; N, 15.86.


5.2.3.5. 3-Nitro-2-phenyl-1H-indole (12e). Yield: 68%;
yellow solid; mp 237–239 �C; IR (KBr): 3400, 2845,
1610, 1545 1435 cm�1. 1H NMR (300 MHz, CDCl3): d
7.39–7.40 (m, 5H, benzene ring), 7.21–7.22 (m, 1H, ben-
zene ring), 7.55–7.56 (d, 1H, benzene ring), 7.66–7.67 (d,
1H, benzene ring), 8.52–8.53 (d, 1H, benzene ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 239.5 [M+1]+; analy-
sis for C14H10N2O2 (238.2), calcd: C, 70.58; H, 4.23; N,
11.76. Found: C, 70.55; H, 4.22; N, 11.73.


5.2.3.6. 5-Chloro-3-nitro-2-phenyl-1H-indole (12f).
Yield: 63%; yellow solid; mp 223–225 �C; IR (KBr):
3400, 2845, 1610, 1545 1435, 770 cm�1. 1H NMR (300
MHz, CDCl3): d 7.30 –7.39 (m, 5H, benzene ring),
7.41–7.42 (d, 1H, benzene ring), 7.55–7.56 (d, 1H, ben-
zene ring), 8.50–8.51 (d, 1H, benzene ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 273.3 [M+1]+, 274.3 [M+2]+;
analysis for C14H9ClN2O2 (272), calcd: C, 61.66; H,
3.33; N, 10.27. Found: C, 61.63; H, 3.30; N, 10.24.


5.2.3.7. 2-Cyclohexyl-3-nitro-1H-indole (12g). Yield:
66%; yellow solid; mp 207–209 �C; IR (KBr): 3400,
2845, 1610, 1545 1440, 1375, 720 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.29–1.30 (m, 6H, –cyclohex),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.21–7.22 (m, 1H, benzene ring), 7.55–7.56 (d, 1H,
benzene ring), 7.66–7.67 (d, 1H, benzene ring), 8.52–8.53
(d, 1H, benzene ring), 11.65 (s, 1H, –NH). MS (ESI) m/z
245.3 [M+1]+; analysis for C14H16N2O2 (244), calcd: C,
68.83; H, 6.60; N, 11.47. Found: C, 68.80; H, 6.56; N,
11.43.


5.2.3.8. 5-Chloro-2-cyclohexyl-3-nitro-1H-indole (12h).
Yield: 69%; yellow solid; mp 224–225 �C; IR (KBr):
3400, 2845, 1610, 1545 1440, 1375, 775, 720 cm�1. 1H

NMR (300 MHz, CDCl3): d 1.29–1.30 (m, 6H, –cyclo-
hex), 1.58–1.59 (m, 4H, –cyclohex), 2.75–2.76 (m, 1H,
–cyclohex), 7.53–7.54 (d, 1H, benzene ring), 7.68–7.69
(d, 1H, benzene ring), 8.48–8.49 (d, 1H, benzene ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 279.5 [M+1]+, 280.5
[M+2]+; analysis for C14H15ClN2O2 (278.1), calcd: C,
58.99; H, 4.95; N 10.58. Found: C, 58.96; H, 4.91; N,
10.54.


5.2.3.9. 2-Ethyl-3-nitro-1H-indole (12i). Yield: 62%;
yellow solid; mp 213–215 �C; IR (KBr): 3400, 2845,
1610, 1545 1440, 1375 cm�1. 1H NMR (300 MHz,
CDCl3): d 1.23–1.24 (t, 3H, –CH2CH3), 2.59–2.60 (m,
2H, –CH2CH3), 7.22–7.23 (m, 1H, benzene ring), 7.54–
7.55 (d, 1H, benzene ring), 7.57–7.58 (d, 1H, benzene
ring), 8.53–8.54 (d, 1H, benzene ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 191.2 [M+1]+; analysis for
C10H10N2O2 (190), calcd: C, 63.15; H, 5.30; N, 14.73.
Found: C, 63.11; H, 5.27; N, 14.70.


5.2.3.10. 5-Chloro-2-ethyl-3-nitro-1H-indole (12j).
Yield: 65%; yellow solid; mp 223–224 �C; IR (KBr):
3400, 2845, 1610, 1545 1440, 1375, 745 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.26–1.27 (t, 3H,
–CH2CH3), 2.61–2.62 (m, 2H, –CH2CH3), 7.48–7.49
(d, 1H, Benzene ring), 7.55–7.56 (d, 1H, benzene ring),
8.51–8.52 (d, 1H, benzene ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 225.3 [M+1]+, 226.3 [M+2]+; analysis
for C10H9ClN2O2 (224.1), calcd: C, 54.47; H, 4.04; N,
12.47. Found: C, 54.43; H, 4.00; N, 12.43.


5.2.3.11. 2-Benzyl-3-nitro-1H-indole (12k). Yield:
64%; yellow solid; mp 237–239 �C; IR (KBr): 3400,
2845, 1610, 1545 1440 cm�1. 1H NMR (300 MHz,
CDCl3): d 3.81 (s, 2H, –CH2–Ph), 7.30–7.40 (m, 5H,
benzene ring), 7.43–7.44 (m, 1H, benzene ring), 7.55–
7.56 (d, 1H, benzene ring), 7.77–7.78 (d, 1H, benzene
ring), 8.53–8.54 (d, 1H, benzene ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 253.2 [M+1]+; analysis for
C15H12N2O2 (252), calcd: C, 71.42; H, 4.79; N, 11.10.
Found: C, 71.40; H, 4.76; N, 11.07.


5.2.3.12. 2-Benzyl-5-chloro-3-nitro-1H–indole (12l).
Yield: 66%; yellow solid; mp 225–226 �C; IR (KBr):
3400, 2845, 1610, 1545 1440, 775 cm�1. 1H NMR (300
MHz, CDCl3): d 3.81 (s, 2H, –CH2–Ph), 7.29–7.30 (m,
5H, benzene ring), 7.55–7.56 (d, 1H, benzene ring),
7.71–7.72 (d, 1H, benzene ring), 8.56–8.57 (d, 1H, ben-
zene ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 287.2
[M+1]+, 288.2 [M+2]+; analysis for C15H11ClN2O2


(286), calcd: C, 62.84; H, 3.87; N, 9.77. Found: C,
62.80; H, 3.83; N, 9.75.


5.2.3.13. Synthesis of 3-amino-1H-indole (13a). A mix-
ture of 3-nitro-1H-indole (12a; 0.2 g, 1.234 mmol) and
Pd/C (10%; 100 mg), dissolved in ethanol (10 mL), was
hydrogenated for 3 h, at 50 psi. The reaction mixture
was filtered and the excess of ethanol was evaporated
under reduced pressure. Solid product was recrystallized
from petroleum ether to obtain the pure compound 13a.
Yield: 61%; yellow solid; mp 115–117 �C; IR (KBr):
3400, 2845, 1610 cm�1. 1H NMR (300 MHz, CDCl3):
d 6.60 (s, 1H, pyrrole ring), 7.38–7.39 (m, 1H, benzene
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ring), 7.55–7.56 (d, 1H, benzene ring), 7.65–7.66 (d, 1H,
benzene ring), 8.52–8.53 (d, 1H, benzene ring), 11.65 (s,
2H, –NH2). MS (ESI) m/z 133.3 [M+1]+; analysis for
C8H8N2 (132), calcd: C, 72.70; H, 6.10; N, 21.20. Found:
C, 72.68; H, 6.07; N, 21.17.


5.2.3.14. 5-Chloro-1H-indol-3-ylamine (13b). Yield:
64%; yellow solid; mp 104–105 �C; IR (KBr): 3400,
2845, 1610, 775 cm�1. 1H NMR (300 MHz, CDCl3): d
6.59 (s, 1H, pyrrole ring), 7.45–7.46 (d, 1H, benzene
ring), 7.61–7.62 (d, 1H, benzene ring), 8.48–8.49 (d,
1H, benzene ring), 11.65 (s, 2H, –NH2). MS (ESI) m/z
168.3 [M+1]+, 169.3 [M+2]+; analysis for C8H7ClN2


(167), calcd: C, 57.67; H, 4.23; N, 16.81. Found: C,
57.64; H, 4.20; N, 16.79.


5.2.3.15. 5-Chloro-2-methyl-1H-indol-3-ylamine (13c).
Yield: 67%; yellow solid; mp 137–139 �C; IR (KBr):
3400, 2845, 1610, 1375, 775 cm�1. 1H NMR
(300 MHz, CDCl3): d 2.14 (s, 3H, methyl), 7.55–7.56
(d, 1H, benzene ring), 7.69–7.70 (d, 1H, benzene ring),
8.55–8.56 (d, 1H, benzene ring), 11.70 (s, 2H, –NH2).
MS (ESI) m/z 181.1 [M+1]+, 182.1 [M+2]+; analysis
for C9H9ClN2 (180), calcd: C, 59.84; H, 5.02; N, 15.51.
Found: C, 59.81; H, 5.00; N, 15.49.


5.2.3.16. 2-Methyl-1H-indol-3-ylamine (13d). Yield:
62%; yellow solid; mp 115–116 �C; IR (KBr): 3400,
2845, 1600, 1375 cm�1. 1H NMR (300 MHz, CDCl3):
d 2.14 (s, 3H, methyl), 7.32–7.33 (m, 1H, benzene ring),
7.51–7.52 (d, 1H, benzene ring), 7.58–7.59 (d, 1H, ben-
zene ring), 8.49–8.50 (d, 1H, benzene ring), 11.66 (s,
2H, –NH2). MS (ESI) m/z 148.2 [M+1]+; analysis for
C9H10N2 (147), calcd: C, 73.94; H, 6.89; N, 19.16.
Found: C, 73.91; H, 6.87; N, 19.13.


5.2.3.17. 2-Phenyl-1H-indol-3-ylamine (13e). Yield:
68%; yellow solid; mp 108–110 �C; IR (KBr): 3400,
2845, 1600, 1375 cm�1. 1H NMR (300 MHz, CDCl3):
d 7.13–7.18 (m, 5H, benzene ring), 7.20–7.21 (m, 1H,
benzene ring), 7.55–7.56 (d, 1H, benzene ring), 7.63–
7.64 (d, 1H, benzene ring), 8.52–8.53 (d, 1H, benzene
ring), 11.65 (s, 2H, –NH2). MS (ESI) m/z 210.2
[M+1]+; analysis for C14H12N2 (209), calcd: C, 80.74;
H, 5.81; N, 13.45. Found: C, 80.72; H, 5.79; N, 13.42.


5.2.3.18. 5-Chloro-2-phenyl-1H-indol-3-ylamine (13f).
Yield: 66%; yellow solid; mp 125–127 �C; IR (KBr):
3400, 2845, 1600, 776 cm�1. 1H NMR (300 MHz,
CDCl3): d 7.30 – 7.40 (m, 5H, benzene ring), 7.42–7.43
(d, 1H, benzene ring), 7.45–7.46 (d, 1H, benzene ring),
8.51–8.52 (d, 1H, benzene ring), 11.65 (s, 2H, –NH2).
MS (ESI) m/z 243.2 [M+1]+, 244.2 [M+2]+; analysis
for C14H11ClN2 (242), calcd: C, 69.28; H, 4.57; N
11.54. Found: C, 69.25; H, 4.54; N 11.51.


5.2.3.19. 2-Cyclohexyl-1H-indol-3-ylamine (13g).
Yield: 69%; yellow solid; mp 109–111 �C; IR (KBr):
3400, 2845, 1600, 1400, 720 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.29–1.30 (m, 6H, –cyclohex),
1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclo-
hex), 7.21–7.22 (m, 1H, benzene ring), 7.55–7.56 (d, 1H,
benzene ring), 7.61–7.62 (d, 1H, benzene ring), 8.50–7.51

(d, 1H, benzene ring), 11.65 (s, 2H, –NH2). MS (ESI) m/
z 216.2 [M+1]+; analysis for C14H18N2 (215), calcd: C,
78.46; H, 8.47; N, 13.07. Found: C, 78.42; H, 8.43; N,
13.05.


5.2.3.20. 5-Chloro-2-cyclohexyl-1H-indol-3-ylamine
(13h). Yield: 71%; yellow solid; mp 127–129 �C; IR
(KBr): 3400, 2845, 1600, 1400, 775 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.29–1.30 (m, 6H, –cyclohex),
1.58–1.59 (m, 4H, –cyclohex), 2.75–2.76 (m, 1H, –cyclo-
hex), 7.54–2.55 (d, 1H, benzene ring), 7.61–7.62 (d, 1H,
benzene ring), 8.49–8.50 (d, 1H, benzene ring), 11.65 (s,
2H, –NH2). MS (ESI) m/z 250.2 [M+1]+, 251.2 [M+2]+;
analysis for C14H17ClN2 (249), calcd: C, 67.60; H, 6.89;
N, 11.26. Found: C, 67.57; H, 6.86; N, 11.23.


5.2.3.21. 2-Ethyl-1H-indol-3-ylamine (13i). Yield:
67%; yellow solid; mp 129–131 �C; IR (KBr): 3400,
2845, 1600, 1400, 1375 cm�1. 1H NMR (300 MHz,
CDCl3): d 1.22–1.23 (t, 3H, –CH2CH3), 2.59–2.60 (m,
2H, –CH2CH3), 7.55–7.56 (d, 1H, benzene ring), 7.61–
7.62 (m, 1H, benzene ring), 7.65–7.66 (d, 1H, benzene
ring), 8.45–8.46 (d, 1H, benzene ring), 11.65 (s, 2H,
–NH2). MS (ESI) m/z 161.2 [M+1]+; analysis for
C10H12N2 (160), calcd: C, 74.97; H, 7.55; N, 17.48.
Found: C, 74.94; H, 7.52; N, 17.44.


5.2.3.22. 5-Chloro-2-ethyl-1H-indol-3-ylamine (13j).
Yield: 67%; yellow solid; mp 124–136 �C; IR (KBr):
3400, 2845, 1600, 1400, 1375, 770 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.24–1.25 (t, 3H, –CH2CH3),
2.59–2.60 (m, 2H, –CH2CH3), 7.48–7.49 (d, 1H, benzene
ring), 7.55–7.56 (d, 1H, benzene ring), 8.51–8.52 (d, 1H,
benzene ring), 11.65 (s, 2H, –NH2). MS (ESI) m/z 195.2
[M+1]+, 196.2 [M+2]+; analysis for C10H11ClN2 (194),
calcd: C, 61.70; H, 5.70; N, 14.39. Found: C, 61.67; H,
5.67; N, 14.36.


5.2.3.23. 2-Benzyl-1H-indol-3-ylamine (13k). Yield:
62%; yellow solid; mp 143–145 �C; IR (KBr): 3400,
2845, 1600, 1400 cm�1. 1H NMR (300 MHz, CDCl3):
d 3.81 (s, 2H, –CH2–Ph), 7.29 – 7.39 (m, 5H, benzene
ring), 7.42–7.43 (m, 1H, benzene ring), 7.55–7.56 (d,
1H, benzene ring), 7.76–7.77 (d, 1H, benzene ring),
8.51–8.52 (d, 1H, benzene ring), 11.65 (s, 2H, –NH2).
MS (ESI) m/z 224.3 [M+1]+; analysis for C15H14N2


(223), calcd: C, 81.05; H, 6.35; N, 12.60. Found: C,
81.03; H, 6.31; N, 12.56.


5.2.3.24. 2-Benzyl-5-chloro-1H-indol-3-ylamine (13l).
Yield: 61%; yellow solid; mp 124–126 �C; IR (KBr):
3400, 2845, 1600, 1400, 776 cm�1. 1H NMR
(300 MHz, CDCl3): d 3.81 (s, 2H, –CH2–Ph), 7.34–
7.42 (m, 5H, benzene ring), 7.70–7.71 (d, 1H, benzene
ring), 8.55–8.56 (d, 1H, benzene ring), 11.65 (s, 2H,
–NH2). MS (ESI) m/z 257.4 [M+1]+, 258.4 [M+2]+; anal-
ysis for C15H13ClN2 (256), calcd: C, 70.18; H, 5.10; N,
10.91. Found: C, 70.14; H, 5.06; N, 10.87.


5.2.3.25. Synthesis of bis-Boc-N-(1H-indol-3-yl)-gua-
nidine (14a). Synthesis of compound 14a was carried out
starting from 3-amino-1H-indole (13a), using a general
procedure described for the synthesis of compound 6a.
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Yield: 62%; white solid; mp 188–189 �C; IR (KBr): 3400,
2850, 1710, 1610, 1050 cm�1. 1H NMR (300 MHz,
CDCl3): d 1.43 (s, 9H, (CH3)3CAOACOAN@), 1.56
(s, 9H, (CH3)3CAOACOANHA), 6.60 (s, 1H, pyrrole
ring), 7.20–7.21 (d, 1H, benzene ring), 7.55–7.56 (d,
1H, benzene ring), 7.68–7.69 (dd, 1H, benzene ring),
8.49–8.50 (d, 1H, benzene ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 375.3 [M+1]+; analysis for C19H26N4O4


(374), calcd: C, 60.95; H, 7.00; N, 14.96. Found: C,
60.91; H, 6.98; N, 14.93.


5.2.3.26. Bis-Boc-N-(5-chloro-1H-indol-3-yl)-guani-
dine (14b). Yield: 63%; white solid; mp 168–169 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1050, 775 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 6.60 (s, 1H, pyrrole ring), 7.55–7.56 (d,
1H, benzene ring), 7.68–7.69 (dd, 1H, benzene ring),
8.50–8.51 (d, 1H, benzene ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 409.3 [M+1]+, 410.3 [M+2]+; analysis
for C19H25ClN4O4 (408), calcd: C, 55.81; H, 6.16; N,
13.70. Found: C, 55.78; H, 6.14; N, 13.68.


5.2.3.27. Bis-Boc-N-(5-chloro-2-methyl-1H-indol-3-
yl)-guanidine (14c). Yield: 58%; white solid; mp 168–
169 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 2.16 (s, 3H, methyl), 7.80 (s, 1H, benzene
ring), 8.48 (s, 1H, benzene ring), 11.70 (s, 1H, –NH).
MS (ESI) m/z 423.2 [M+1]+, 424.2 [M+2]+; analysis
for C20H27ClN4O4 (422), calcd: C, 56.80; H, 6.44; N,
13.25. Found: C, 56.77; H, 6.42; N, 13.23.


5.2.3.28. Bis-Boc-N-(2-methyl-1H-indol-3-yl)-guani-
dine (14d). Yield: 70%; white solid; mp 155–157 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1375, 1050 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA
COANHA), 2.16(s, 3H, methyl), 7.11–7.12 (m, 1H, ben-
zene ring), 7.55–7.56 (d, 1H, benzene ring), 7.67 (s, 1H,
benzene ring), 8.53 (s, 1H, benzene ring), 11.72 (s, 1H,
–NH). MS (ESI) m/z 389.2 [M+1]+; analysis for
C20H28N4O4 (388), calcd: C, 61.84; H, 7.27; N, 14.42.
Found: C, 61.81; H, 7.25; N, 14.40.


5.2.3.29. Bis-Boc-N-(2-phenyl-1H-indol-3-yl)-guani-
dine (14e). Yield: 65%; white solid; mp 152–153 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1050 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.43 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
7.44–7.45 (m, 5H, benzene ring), 7.23–7.24 (m, 1H, ben-
zene ring), 7.56–7.57 (d, 1H, benzene ring), 7.67–7.68 (d,
1H, benzene ring), 8.58–8.59 (d, 1H, benzene ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 451.1 [M+1]+


C25H30N4O4 (450), calcd: C, 66.65; H, 6.71; N, 12.44.
Found: C, 66.63; H, 6.68; N, 12.41.


5.2.3.30. Bis-Boc-N-(5-chloro-2-Methyl-1H-indol-3-
yl)-guanidine (14f). Yield: 67%; white solid; mp 172–
174 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050,
775 cm�1. 1H NMR (300 MHz, CDCl3): d 1.43 (s, 9H,
(CH3)3CAOACOAN@), 1.56 (s, 9H, (CH3)3CAOA

COANHA), 7.30 –7.40 (m, 5H, benzene ring), 7.55–
7.56 (d, 1H, benzene ring), 7.60–7.61 (d, 1H, benzene
ring), 8.50–8.51 (d, 1H, benzene ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 485.3 [M+1]+, 486.3 [M+2]+; anal-
ysis for C25H29ClN4O4 (484), calcd: C, 61.91; H, 6.03; N,
11.55. Found: C, 61.88; H, 6.00; N, 11.53.


5.2.3.31. Bis-Boc-N-(2-cyclohexyl-1H-indol-3-yl)-gua-
nidine (14g). Yield: 68%; white solid; mp 142–143 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1050, 720 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.27–1.28 (m, 6H, –cyclo-
hexyl), 1.43 (s, 9H, (CH3)3CAOACOAN@), 1.56 (s,
9H, (CH3)3CAOACOANHA), 1.58–1.59 (m, 4H,
–cyclohexyl), 2.76–2.77 (m, 1H, –cyclohexyl), 7.20–2.21
(m, 1H, benzene ring), 7.55–7.56 (d, 1H, benzene ring),
7.60–7.61 (d, 1H, benzene ring), 8.50–8.51 (d, 1H, ben-
zene ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 457.3
[M+1]+; analysis for C25H36N4O4 (456), calcd: C,
65.76; H, 7.95; N, 12.27. Found: C, 65.73; H, 7.93; N,
12.24.


5.2.3.32. Bis-Boc-N-(5-chloro-2-cyclohexyl-1H-indol-
3-yl)-guanidine (14h). Yield: 61%; white solid; mp 158–
159 �C; IR (KBr): 3400, 2850, 1710, 1610, 1050, 775,
720 cm�1. 1H NMR (300 MHz, CDCl3): d 1.29–1.30
(m, 6H, –cyclohex), 1.43 (s, 9H, (CH3)3CAOA
COAN@), 1.56 (s, 9H, (CH3)3CAOACOAN), 1.58–
1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclohex),
7.55–7.56 (d, 1H, benzene ring), 7.60–7.61 (d, 1H, ben-
zene ring), 8.49–8.50 (d, 1H, benzene ring), 11.65 (s,
1H, –NH). MS (ESI) m/z 491.2 [M+1]+, 492.2 [M+2]+;
analysis for C25H35ClN4O4 (490), calcd: C, 61.15; H,
7.18; N, 11.41. Found: C, 61.11; H, 7.15; N, 11.38.


5.2.3.33. Bis-Boc-N-(2-ethyl-1H-indol-3-yl)-guanidine
(14i). Yield: 63%; white solid; mp 168–169 �C; IR (KBr):
3400, 2850, 1710, 1610, 1375 1050 cm�1. 1H NMR
(300 MHz, CDCl3): d 1.23–1.24 (t, 3H, –CH2CH3),
1.43 (s, 9H, (CH3)3CAOACOAN@), 1.56 (s, 9H,
(CH3)3CAOACOANA), 2.58–2.59 (m, 2H, –CH2CH3),
7.23–7.24 (d, 1H, benzene ring), 7.55–7.56 (d, 1H, ben-
zene ring), 7.67–7.68 (dd, 1H, benzene ring), 8.54–8.55
(d, 1H, benzene ring), 11.65 (s, 1H, –NH). MS (ESI)
m/z 403.2 [M+1]+; analysis for C21H30N4O4 (402), calcd:
C, 62.67; H, 7.51; N, 13.92. Found: C, 62.64; H, 7.49; N,
13.88.


5.2.3.34. Bis-Boc-N-(5-chloro-2-ethyl-1H-indol-3-yl)-
guanidine (14j). Yield: 66%; white solid; mp 170–
171 �C; IR (KBr): 3400, 2850, 1710, 1610, 1375
1050 cm�1. 1H NMR (300 MHz, CDCl3): d 1.24–1.25
(t, 3H, –CH2CH3), 1.43 (s, 9H, (CH3)3CAOACOAN@),
1.56 (s, 9H, (CH3)3CAOACOANHA), 2.59–2.60 (m,
2H, –CH2CH3), 7.55–7.56 (d, 1H, benzene ring), 7.67–
7.68 (dd, 1H, benzene ring), 8.50–8.51 (d, 1H, benzene
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 437.2 [M+1]+,
438.2 [M+2]+; analysis for C21H29ClN4O4 9436), calcd:
C, 57.73; H, 6.69; N, 12.82. Found: C, 57.70; H, 6.66;
N, 12.80.


5.2.3.35. Bis-Boc-N-(2-benzyl-1H-indol-3-yl)-guani-
dine (14k). Yield: 69%; white solid; mp 185–186 �C; IR
(KBr): 3400, 2850, 1710, 1610, 1050 cm�1. 1H NMR
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(300 MHz, CDCl3): d 1.43 (s, 9H, (CH3)3CAOA
COAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA), 3.81
(s, 2H, –CH2–Ph), 7.30–7.40 (m, 5H, benzene ring),
7.42–7.43 (m, 1H, benzene ring), 7.55–7.56 (d, 1H, ben-
zene ring), 7.61–7.62 (dd, 1H, benzene ring), 8.50–8.51
(d, 1H, benzene ring), 11.65 (s, 1H, –NH). MS (ESI)
m/z 465.3 [M+1]+; analysis for C26H32N4O4 (464), calcd:
C, 67.22; H, 6.94; N, 12.06. Found: C, 67.19; H, 6.91; N,
12.03.


5.2.3.36. Bis-Boc-N-(5-chloro-2-benzyl-1H-indol-3-yl)-
guanidine (14l). Yield: 60%; white solid; mp 153–154 �C;
IR (KBr): 3400, 2850, 1710, 1610, 1050, 775 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.43 (s, 9H, (CH3)3CA
OACOAN@), 1.56 (s, 9H, (CH3)3CAOACOANHA),
3.81 (s, 2H, –CH2–Ph), 7.22–7.23 (m, 5H, benzene;
7.55–7.56 (d, 1H, benzene ring), 7.66–7.67 (dd, 1H, ben-
zene ring), 8.52–8.53 (d, 1H, benzene ring), 11.65 (s, 1H,
–NH). MS (ESI) m/z 499.2 [M+1]+, 500.2 [M+2]+; Anal.
Calcd for C26H31ClN4O4 (498), calcd: C, 62.58; H, 6.26;
N, 11.23. Found: C, 62.55; H, 6.22; N, 11.20.


5.2.3.37. Synthesis of N-(1H-Indol-3-yl)-guanidine
(4a). Synthesis of compound 4a was carried out starting
from bis-Boc-N-(1H-indol-3-yl)-guanidine (14a), using a
general procedure described for the synthesis of com-
pound 2a. Yield: 61%; white solid; mp 122–123 �C; IR
(KBr): 3430, 2854, 1610 cm�1. 1H NMR (300 MHz,
CDCl3): d 6.70 (s, 1H, pyrrole ring), 7.13–7.14 (m, 1H,
benzene ring), 7.56–7.57 (d, 1H, benzene ring), 7.68–
7.69 (d, 1H, benzene ring), 8.22–8.23 (d, 1H, benzene
ring), 11.77 (s, 1H, –NH). MS (ESI) m/z 175 [M+1]+;
analysis for C9H10N4 (174), calcd: C, 62.05; H, 5.79;
N, 32.16. Found: C, 62.01; H, 5.75; N, 32.13.


5.2.3.38. N-(5-Chloro-1H-indol-3-yl)-guanidine (4b).
Yield: 66%; white solid; mp 99–101 �C; IR (KBr):
3430, 2854, 1610, 774 cm�1. 1H NMR (300 MHz,
CDCl3): d 6.70 (s, 1H, pyrrole ring), 7.55–7.56 (d, 1H,
benzene ring), 7.67–7.68 (d, 1H, benzene ring), 8.20–
8.21 (d, 1H, benzene ring), 11.77 (s, 1H, –NH); MS
(ESI) m/z 209.3 [M+1]+, 210.3 [M+2]+; analysis for
C9H9ClN4 (208), calcd: C, 51.81; H, 4.35; N, 26.85.
Found: C, 51.78; H, 4.31; N, 26.82.


5.2.3.39. N-(5-Chloro-2-methyl-1H-indol-3-yl)-guani-
dine (4c). Yield: 60%; white solid; mp 138–139 �C; IR
(KBr): 3400, 2854, 1610, 1375, 775 cm�1. 1H NMR
(300 MHz, CDCl3): d 2.16 (s, 3H, methyl), 7.80 (s, 1H,
benzene ring), 8.48 (s, 1H, benzene ring), 11.70 (s, 1H,
–NH). MS (ESI) m/z 223.1 [M+1]+, 224.1 [M+2]+; anal-
ysis for C10H11ClN4 (222), calcd: C, 53.94; H, 4.98; N,
25.16. Found: C, 53.92; H, 4.95; N, 25.12.


5.2.3.40. N-(2-Methyl-1H-indol-3-yl)-guanidine (4d).
Yield: 66%; white solid; mp 125–126 �C; IR (KBr): 3400,
2854,1610, 1375 cm�1. 1H NMR (300 MHz, CDCl3): d
2.16 (s, 3H, methyl), 7.13–7.14 (m, 1H, benzene ring),
7.54–7.55 (d, 1H, benzene ring), 7.67 (s, 1H, Benzene
ring), 8.5 (s, 1H, benzene ring), 11.7 (s, 1H, –NH). MS
(ESI) m/z 189.2 [M+1]+; analysis for C10H12N4 (188),
calcd: C, 63.81; H, 6.43; N, 29.77. Found: C, 63.77; H,
6.40; N, 29.73.

5.2.3.41. N-(2-Phenyl-1H-indol-3-yl)-guanidine (4e).
Yield: 63%; white solid; mp 118–119 �C; IR (KBr):
3430, 2854, 1610 cm�1. 1H NMR (300 MHz, CDCl3): d
7.03–7.04 (m, 1H, benzene ring), 7.12–7.13 (m, 1H, ben-
zene ring), 7.39–7.48 (m, 2H, benzene ring), 7.55–7.56
(d, 1H, benzene ring), 7.67–7.68 (d, 1H, benzene ring),
7.96–7.97 (d, 2H, benzene ring), 8.20–8.21 (d, 1H, benzene
ring), 11.77 (s, 1H, –NH). MS (ESI) m/z 251.2 [M+1]+;
analysis for C15H14N4 (250), calcd: C, 71.98; H, 5.64; N,
22.38. Found: C, 71.95; H, 5.60; N, 22.34.


5.2.3.42. N-(5-Chloro-2-phenyl-1H-indol-3-yl)-guani-
dine (4f). Yield: 67%; white solid; mp 145–147 �C; IR
(KBr) 3400, 2854, 1610, 775 cm�1. 1H NMR
(300 MHz, CDCl3): d 7.11–7.12 (m, 1H, benzene ring),
7.39–7.48(m, 2H, benzene ring), 7.55–7.56 (d, 1H, ben-
zene ring), 7.8 (s, 1H, benzene ring), 7.97–7.98 (d, 2H,
benzene ring), 8.48 (s, 1H, benzene ring), 11.7 (s, 1H,
–NH). MS (ESI) m/z 285.2 [M+1]+, 286.2 [M+2]+; anal-
ysis for C15H13ClN4 (284), calcd: C, 63.27; H, 4.60; N,
19.68. Found: C, 63.23; H, 4.56; N, 19.64.


5.2.3.43. N-(2-Cyclohexyl-1H-indol-3-yl)-guanidine
(4g). Yield: 61%; white solid; mp 115–116 �C; IR (KBr):
3400, 2854, 1610, 1410, 720 cm�1. 1H NMR (300 MHz,
CDCl3): d 1.29–1.30 (m, 6H, –cyclohex), 1.58–1.59 (m,
4H, –cyclohex), 2.76–2.77 (m, 1H, –cyclohex), 7.20–7.21
(m, 1H, benzene ring), 7.55–7.56 (d, 1H, benzene ring),
7.62–7.63 (d, 1H, benzene ring), 8.52–8.53 (d, 1H, benzene
ring), 11.65 (s, 1H, –NH). MS (ESI) m/z 257.2 [M+1]+;
analysis for C15H20N4 (256), calcd: C, 70.28; H, 7.86; N,
21.86. Found: C, 70.25; H, 7.82; N, 21.83.


5.2.3.44. N-(5-Chloro-2-cyclohexyl-1H-indoyl-3-yl)-
guanidine (4h). Yield: 65%; white solid; mp 138–139 �C;
IR (KBr): 3400, 2854, 1610, 1410, 775, 720 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.29–1.31 (m, 6H, –cyclo-
hex), 1.58–1.59 (m, 4H, –cyclohex), 2.76–2.77 (m, 1H,
–cyclohex), 7.55–7.56 (d, 1H, benzene ring), 7.66–7.77
(d, 1H, benzene ring), 8.50–8.51 (d, 1H, benzene ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 292.2 [M+1]+, 293.2
[M+2]+; analysis for C15H19ClN4 (291), calcd: C, 61.96;
H, 6.59; N, 19.27. Found: C, 61.92; H, 6.56; N, 19.24.


5.2.3.45. N-(2-Ethyl-1H-indol-3-yl)-guanidine (4i).
Yield: 67%; white solid; mp 133–134 �C; IR (KBr):
3400, 2854, 1610, 1400, 1375.cm�1. 1H NMR (300
MHz, CDCl3): d 1.22–1.23 (t, 3H, –CH2CH3), 2.59–
2.60 (m, 2H, –CH2CH3), 7.22–7.23 (m, 1H, benzene
ring), 7.55–7.56 (d, 1H, benzene ring), 7.70–7.71 (d,
1H, benzene ring), 8.53–8.54 (d, 1H, benzene ring),
11.65 (s, 1H, –NH). MS (ESI) m/z 203.2 [M+1]+; analysis
for C11H14N4 (202), calcd: C, 65.32; H, 6.98; N, 27.70.
Found: C, 65.28; H, 6.96; N, 27.66.


5.2.3.46. N-(5-Chloro-2-ethyl-1H-indol-3-yl)-guani-
dine (4j). Yield: 60%; white solid; mp 148–149 �C; IR
(KBr): 3400, 2854, 1610, 1400, 1375, 775 cm�1. 1H
NMR (300 MHz, CDCl3): d 1.24–1.25 (t, 3H,
–CH2CH3), 2.59–2.60 (m, 2H, –CH2CH3), 7.55–7.56
(d, 1H, benzene ring), 7.70–7.71 (d, 1H, benzene ring),
8.53–8.54 (d, 1H, benzene ring), 11.65 (s, 1H, –NH).
MS (ESI) m/z 237.2 [M+1]+, 238.2 [M+2]+; analysis
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for C11H13ClN4 (236), calcd: C, 55.82; H, 5.54; N, 23.67.
Found: C, 55.79; H, 5.51; N, 23.64.


5.2.3.47. N-(2-Benzyl-1H-indol-3-yl)-guanidine (4k).
Yield: 63%; white solid; mp 103–105 �C; IR (KBr):
3400, 2854, 1610, 1400 cm�1. 1H NMR (300 MHz,
CDCl3): d 3.81 (s, 2H, –CH2–Ph), 7.21–7.29 (m, 1H,
benzene ring), 7.32 – 7.43 (m, 5H, benzene ring), 7.55–
7.56 (d, 1H, benzene ring), 7.63–7.64 (dd, 1H, benzene
ring), 8.53–8.54 (d, 1H, benzene ring), 9.97 (s, 1H,
–NH), 11.65 (s, 1H, –NH). MS (ESI) m/z 265.2
[M+1]+; analysis for C16H16N4 (264), calcd: C, 72.70;
H, 6.10; N, 21.20. Found: C, 72.68; H, 6.06; N, 21.17.


5.2.3.48. N-(2-Benzyl-5-chloro-1H-indol-3-yl)-guani-
dine (4l). Yield: 69%; white solid; mp 124–126 �C; IR
(KBr): 3400, 2854, 1610, 1400, 775, 720 cm�1. 1H
NMR (300 MHz, CDCl3): d 3.81 (s, 2H, –CH2–Ph),
7.31 – 7.40 (m, 5H, benzene ring), 7.55–7.56 (d, 1H, ben-
zene ring), 7.63–7.64 (dd, 1H, benzene ring), 8.55–8.56
(d, 1H, benzene ring), 9.97 (s, 1H, –NH), 11.65 (s, 1H,
–NH). MS (ESI) m/z 299.2 [M+1]+, 300.2 [M+2]+; anal-
ysis for C16H15ClN4 (298), calcd: C, 64.32; H, 5.06; N,
18.75. Found: C, 64.28; H, 5.02; N, 18.73.


5.3. In vitro glucose-dependent insulin secretion (RIN5F
cell assay screening protocol)


RIN5F (rat insulinoma) cells were cultured in RPMI
1640 medium supplemented with sodium pyruvate
(1 mM) Hepes and glucose (4.5 g/L) in a humidified
incubator (5% CO2), at 37 �C. After trypsinization,
RIN5F cells were seeded at a concentration of
0.2 · 106 cells per well, in 12-well plates. The cells were
grown overnight to 80% confluence and insulin secretion
experiments were performed as follows.39,40


Cells were washed once with phosphate-buffered saline
(PBS) solution, followed by 40 min incubation in fresh
Krebs–Ringer balanced buffer containing NaCl
(115 mmol/L);KCl (4.7 mmol/L), CaCl2 (1.28 mmol/L),
MgSO4Æ7H2O (1.2 mmol/L), KH2PO4 (1.2 mmol/L),
NaHCO3 (10 mmol/L), and Hepes (25 mmol/L), contain-
ing glucose (1.1 mM) and BSA (0.5%), pH 7.4. The buffer
was replaced after 40 min and the cells were incubated
(37 �C) with the test and the standard compounds, at dif-
ferent concentrations, for 30 min, both in the presence
(16.7 mM) and absence (0 mM) of glucose load. The
supernatant was collected and the insulin amount was
measured by ultra sensitive Rat insulin ELISA kit (Crys-
tal Chem, IL). The protein was estimated in the superna-
tant using Bicinchoninic Acid kit, according to the
manufacturer’s protocol (Sigma–Aldrich, MO). The total
insulin content obtained in picogram (pg) was divided
with the total protein (lg) in order to normalize for differ-
ences in cell density between wells.
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Abstract—A series of new 9-substituted acridyl derivatives were synthesized and their in vitro antimalarial activity was evaluated
against one chloroquine-sensitive strain (3D7) and three chloroquine-resistant strains [W2 (Indochina), Bre1 (Brazil) and FCR3
(Gambia)] of Plasmodium falciparum. Some compounds inhibit the growth of malarial parasite with IC50 6 0.20 lM.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


More than 40% of the population in the world lives in
areas infected by malaria. Malaria is a disease that af-
fects hundreds of millions of people, causes more than
a million death per year, and is in continual increase.1


Quinine (QN), then chloroquine (CQ) were the drugs
of choice for malaria chemotherapy for over 50 years
because of their high efficacy, relatively low toxicity,
ease of use, and low cost.2 However, in recent years,
malaria parasites, particularly Plasmodium falciparum,
the most virulent of the human parasite, have developed
resistant strains to QN and CQ. Researches are in pro-
gress to elucidate the mechanism of action of those
drugs that contain a quinoline nucleus and much effort
is directed toward the synthesis of novel antimalarial
drugs containing an acridine ring.3–7
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Abbreviations: b-Ala, b-alanine; Arg, arginine; Gly, glycine; Bn, ben-


zyl; Boc, tert-butoxycarbonyle; Fmoc, fluorenyl-9-methoxycarbonyle;


Pbf, 2,2,4,6,7-pentamethyldihydrobenzofurane-5-sulfonyle; BOP,


benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluoro-


phosphate; DIEA, diisopropylethylamine; DBU, 1,8-diazabicy-


clo[5.4.0]undec-7-ene; DPPA, diphenylphosphoryl azide; TFA,


trifluoroacetic acid.


Keywords: Antimalarial; Plasmodium falciparum; Aminoacridine; Pep-


tidic synthesis.
* Corresponding author. Tel.: +33 1 69 15 47 20; fax: +33 1 69 15 72


81; e-mail: mperreef@icmo.u-psud.fr

Acridine compounds known to have antimalarial activ-
ity are essentially 9-aminoacridine derivatives such as
quinacrine and 9-anilinoacridine derivatives.7–11 It was
previously considered that the primary receptor was
DNA because acridines like chloroquine are able to
intercalate into DNA and consequently can inhibit
DNA transcription in parasites.12–14 Furthermore,
9-anilinoacridines that have good antimalarial activities
in vitro are potent inhibitors of parasite DNA topoiso-
merase II both in vitro and in situ.15,16 This relationship
is evidenced on 3,6-diamino-9-anilinoacridine that dis-
plays higher antiparasitic activity and increased inhibi-
tory effects on parasite topoisomerase II. It was first
suggested that low lipophilicity and high basicity were
important factors for the in vitro antimalarial activity
of 9-anilinoacridines.7 Even if it appeared that there
was no direct correlation between DNA binding and
antimalarial activity, one can consider that the increased
basicity and additional cationic charges resulting from
the 3,6-diamino substitution of the acridine ring should
greatly reinforce DNA binding. A model in which the
acridine ring intercalates into DNA and the 9-anilino
side group projects into the DNA minor groove where
it interacts with topoisomerase II could explain the
capacity of these compounds to inhibit the enzyme.17


However, it is recognized that inhibition of parasite
topoisomerase II may not be the only mechanism of ac-
tion of acridine derivatives. The antimalarial activity of
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quinolines and acridine derivatives is actually believed
to be due to the inhibition of hemoglobin digestion by
the plasmodia, and subsequent blockade of the released
free heme polymerization into hemozoin, the malaria
pigment, in the parasite food vacuole.18–21 The structure
of hemozoin is thought to consist of a crystalline insol-
uble cyclic dimer of ferriprotoporphyrin IX.22 Antima-
larial drugs that contain an acridine nucleus can thus
bind strongly to heme and inhibit the crystallization
process.


As part of our research devoted to the synthesis of new
DNA intercalators,23 we have designed and synthesized
new acridine derivatives, bearing one or several cationic
charges and substituted at the 9-position by a chain of
various length and nature. An in vitro investigation of
the structure-antimalarial activity relationships will be
reported.

2. Chemistry


Two series of acridine derivatives have been investi-
gated. They are listed on Table 1. One is a series of
9-amino acridinium derivatives bearing several cationic
charges in order to increase its pKa: one on the acridine
ring and the other(s) on the chain grafted at the 9-amino
position. This chain can be a simple ammonium chain of
six carbon atoms (compound 2), or an amine-peptidic
chain of various length and various nature. Aminoacids
investigated in this work were Gly, b-Ala, alone or
bound to Arg. Synthesis of these derivatives is described
in Schemes 1 and 2. The second series of acridyl deriva-
tives is positively charged only on the peptidic chain
grafted on the acridine ring. Two derivatives (com-
pounds 30 and 31) have been synthesized. They differ
by the connection of the peptidic chain to the acridine
(NHCO vs CONH) and the total length of the chain.
Synthesis of compound 30 is described in Scheme 3.
Compound 31 was obtained by cleavage of the guanid-
inium protective group of the previously synthesized
9-acridinecarboxamide derivative.23


The general route of all the syntheses consists in a clas-
sical peptidic synthesis, using a series of peptidic cou-
plings with coupling reagents to activate the acidic

Table 1. Acridine derivatives tested in this work


X


R


R1


Compound X R1 R2


2 NH+Cl� Cl OCH


6 NH+Cl� Cl OCH


9 NH+Cl� Cl OCH


12 NH+Cl� Cl OCH


15 NH+Cl� Cl OCH


22 NH+Cl� Cl OCH


30 N H H


31 N H H


ArgþCl�@COCHðNH3
þCl�Þð CH2Þ3NHCð@NHÞðNH3


þCl�Þ.

function. It requires the preliminary protection of the
functional groups that are likely to react during the cou-
pling. In order to avoid secondary coupling reactions,
arginine used in this work was protected on its amine
function. It was also protected on its guanidinium
group, yielding derivatives easier to purify than the chlo-
ride salt and that protection was maintained until the
ultimate stage of the synthesis. We chose to protect
the guanidinium with the 2,2,4,6,7-pentame-
thyldihydrobenzofuran-5-sulfonyl (Pbf) protective
group, as it is cleaved by TFA24 while the arginine
amine function was protected by the Fmoc-group, one
of the very rare amine protective groups to be cleaved
by bases.25 Synthesis of the acridyl derivative bound to
two b-Ala units and one arginine (compound 22) was
achieved by two parallel ways using one bis-protected
b-Ala (O-Bn and N-Boc) and a bis-protected arginine
as starting materials, on one hand, and acridine and
one Boc-b-Ala moiety on the other hand (Scheme 2).
This strategy allows obtaining more soluble synthons
than the classical linear coupling method involved in
the synthesis of the other amino acid derivatives. Yield
of the final coupling and consequently, yield of com-
pound 22 is thus increased. All the acridine derivatives
were obtained as their TFA salts. As they were tested
under their Cl� form, the last step of the synthesis was
a trifluoroacetate–chloride ion exchange through a
Dowex Cl� resin column, followed by precipitation of
the product in H2O/acetone to remove the sodium salts
in excess.

3. Antimalarial activity


The antimalarial activity of all the synthesized acridine
derivatives has been tested on P. falciparum 3D7, W2,
FCR3, and Bre1 strains (one chloroquine-sensitive and
three chloroquine-resistant strains, respectively), and
compared with that of chloroquine. Results are given
in Table 2.


The data emphasize two major points:


– Presence of a cationic charge on the acridine nucleus
is required to provide a significant antimalarial activ-
ity. Compounds 30 and 31 in which the chain is not

R2


R


3 NHðCH2Þ6NH3
þCl�


3 NHðCH2Þ6NHCOðCH2Þ3NH3
þCl�


3 NHðCH2Þ6NHCOðCH2Þ3NHCOCH2NH3
þCl�


3 NHðCH2Þ6NHCOðCH2Þ3NHCOCH2NHArgþCl�


3 NHðCH2Þ6NHCOðCH2Þ2NH3
þCl�


3 NH(CH2)6NHCO(CH2)2NHCO(CH2)2NHArg+Cl�


NHCO(CH2)7NHCOCH2NHArg+Cl�


CONH(CH2)6NHCOCH2NHArg+Cl�







Scheme 1. Synthesis of compounds 2, 6, 9, and 12. Reagents and conditions: (a) TFA, 12 h, Dowex Cl�; (b) 1,1 0-carbonyldiimidazole (1 equiv),


CH2Cl2, rt, argon, 12 h; (c) CH2Cl2/TFA (1/1), rt, 12 h; (d) Dowex Cl�; (e) 1,1 0-carbonyldiimidazole (1.1 equiv), Et3N (2 equiv/5 + 1 equiv/Gly),


DMF, rt, argon, 72 h; (f) (Fmoc)Arg(Pbf)OH (1.1 equiv), BOP (1.2 equiv), DIEA (5 equiv/8 + 1.1 equiv/Arg), DMF, rt, argon, 72 h; (g) DBU


(4 equiv), THF, rt, 2 h; (h) TFA/H2O (95/5), Et3SiH (2 equiv), rt, 12 h.
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attached to the acridine by an amino bond, have
pKa = 4 and consequently are not positively charged
on the ring in the in vitro assays. The IC50 values of
their antimalarial activity range between 27–30 lM
for 30 and 42–48 lM for 31, according to the strain.


– The most active molecules are those whose chain
attached to the acridine ring is shortest. Best results
are obtained for the acridine derivative 2, and IC50


values decrease in the order 9 > 12 > 6 > 2, whatever
the strains. However, the activity of 6 against Bre1 is
almost equal to that of 2, whereas it is about three
times lower against the two other CQ-resistant strains.


In addition, compound 2 is between 2.5- and 3-fold
more efficient than CQ against CQ-resistant strains.


The grafting of an arginine to compound 9 (compound
12) hardly increases its activity. In contrast, it improves
the activity against chloroquine-resistant strains of the
series encompassing b-ala linkers (22 > 15), but severely
decreases its activity against 3D7.

4. Discussion


It is obvious that the mechanism of action of antimalar-
ial drugs is unclear and new data may help to better
understand the role played by DNA or hematin.

Antimalarial 9-anilinoacridines are potent inhibitors of
parasite DNA topoisomerase II both in vitro15 and
in situ.16 Nevertheless, such as chloroquine, the 9-anili-
noacridines can be considered inhibitors of heme poly-
merization or agents that act to divert heme from
participating in the crystallization process, leading to
the accumulation of free heme, which is toxic for the
parasite.26 Some of these compounds inhibit b-hematin
formation, form drug–hematin complexes, and enhance
hematin-induced lysis of erythrocytes. The nature of the
substitution in the anilino ring affects these abilities. In
addition, some 9-anilinoacridines show gametocytocidal
activity.27,28


Compound 2, the most active acridine derivative pre-
sented in this work, has a structure similar to that of
mepacrine, a 9-aminoacridine synthetic anti-malarial
drug. Its higher activity may result from its facility,
due to its small size, to enter the vacuole.


On the other hand, recent research has focused on acri-
dine derivatives as chemotherapeutic agents because of
the ability of the acridine chromophore to intercalate
into DNA.29 Based on this, the selection of 9-amino-6-
chloro-2-methoxyacridine (ACMA) derivatives as inter-
calating agents has been widely developed.30 As all the
present synthesized acridine derivatives that reveal good
inhibitors of P. falciparum are ACMA derivatives, it







Scheme 2. Synthesis of compounds 15 and 22. Reagents and conditions: (a) 1,1 0-carbonyldiimidazole (1 equiv), CH2Cl2, rt, argon, 12 h; (b) CH2Cl2/


TFA (1/1), rt, 12 h; (c) Dowex Cl�; (d) K2CO3 (1 equiv), DMF, BnBr (1 equiv), rt; (e) (Fmoc)Arg(Pbf)OH (0.83 equiv), DPPA (1 equiv), DMF,


DIEA (1.33 equiv), 0 �C, 12 h; (f) H2 (10 bars), Pd/C, EtOAc, 48 h; (g) BOP (1 equiv), DIEA (2 equiv/14 + 2 equiv/19), DMF, rt, argon, 28 h; (h)


DBU (1 equiv), THF, rt, 72 h; (i) TFA/H2O (90/10), Et3SiH (2 equiv), rt, 12 h.
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seems reasonable to consider that our molecules are also
good DNA intercalators. The positive charge on the
acridine ring favors the approach of the molecule to
DNA and reinforces DNA-interaction. This is sup-
ported by fluorescence experiments, that have demon-
strated that compound 22 is able to interact strongly
with poly(dAdT)2 and poly(dGdC)2, while compound
30 displays no detectable interaction with DNA.31 The
positively charged acridine side chain may lie in the min-
or groove and interacts with DNA phosphate groups. If
it contains an arginine moiety (compounds 12 and 22), it
projects rather in the major groove and the amino
groups of the guanidinium side chain of arginine can
form hydrogen bonds with guanines.32 So, the antima-

larial activity of 9-aminoacridine derivatives could be
related to their ability to intercalate into DNA.


In addition, the planarity of acridine nucleus favors the
formation of cofacial p–p complexes with the free
released heme. A NMR study reported that the interaction
between CQ and hematin consists of a close stacking
between the porphyrin ring and the quinoline nucleus
of the drug.33 The complexes may also be stabilized by
hydrogen bonding between the protonated terminal
amino groups of the acridine side chain and the propio-
nate carboxylate of the porphyrin. As these interactions
are hydrophobic and can occur between two neutral
rings, a positive charge on the acridine ring would not







Scheme 3. Synthesis of compound 30. Reagents and conditions: (a) BOP (1.1 equiv), DIEA (1.2 equiv), DMF, rt, argon, 12 h; (b) CH2Cl2/TFA (1/1),


rt, 12 h; (c) BOP (1.2 equiv), DIEA (5 equiv/25 + 1.2 equiv/Gly), DMF, rt, argon, 12 h; (d) (Fmoc)Arg(Pbf)OH (1 equiv), BOP (1.2 equiv), DIEA


(5 equiv/27 + 1.2 equiv/Arg), DMF, rt, argon, 12 h; (e) DBU (4 equiv), THF, rt, 2 h; (f) TFA/H2O (95/5), Et3SiH (2 equiv), rt, 12 h.


Table 2. Comparative in vitro efficiency of chloroquine (CQ) and the acridine derivatives against chloroquine-sensitive and chloroquine-resistant


P. falciparum strains


Plasmodium falciparum strains


Chloroquine-sensitive Chloroquine-resistant


3D7 W2 FCR3 Bre1


Compound IC50 (lM)


[confidence interval]


Compound IC50 (lM)


[confidence interval]


Compound IC50 (lM)


[confidence interval]


Compound IC50 (lM)


[confidence interval]


CQ 0.018 [0.016–0.020] 2 0.18 [0.13–0.25] 2 0.20 [0.18–0.23] 2 0.17 [0.13–0.21]


2 0.13 [0.09–0.19] CQ 0.44 [0.38–0.51] CQ 0.50 [0.39–0.64] 6 0.18 [0.12–0.19]


6 0.19 [0.14–0.27] 6 0.57 [0.47–0.68] 6 0.54 [0.50–0.59] 12 0.50 [0.42–0.58]


12 0.84 [0.76–0.93] 12 0.82 [0.73–0.91] 12 0.67 [0.63–0.71] CQ 0.52 [0.42–0.66]


9 0.89 [0.75–1.05] 9 0.83 [0.69–1.01] 9 0.81 [0.65–1.01] 9 0.62 [0.53–0.72]


15 0.91 [0.71–1.16] 22 0.94 [0.79–1.13] 22 0.86 [0.77–0.95] 22 0.86 [0.79–0.92]


22 3.32 [3.07–3.58] 15 1.25 [0.97–1.61] 15 1.25 [0.98–1.60] 15 1.26 [1.13–1.41]


30 27.1 [24.5–30.0] 30 30.5 [26.9–34.7] 30 27.2 [23.0–32.2] 30 28.7 [24.5–33.6]


31 42.0 [38.7–45.5] 31 43.6 [36.7–51.7] 31 42.5 [32.3–56.0] 31 47.6 [42.8–53.1]
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strengthen the stacking and improve the activity. Even if
antimalarial activity of our acridine derivatives should
result from the strength of their binding to heme, it must
also depend strongly on their ability to accumulate in
the food vacuole of the parasite. Fairly high basicity
as observed here for the active compounds (pKa > 8)
facilitates the accumulation in the malaria parasite
acidic food vacuole in which hemozoin formation takes
place.34


The role played both by the acridine chromophore and
the basicity of the molecule is highlighted by the fact
that most of the present compounds were found to be
more potent against P. falciparum parasites than aryl-
sulfonyl acridinyl derivatives.5 The antimalarial activity
of these sulfone compounds has been tested on P. falci-
parum 3D7 and W2 strains, and it has been concluded

that, even if the sulfonyl group, in increasing the basicity
of the molecule, was essential for the antimalarial activ-
ity, the action was conferred by the acridine ring.


In conclusion, some of the acridine derivatives evaluated
in this study showed significant antimalarial activity
against P. falciparum in vitro. This activity is conferred
by the acridine ring, in its cationic form, and is depen-
dent on the nature of the chain linked to the ring. So,
all the mechanisms postulated to elucidate the antima-
larial activity of drugs that contain a quinoline ring
could be discussed in this work and research is in pro-
gress to optimize the structure of these derivatives. Sub-
sequent experiments will be performed in the laboratory
in order to find a correlation between the activity of our
compounds and their ability to bind to DNA and/or to
form complexes with ferriprotoporphyrin IX.
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5. Experimental


5.1. Chemistry


5.1.1. General methods. Coupling reactions were per-
formed under an argon atmosphere and in a commercial
acid- and base-free DMF (99.8% Aldrich). Most of the
reactions were carried out in the dark. THF was dried
over sodium and distilled prior to use. All other solvents
and reagents were pure grade and used without purifica-
tion, as well as the following commercially available
chemicals: 9-aminoacridine and 8-aminocaprylic acid
(Acros), 6,9-dichloro-2-methoxyacridine and 1,6-hexane-
diamine (Aldrich), c-aminobutyric acid, Boc-Gly-OH,
and Boc-b-Ala-OH (Fluka), and Fmoc-Arg(Pbf)-OH
(Senn Chemicals).


Reactions were monitored by thin layer chromatography
(TLC) performed on silica gel sheets containing UV
fluorescent indicator (60 F254 Merck). 1H and 13C
NMR spectra were recorded on Bruker AC 200, Bruker
AC 250, Bruker AV 360, and Bruker AC 400 spectro-
meters (200, 250, 360, and 400 MHz for 1H, respectively,
and 50, 63, 90, and 100 MHz for 13C, respectively). Chemical
shifts, d, are reported in ppm taking residual CHCl3 or
CHD2OD as the reference. Mass spectra were recorded
on a Finnigan-MAT-95-S, using MeOH/CH2Cl2/H2O
(45/40/15, v/v) as solvent. Elemental analyses were per-
formed by the Service Central de Microanalyse du CNRS.


5.1.2. N1-(6-Chloro-2-methoxyacridin-9-yl)hexane-1,6-
diamine (1). This compound was synthesized from 6,9-
dichloro-2-methoxyacridine (1.1 g, 2.98 mmol) and
1,6-hexanediamine (14 mL), according to the procedure
described by Uno35, and obtained in 98% yield.


– 1H NMR (CD3OD, 200 MHz) d ppm: 1.20 (m, 6H),
1.55 (qn, 2H), 2.40 (t, 2H), 3.55 (t, 2H), 3.80 (s, 3H),
7.05 (dd, 1H), 7.20 (dd, 1H), 7.25 (s, 1H), 7.60 (d,
1H), 7.65 (s, 1H), 8.00 (d, 1H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 27.6, 27.8, 32.1,
33.6, 42.3, 50.9, 56.1, 101.0, 115.6, 118.2, 124.0, 125.9,
126.9, 130.3, 130.5, 136.3, 146.9, 149.2, 152.7, 157.0.


– MS (ES) m/z: 358.2 (MH+) (100%).
– Anal. Calcd for C20H24ClN3O, H2O: C, 63.91; H, 6.97;


N, 11.18. Found C, 64.02; H, 6.78; N, 11.02.


5.1.3. 4-(tert-Butoxycarbonylamino)butyric acid (3).
Di-tert-butyl dicarbonate [(Boc)2O] (3.27 g, 15 mmol)
in 15 mL dioxane was added dropwise to a solution of
c-aminobutyric acid (1.03 g, 10 mmol) in dioxane
(15 mL) and NaOH 1 N (15 mL) at 0 �C. The reaction
mixture was allowed to stand overnight. The crude
product was concentrated under reduced pressure, HCl
1 N was added, and diluted with EtOAc. The organic
layer was washed with water and dried over Na2SO4.
The solvant was evaporated in vacuo. The compound
3 was obtained as a yellow oil in 85% yield (1.83 g,
9 mmol) and used without further purification.


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.35 (s, 9H), 1.75
(qn, 2H), 2.35 (t, 2H), 3.10 (q, 2H), 4.85 (t, 1H), 6.05
(s, 1H).

– 13C NMR (CDCl3, 63 MHz) d ppm: 24.8, 28.0, 30.9,
39.5, 78.9, 156.1, 177.2.


– MS (ES) m/z: 202.2 (MH+) (100%).


5.1.4. tert-Butyl 4-[6-(6-chloro-2-methoxyacridin-9-yl-
amino)hexylamino]-4-oxobutylcarbamate (4). A mixture
of compound 3 (788 mg, 3.88 mmol) and 1,1 0-carbon-
yldiimidazole (629 mg, 3.88 mmol) in CH2Cl2 (20 mL)
was stirred for 1 h. A solution of 1 (1.39 g, 3.88 mmol)
in CH2Cl2 (20 mL) was added dropwise and the reaction
mixture was stirred overnight, then concentrated in va-
cuo and purified by MPLC in CH2Cl2/MeOH (90/10)
to afford 4 as a yellow powder in 55% yield (1.16 g,
2.14 mmol).


– 1H NMR (CDCl3, 200 MHz) d ppm: 1.30 (m, 15H),
1.65 (m, J = 8 Hz, 4H), 2.15 (t, J = 8 Hz, 2H), 3.10
(m, 4H), 3.55 (t, J = 8 Hz, 2H), 3.90 (s, 3H), 4.90 (m,
1H), 6.45 (m, 1H), 7.15 (dd, J = 2.2 Hz, J2 = 9.7 Hz,
2H), 7.18 (dd, J1 = 2.2 Hz, J2 = 9.7 Hz, 1H), 7.35
(dd, J1 = 2.2 Hz, J2 = 9.7 Hz, 1H), 7.85 (s, 1H), 7.92
(dd, J1 = 2.2 Hz, J2 = 9.7 Hz, 2H), 7.95 (s, 1H).


– 13C NMR (CDCl3, 50 MHz) d ppm: 26.2, 26.5, 28.3,
29.3, 31.4, 33.5, 39.0, 39.5, 50.2, 55.4, 65.0, 79.0,
99.2, 115.5, 117.7, 124.1, 124.2, 124.4, 127.8, 131.1,
134.6, 146.5, 148.2, 149.6, 149.8, 155.8, 172.6.


– MS (ES) m/z: 543.2 (MH+) (100%).


5.1.5. 9-[6-(4-Ammoniobutanamido)hexylamino]-6-
chloro-2-methoxyacridinium ditrifluoroacetate (5). Acri-
dine 4 (1.16 g, 2.14 mmol) was dissolved in TFA/CH2Cl2
(1/1) (13 mL). After stirring overnight in the dark, the
solvent was evaporated in vacuo. The TFA salt 5 was
obtained quantitatively and used without further
purification.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.50 (m, 6H),
1.98 (m, 4H), 2.35 (t, J = 6.2 Hz, 2H), 3.16 (t,
J = 6.2 Hz, 2H), 3.30 (t, J = 6.2 Hz, 2H), 3.32 (t,
J = 6.2 Hz, 2H), 3.99 (s, 3H), 4.11 (t, J = 7.2 Hz,
2H), 7.46 (dd, J1 = 2.5 Hz, J2 = 7.2 Hz), 7.48 (dd,
J1 = 2.5 Hz, J2 = 7.2 Hz, 1H), 7.60 (dd, J1 = 2.5 Hz,
J2 = 7.2 Hz, 1H), 7.65 (dd, J1 = 2.5 Hz, J2 = 7.2 Hz,
1H), 7.70 (dd, J1 = 2.5 Hz, J1 = 7.2 Hz, 1H), 8.20 (d,
J = 9.2 Hz, 1H).


– 13C NMR (CD3OD, 63 MHz) d ppm: 22.7, 25.8, 28.3,
29.1, 32.3, 38.7, 48.7, 55.3, 62.4, 117.3, 119.9, 123.6,
127.1, 140.4, 152.0, 156.0, 172.6.


– MS (ES) m/z: 443.2 (MH+) (100%). MS (HRMS) m/z
calcd for C24H32ClN4O2 (MH+): 443.2208; found:
443.2209.


5.1.6. tert-Butyl 2-{4-[6-(6-chloro-2-methoxyacridin-9-
ylamino)hexylamino]-4-oxobutylamino}-2-oxoethylcarba-
mate (7). A mixture of Boc-Gly-OH (376 mg,
2.14 mmol), BOP (1,14 g, 2.58 mmol), and DIEA
(450 lL, 2.58 mmol) in DMF (11 mL) was stirred for
15 min to allow the formation of the activated ester.
Compound 5 (946 mg, 2.14 mmol) and DIEA
(1.87 mL, 10.7 mmol) were dissolved in DMF (11 mL)
and added dropwise to the activated ester. The reaction
mixture was stirred overnight in the dark at room tem-
perature. DMF was removed under reduced pressure
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and the residue was dissolved in acetone (14 mL) and
added dropwise to a stirred solution of 5% NaHCO3


(140 mL), according to the procedure previously devel-
oped by Kossanyi et al.36 The mixture was allowed to
stand for 24 h at room temperature. The resulting pre-
cipitate was filtered and dried, and acridine 7 was ob-
tained as an amorphous powder in 73% yield (940 mg,
1.57 mmol), after MPLC in CH2Cl2/MeOH (90/10).


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.41 (m, 15H),
1.80 (m, 4H), 2.18 (t, J = 5.7 Hz, 2H), 3.25 (t,
J = 5.7 Hz, 2H), 3.30 (t, J = 5.7 Hz, 2H), 3.75 (m,
4H), 3.87 (s, 3H), 5.40 (m, 1H), 6.50 (m, 1H), 6.61
(m, 1H), 7.08 (d, J = 2.4 Hz, 1H), 7.16 (dd,
J1 = 2.4 Hz, J2 = 9.3 Hz), 7.20 (d, J = 2.4 Hz, 1H),
7.28 (dd, J1 = 2.4 Hz, J2 = 9.3 Hz, 1H), 7.73 (d,
J = 9.3 Hz, 1H), 7.83 (s, 1H), 7.96 (d, J = 9.3 Hz, 1H).


– 13C NMR (CD3OD, 63 MHz) d ppm: 26.7, 27.4, 28.6,
30.2, 30.6, 34.2, 39.6, 40.1, 44.7, 50.1, 56.6, 64.3, 80.6,
103.5, 110.8, 115.0, 118.6, 121.0, 121.4, 124.8, 128.3,
128.9, 135.5, 141.1, 141.4, 152.7, 157.8, 158.3, 175.2.


– MS (ES) m/z: 600.3 (MH+) (100%).


5.1.7. 9-{6-[4-(2-Ammonioacetamido)butanamido]hexyl-
amino}-6-chloro-2-methoxyacridinium ditrifluoroacetate
(8). Dissolution of acridine 7 (940 mg, 1.57 mmol) in
TFA/CH2Cl2 (1/1) (5 mL) followed by the same treatment
as applied to 4 afforded the crude TFA salt 8, which was
used in the next step without further purification.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.50 (m, 6H),
1.79 (qn, J = 6.8 Hz, 2H), 1.98 (qn, 2H), 2.21 (t,
J = 6.8 Hz, 2H), 3.18 (t, J = 6.8 Hz, 2H), 3.26 (t,
J = 6.8 Hz, 2H), 3.65 (s, 2H), 3.99 (s, 3H), 4.12 (t,
J = 7.2 Hz, 2H), 7.50 (dd, J1 = 2.0 Hz, J2 = 7.9 Hz,
1H), 7.60 (dd, J1 = 2.0 Hz, J2 = 7.9 Hz, 1H), 7.70
(dd, J1 = 2.0 Hz, J2 = 7.9 Hz, 1H), 7.80 (dd,
J1 = 2.0 Hz, J2 = 7.9 Hz, 2H), 8.44 (d, J = 9.3 Hz, 1H).


– 13C NMR (CD3OD, 63 MHz) d ppm: 22.7, 25.8, 28.3,
29.1, 32.3, 38.7, 41.4, 48.7, 55.3, 62.4, 103.0, 117.3,
119.9, 123.6, 127.1, 140.4, 152.0, 156.0, 172.0.


– MS (ES) m/z: 500.2 (MH+) (100%). MS (HRMS): m/z
calcd for C26H35ClN5O3 (MH+): 500.2423; found:
500.2429.


5.1.8. (9H-Fluoren-9-yl)methyl 22-(6-chloro-2-methoxy-
acridin-9-ylamino)-1-imino-7,10,15-trioxo-1-(2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonamido)-
2,8,11,16-tetraazadocosan-6-ylcarbamate (10). A mixture
of Fmoc-Arg (Pbf)-OH (1.12 g, 1.73 mmol), BOP
(0.84 g, 1.90 mmol), and DIEA (330 lL, 1.90 mmol) in
DMF (10 mL) was stirred at room temperature for
30 min. Acridine 8 (1.57 mmol) was dissolved in DMF
(10 mL) with DIEA (1.36 mL, 7.85 mmol) and added
dropwise to the activated ester. The reaction mixture
was stirred for 3 days, then the solvent was evaporated.
Acetone (10 mL) was added to dissolve the crude residue
and the solution was poured dropwise into a solution of
5% NaHCO3 (100 mL). The mixture was allowed to
stand overnight and the resulting precipitate was fil-
tered, dried, and purified by MPLC using gradient of
CH2Cl2/MeOH from 2% to 15%. Acridine 10 was ob-
tained in 58% yield (1.03 g, 0.91 mmol).

– 1H NMR (CD3OD, 250 MHz) d ppm: 1.10–1.40 (m,
12H), 1.40 (m, 2H), 1.65 (m, 6H), 1.98 (s, 3H), 2.03
(t, 2H), 2.38 (s, 3H), 2.45 (s, 3H), 2.80 (s, 2H), 2.95
(t, 2H), 3.10 (m, 4H), 3.65 (t, 2H), 3.78 (m, 2H),
3.84 (s, 3H), 3.90 (t, 1H), 4.00 (q, 1H), 4.25 (t, 2H),
7.05–7.25 (m, 5H), 7.30 (dd, J1 = 2.2 Hz, J2 = 9.7 Hz,
1H), 7.40–7.50 (m, 2H), 7.63 (d, J = 7.5 Hz, 2H),
7.70 (dd, J1 = 9.7 Hz, 2H), 8.13 (d, J = 9.7 Hz, 1H).


– 13C NMR (CD3OD, 63 MHz) d ppm: 12.5, 18.4, 19.6,
26.7, 27.5, 28.6, 30.2, 31.0, 32.0, 34.2, 39.7, 40.0, 43.9,
44.0, 46.2, 56.4, 59.9, 63.5, 69.7, 87.6, 102.2, 109.4,
120.9, 124.4, 126.1, 126.7, 127.9, 128.1, 128.8, 133.4,
134.3, 139.0, 142.3, 145.0, 148.3, 151.6, 157.5, 158.0,
158.7, 171.5, 172.5, 175.0.


– MS (ES) m/z: 1130.3 (MH+) (100%).


5.1.9. 2-Amino-N-(2-{4-[6-(6-chloro-2-methoxyacridin-9-
ylamino)hexylamino]-4-oxobutylamino}-2-oxoethyl)-5-[3-
(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfo-
nyl)guanidine]-pentanamide (11). DBU (340 lL,
2.28 mmol) was added to a solution of acridine 10
(644 mg, 0.57 mmol) in THF (5 mL) and the solution
was stirred at room temperature for 2 h to drive the
reaction to completion. The reaction mixture was
poured into diethyl ether (100 mL) whilst stirring. The
precipitate was filtered, washed with diethyl ether, and
dried. It was dissolved in CH2Cl2 (50 mL) and the solu-
tion was washed with water (3 · 50 mL), then brine, and
dried over Na2SO4. After evaporation in vacuo, acridine
11 was obtained in quantitative yield and used in the
next step without further purification.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.30 (m, 6H),
1.39 (s, 6H), 1.55 (m, 2H), 1.75 (m, 6H), 2.00 (s,
3H), 2.15 (t, J = 7.5 Hz, 2H), 2.46 (s, 3H), 2.54 (s,
3H), 2.91 (s, 2H), 3.15 (m, 6H), 3.80 (m, 4H), 3.93
(s, 3H), 7.24 (dd, J1 = 2.5 Hz, J2 = 9.3 Hz, 1H), 7.38
(dd, J1 = 2.5 Hz, J2 = 9.3 Hz, 1H), 7.49 (d,
J = 2.5 Hz, 1H), 7.82 (dd, J1 = 2.2 Hz, J2 = 9.3 Hz,
2H), 7.85 (s, 1H), 8.22 (d, J = 9.3 Hz, 1H).


– 13C NMR (CD3OD, 90 MHz) d ppm: 12.5, 14.5, 18.4,
19.6, 20.4, 20.9, 24.9, 26.7, 27.4, 27.6, 28.7, 30.3, 32.0,
33.1, 34.1, 39.3, 39.8, 40.2, 43.4, 43.9, 50.3, 50.9, 55.3,
55.7, 56.6, 87.6, 101.2, 115.6, 118.4, 124.1, 126.0,
126.1, 126.8, 127.2, 130.2, 133.4, 136.4, 139.3, 147.0,
149.3, 152.9, 157.2, 158.0, 159.8, 171.5, 175.3, 178.2.


– MS (ES) m/z: 454.6 (M+2H+)/2 (100%), 908.3 (MH+)
(45%).


5.1.10. 9-(1-Amino-6-ammonio-1-iminio-7,10,15-trioxo-
2,8,11,16-tetraazadocosan-22-ylamino)-6-chloro-2-meth-
oxyacridinium trichloride (12). Acridine 11 (250 mg,
0.275 mmol) was dissolved in TFA/H2O (95/5)
(25 mL), triethylsilane was added (88 lL,
0.550 mmol), and the resulting solution was stirred
at room temperature overnight. The solvents were re-
moved under reduced pressure. The crude residue was
dissolved in water (1 mL) and this solution was
passed through a column of ion exchange resin Dow-
ex Cl�. The aqueous layer was lyophilized and the
product was precipitated in H2O/acetone to afford
12 as a yellow powder in 48% yield (87 mg,
0.132 mmol).
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– 1H NMR (CD3OD, 400 MHz) d ppm: 1.46 (q,
J = 6.7 Hz, 2H), 1.54 (q, J = 6.7 Hz, 4H), 1.81 (m,
2H), 2.06 (q, J = 7.3 Hz, 4H), 2.26 (s, 2H), 3.20 (t,
2H), 3.21 (m, 2H), 3.26 (m, 2H), 3.78 (m, 2H), 3.96
(s, 2H), 4.03 (s, 3H), 4.10 (t, 1H), 4.19 (m, 2H), 7.50
(dd, J1 = 2.2 Hz, J2 = 9.5 Hz, 1H), 7.65 (dd, J1 =
2.2 Hz, J2 = 9.5 Hz, 1H), 7.82 (dd, J1 = 2.2 Hz, J2 =
9.5 Hz, 2H), 7.85 (s,1H), 8.50 (d, J = 9.5 Hz, 1H).


– 13C NMR (CD3OD, 100 MHz) d ppm: 19.0, 23.5,
23.9, 25.3, 26.1, 28.0, 28.6, 28.7, 29.2, 37.9, 38.5,
38.9, 40.4, 42.1, 47.0, 47.2, 47.4, 47.6, 47.8, 48.1,
48.3, 48.9, 52.8, 55.6, 59.6, 60.9, 67.2, 102.9, 117.1,
120.1, 123.7, 127.4, 140.4, 156.6, 156.8, 157.2, 166.1,
169.2, 169.8, 174.2, 177.7, 180.0.


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 280
(55,560), 340 (5060), 422 (10,300), 439 (9560).


– MS (ES) m/z: 328.7 (M+2H+)/2 (100%), 656.4 (MH+)
(35%).


– Anal. Calcd for C32H49Cl4N9O4, NaCl, 2H2O: C,
44.69; H, 6.21; N, 14.66. Found C, 44.68; H, 6.11;
N, 14.18.


5.1.11. tert-Butyl 3-[6-(6-chloro-2-methoxyacridin-9-yl-
amino)hexylamino]-3-oxopropylcarbamate (13). Synthesis
of acridine 13 was performed by coupling of 1 and Boc-
b-Ala-OH, using the procedure already applied to the
synthesis of 4. Acridine 13 was obtained in 54% yield, after
purification by chromatography using CH2Cl2/MeOH
(95/5).


– 1H NMR (CDCl3, 200 MHz) d ppm: 1.37 (m, 15H),
1.66 (qn, J = 5.8 Hz, 2H), 2.30 (t, J = 6 Hz, 2H),
3.22 (q, J = 6.3 Hz, 2H), 3.31 (q, J = 6 Hz, 2H), 3.60
(t, J = 6.9 Hz, 2H), 3.88 (s, 3H), 5.31 (t, 1H), 6.19 (t,
1H), 7.20 (m, 2H), 7.34 (dd, J1 = 2.4 Hz, J2 = 9.3 Hz,
1H), 7.90 (m, 2H), 7.94 (d, J = 9.5 Hz, 1H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 26.2, 28.3, 29.3,
31.3, 36.3, 36.7, 38.9, 50.1, 55.5, 79.3, 99.4, 115.3,
117.6, 124.2, 124.3, 124.5, 127.4, 130.6, 134.9, 146.0,
147.0, 150.0, 155.8, 171.3.


– MS (ES) m/z: 529.2 (MH+) (100%).


5.1.12. 9-[6-(3-Ammoniopropanamido)hexylamino]-6-
chloro-2-methoxyacridinium ditrifluoroacetate (14). The
TFA salt 14 was obtained by the same treatment as ap-
plied to 4 and was used in the next step without further
purification.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.40–1.58 (m,
8H), 1.97 (t, 2H), 3.22 (m, 2H), 3.92 (s, 3H), 4.01 (t,
2H), 7.34 (d, J = 9.3 Hz, 1H), 7.45 (d, J = 9.5 Hz,
1H), 7.56 (m, 2H), 8.24 (d, J = 9.5 Hz, 2H).


– 13C NMR (CD3OD, 90 MHz) d ppm: 26.2, 28.8, 29.3,
31.4, 35.7, 38.8, 49.0, 55.3, 114.0, 117.2, 120.1, 123.6,
127.3, 130.0, 132.0, 141.0, 159.0, 171.0.


– MS (ES) m/z: 429.2 (MH+) (100%). MS (HRMS): m/z
calcd for C23H30ClN4O2 (MH+): 429.2052; found:
429.2065.


5.1.13. Benzyl 3-(tert-butoxycarbonylamino)propionate
(16). Boc-b-Ala-OH (8 g, 42.3 mmol) was dissolved
in DMF (20 mL). K2CO3 (5.85 g, 42.3 mmol) was
added and the reaction mixture was stirred at room

temperature for 30 min. Then a solution of BnBr
(5.03 mL, 42.3 mmol) in DMF (10 mL) was added
dropwise at room temperature. The reaction mix-
ture was stirred overnight. After filtration and
evaporation, the crude product was purified by
chromatography over silica gel with pentane/diethyl
ether (90/10) to afford 16 in 70% yield (8.261 g,
29.6 mmol).


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.40–1.55 (m,
9H), 2.61 (t, J = 7.2 Hz, 2H), 3.46 (q, J = 7.2 Hz,
2H), 5.24 (s, 2H), 7.39 (s, 5H).


– 13C NMR (CDCl3, 90 MHz) ppm: 28.2, 34.5, 36.0,
66.2, 79.1, 128.0, 128.1, 128.4, 135.5, 155.6, 172.1.


– MS (ES) m/z: 302.1 (MNa+) (100%).


5.1.14. 2-Benzyloxycarbonyl-ethyl-ammonium trifluoro-
acetate (17). The TFA salt 17 was obtained by the same
treatment as applied to 4 and was used in the next step
without further purification.


– 1H NMR (CDCl3, 400 MHz) d ppm: 2.81 (m, 2H),
3.30 (m, 2H), 5.15 (s, 2H), 7.37 (s, 5H), 7.93 (m, 3H).


– 13C NMR (CDCl3, 90 MHz) d ppm: 30.6, 35.7, 67.3,
128.2, 128.5, 128.6, 134.8, 171.6.


5.1.15. Benzyl 3-(2-{[(9H-fluoren-9-yl)methoxy]carbon-
ylamino}-5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofu-
ran-5-ylsulfonyl)guanidino]pentanamido)propionate (18).
DPPA (4.07 mL, 18.76 mmol) was added to a solution
of Fmoc-Arg-(Pbf)-OH (10.14 g, 15.63 mmol) in DMF
(250 mL). The mixture was stirred for 1 h at 0 �C.
Then a solution of 17 (5.25 g, 18.76 mmol) in DMF
(100 mL) and DIEA (4.35 mL, 25 mmol) was added
dropwise at 0 �C. The reaction mixture was stirred
overnight. After evaporation of the solvent and chro-
matography with heptane/EtOAc (90/10), 18 was ob-
tained in 81% yield (relative to arginine) (10.2 g,
12.61 mmol).


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.37 (s, 6H), 1.50
(m, 2H), 1.70 (m, 2H), 2.01 (s, 3H), 2.45 (s, 3H), 2.53
(s, 3H), 2.85 (s, 2H), 3.19 (m,2H), 3.47 (m, 2H), 4.10
(m, 2H), 4.29 (d, J = 7.3 Hz), 5.00 (s, 2H), 5.95, (m,
1H), 6.20 (m, 1H), 7.28 (m, 9H), 7.51 (d, J = 7.6 Hz,
2H), 7.68 (d, J = 7.6 Hz, 2H).


– 13C NMR (CDCl3, 63 MHz) d ppm: 12.4, 19.2, 25.2,
28.4, 46.9, 53.3, 86.3, 91.0, 108.2, 117.5, 119.8, 124.6,
127.0, 127.6, 128.1, 128.2, 128.4, 132.1, 135.6, 138.2,
141.1, 143.6, 156.4, 158.7, 172.0.


– MS (ES) m/z: 832.5 (MNa+) (100%), 810.5 (MH+)
(32%).


5.1.16. 3-(2-{[(9H-Fluoren-9-yl)methoxy]carbonylamino}-
5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl-
sulfonyl)guanidine]pentanamido)propionic acid (19). One
gram of Pd/C was added to a solution of benzylester
derivative 18 (10.2 g, 12.6 mmol) in EtOAc (200 mL).
Compound 19 was obtained by hydrogenolysis after
48 h under pressure (10 bars). Filtration over Celite
and evaporation afforded a white solid, which was crys-
tallized in heptane/EtOAc. Compound 19 was obtained
in 94% yield (8.56 g, 11.9 mmol).
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– 1H NMR (CDCl3, 250 MHz) d ppm: 1.17 (m, 6H), 1.42
(m, 2H), 1.45 (m, 2H), 1.94 (s, 3H), 2.37–2.46 (m, 8H),
2.80 (s, 2H), 3.15 (m, 2H), 3.43 (m, 1H), 4.00 (t, 1H),
4.17 (m, 2H), 6.41 (m, 2H), 7.20 (m, 4H), 7.56 (d,
J = 10.4 Hz, 2H), 7.63 (d, J = 10.4 Hz, 2H).


– 13C NMR (CDCl3, 63 MHz) d ppm: 12.4, 17.9, 19.2,
25.1, 28.4, 29.6, 34.0, 35.4, 40.2, 43.0, 46.8, 50.4, 54.5,
67.0, 86.4, 117.5, 119.8, 123.9, 124.7, 125.1, 126.8,
127.0, 127.6, 132.2, 138.3, 141.1, 143.5, 143.7, 156.6,
158.8, 173.0, 175.5.


– MS (ES) m/z: 720.3 (MH+) (100%).


5.1.17. (9H-Fluoren-9-yl)methyl 22-(6-chloro-2-methoxy-
acridin-9-ylamino)-1-imino-7,11,15-trioxo-1-(2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonamido)-
2,8,12,16-tetraazadocosan-6-ylcarbamate (20). DIEA
(393 lL, 2.26 mmol) was added to a solution of 19
(0.81 g, 1.13 mmol) in DMF (10 mL) and BOP (0.5 g,
1.13 mmol). The resulting solution was stirred for
30 min, and a solution of acridine derivative 14
(1.13 mmol) and DIEA (393 lL, 2.26 mmol) in DMF
(20 mL) was added dropwise. The reaction mixture
was stirred for 48 h at room temperature. The DMF
was evaporated, the residue was dissolved in acetone
(10 mL) and added dropwise to a solution of 5% NaH-
CO3 (100 mL). The mixture was allowed to stand for
24 h at room temperature. This afforded a precipitate,
which was filtered, washed with water, and dried to give
20 in 33% yield (380 mg, 0.369 mmol) after purification
by chromatography using gradient of CH2Cl2/MeOH
from 98/2 to 85/15.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.22–1.45 (m,
10H), 1.34 (s, 6H), 1.86 (m, 2H), 1.99 (s, 3H), 2.32
(t, J = 6.4 Hz, 4H), 2.43 (s, 3H), 2.45 (s, 3H), 2.86
(s, 2H), 3.12 (t, J = 6.9 Hz, 4H), 3.38 (m, 6H), 3.88
(s, 3H), 3.94 (m, 5H), 4.20 (t, 1H), 7.22–7.45 (m,
6H), 7.50 (dd, J1 = 2.2 Hz, J2 = 9.3 Hz 1H), 7.62 (m,
4H), 7.73 (d, J = 7.4 Hz, 2H), 8.24 (d, J = 9.3 Hz,
1H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 12.5, 17.2,
18.4, 19.6, 27.0, 27.4, 28.7, 30.2, 30.7, 36.8, 37.2,
40.1, 41.3, 43.9, 56.2, 56.7, 67.8, 87.6, 104.1,
111.3, 111.8, 115.4, 118.6, 120.8, 121.5, 125.0,
126.3, 126.4, 127.0, 128.1, 128.7, 129.2, 133.4,
135.9, 139.3, 141.4, 141.7, 142.4, 144.9, 145.1,
157.7, 158.1, 159.8, 173.7, 174.7.


– MS (ES) m/z: 1130.5 (MH+) (100%).


5.1.18. 2-Amino-N-(3-{3-[6-(6-chloro-2-methoxyacridin-
9-ylamino)hexylamino]-3-oxopropylamino}-3-oxopropyl)-
5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl-
sulfonyl)guanidino]-pentanamide (21). DBU (27 lL,
0.18 mmol) was added to a solution of 20 (200 mg,
0.18 mmol) in THF (10 mL) and the solution was stirred
at room temperature for 3 days. The reaction mixture
was poured into diethyl ether (100 mL) whilst stirring.
The precipitate was filtered, washed with diethyl ether,
and dried. It was dissolved in CH2Cl2 (100 mL) and
the solution was washed with saturated aqueous NaCl
(50 mL). After preparative TLC in CH2Cl2/MeOH (90/
10), acridine 21 was obtained in 32% yield (53 mg,
0.058 mmol).

– 1H NMR (CD3OD, 400 MHz) d ppm: 1.30–1.64 (m,
8H), 1.40 (s, 6H), 1.77 (m, 4H), 2.02 (s, 3H), 2.34–
2.38 (m, 4H), 2.47 (s, 3H), 2.54 (s, 3H), 2.90 (s, 2H),
3.08–3.15 (m, 4H), 3.38–3.46 (m, 6H), 3.77 (t,
J = 7 Hz, 2H), 3.91 (s, 3H), 7.20 (dd, J1 = 2.0 Hz,
J2 = 9.6 Hz, 1H), 7.36 (dd, J1 = 2.8 Hz, J2 = 9.2 Hz,
1H), 7.44 (d, J = 2.8 Hz, 1H), 7.72 (d, J = 9.6 Hz,
1H), 7.75 (d, J = 2.0 Hz, 1H), 8.15 (d, J = 9.2 Hz, 1H).


– 13C NMR (CD3OD, 63 MHz) d ppm: 12.3, 19.3, 20.0,
27.2, 28.7, 30.3, 31.7, 35.1, 35.6, 38.7, 42.4, 48.2, 49.3,
53.9, 54.8, 86.0, 100.0, 116.9, 122.7, 124.4, 125.7,
128.8, 131.8, 132.3, 132.9, 137.9, 138.3, 155.2, 156.0,
157.8, 158.7, 172.0, 175.2.


– MS (ES) m/z: 454.7 (M+2H+)/2 (100%), 908.2 (MH+)
(94%).


5.1.19. 9-(1-Amino-6-ammonio-1-iminio-7,11,15-trioxo-
2,8,12,16-tetraazadocosan-22-ylamino)-6-chloro-2-meth-
oxyacridinium trichloride (22). Et3SiH (15 lL,
0.08 mmol) was added in the dark to a solution of acri-
dine 21 (37 mg, 0.04 mmol) in TFA/H2O (90/10) (4 mL).
The resulting solution was stirred at room temperature
overnight. Deprotection was monitored by reverse phase
TLC in AcOH/MeOH/H2O (2/2/4). The solvents were
removed under reduced pressure and the crude residue
was washed with methanol, evaporated in vacuo, and
dissolved in water (1 mL). This solution was passed
through a column of ion exchange resin Dowex Cl�.
The aqueous layer was lyophilized and the product
was precipitated in H2O/acetone to afford acridine 22
as a yellow powder in 70% yield (18 mg, 0.028 mmol).


– 1H NMR (CD3OD, 250 MHz): 1.50–1.67 (m, 4H),
2.40 (m, 4H), 3.17 (m, 4H), 3.40 (m, 4H), 3.97 (t,
1H), 4.10 (s, 3H), 4.12 (t, J = 2.2 Hz, 2H), 7.53 (dd,
J1 = 2.8 Hz, J2 = 9.2 Hz, 1H), 7.64 (dd, J1 = 2.8 Hz,
J2 = 7.2 Hz, 1H), 7.80 (d, J = 7.2 Hz, 1H), 7.89 (dd,
J1 = 2.8 Hz, J2 = 10.8 Hz, 2H), 8.50 (d, J = 9.2 Hz,
1H ).


– 13C NMR (CD3OD, 50 MHz) d ppm: 26.6, 26.7, 27.4,
30.1, 30.6, 34.3, 39.8, 39.9, 40.0, 40.1, 41.7, 56.9, 57.2,
58.4, 110.7, 118.5, 121.4, 121.5, 125.0, 128.6, 128.7,
128.8, 129.3, 129.5, 141.7, 141.8, 158.1, 169.0.


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 278
(52,810), 340 (4800), 422 (9920), 440 (9260).


– MS (ES) m/z: 328.8 (M+2H+)/2 (100%), 656.4 (MH+)
(39%).


– Anal. Calcd for C32H49Cl4N9O4, NaCl, 3H2O: C,
43.77; H, 6.31; N, 14.36. Found C, 43.80; H, 6.41;
N, 14.78.


5.1.20. 9-(6-Ammoniohexylamino)-6-chloro-2-methoxy-
acridinium dichloride (2). Compound 1 (100 mg) was dis-
solved in TFA (2 mL). The mixture was stirred
overnight at room temperature, then TFA was evapo-
rated. The solid was dissolved in distilled water and
passed over an ion exchange resin Dowex Cl�. The chlo-
ride salt 2 was obtained quantitatively, after precipita-
tion in a water-acetone mixture and lyophilization.


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 276
(30,700), 340 (2375), 422 (5920), 442 (5510).


– MS (ES) m/z: 358.2 (MH+) (100%).
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– Anal. Calcd for C20H26Cl3N3O, 1.1NaCl, 1.1H2O: C,
46.65; H, 5.52; N, 8.16. Found C, 46.59; H, 5.49; N,
7.51.


5.1.21. 9-[6-(4-Ammoniobutanamido)hexylamino]-6-
chloro-2-methoxyacridinium dichloride (6). Compound
5 was dissolved in distilled water and passed over an
ion exchange resin Dowex Cl�. The chloride salt 6 was
obtained quantitatively, after precipitation in a water-
acetone mixture and lyophilization. Same treatment
applied to compounds 8 and 14 afforded the chloride
salts 9-{6-[4-(2-ammonioacetamido)butanamido]hexyla-
mino}-6-chloro-2- methoxyacridinium dichloride (9)
and 9-[6-(3-ammoniopropanamido)hexylamino]-6-chloro-
2-methoxyacridinium dichloride (15), respectively.


Acridine 6


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 276
(45,980), 340 (3875), 422 (8540), 442 (8080).


– MS (ES) m/z: 443.2 (MH+) (100%).
– Anal. Calcd for C24H33Cl3N4O2, HCl, H2O: C, 50.54;


H, 6.36; N, 9.82. Found C, 50.88; H, 6.29; N, 9.89.


Acridine 9


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 278
(36,750), 340 (3010), 420 (7070), 440 (6755).


– MS (ES) m/z: 500.2 (MH+) (100%).
– Anal. Calcd for C26H36Cl3N5O3, 0.7NaCl, 3H2O: C,


46.75; H, 6.34; N, 10.49. Found C, 46.74; H, 6.31;
N, 11.27.


Acridine 15


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 278
(35,265), 340 (2640), 422 (6780), 442 (6535).


– MS (ES) m/z: 429.2 (MH+) (100%).
– Anal. Calcd for C23H31Cl3N4O2, 4.3H2O: C, 47.68; H,


6.89; N, 9.67. Found C, 47.62; H, 7.16; N, 11.55.


5.1.22. 8-(tert-Butoxycarbonylamino)caprylic acid (23).
Boc-protection of 8-aminocaprylic acid was performed
as described for 3. Compound 23 was obtained as a yel-
low oil in 90% yield (2.33 g, 9 mmol) and used without
further purification.


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.30 (m, 8H),
1.40 (s, 9H), 1.60 (m, 2H), 2.30 (t, J = 6.6 Hz, 2H),
3.00 (q, 2H), 4.55 (s, 1H), 5.75 (s, 1H).


– 13C NMR (CDCl3, 50 MHz) d ppm: 23.9, 26.4, 28.4,
28.8, 28.9, 29.9, 34.0, 40.3, 84.0, 155.9, 169.4.


– MS (ES) m/z: 258.3 (MH+) (100%).


5.1.23. tert-Butyl 8-(acridin-9-ylamino)-8-oxooctylcar-
bamate (24). A mixture of 23 (1.65 g, 6.37 mmol),
BOP (3.1 g, 7 mmol), and DIEA (1.33 mL,
7.64 mmol) in DMF (25 mL) was stirred at room
temperature for 15 min. Then, 9-aminoacridine
(6.37 mmol) was added and the reaction mixture
was stirred overnight in the dark. The solvent was
evaporated and the residue was dissolved in acetone
(6 mL), and added dropwise to a stirred solution of

5% NaHCO3 (60 mL). The mixture was allowed to
stand for 24 h at room temperature. This afforded
a precipitate, which was filtered and purified by
MPLC on silica gel (CH2Cl2/MeOH, 98/2). Acridine
24 was obtained as an amorphous powder in 64%
yield (1.78 g, 4.09 mmol).


– 1H NMR (CDCl3, 250 MHz) d ppm: 1.35 (m, 17H),
1.75 (m, 2H), 2.40 (t, 2H), 3.10 (m, 3H), 4.70 (s,
1H), 6.95 (t, J = 7.4 Hz, 2H), 7.25 (t, J = 7.4 Hz,
2H), 7.50 (d, J = 8.6 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H).


– 13C NMR (DMSO, 63 MHz) d ppm: 25.3, 26.3, 28.3,
28.5, 28.6, 28.9, 29.6, 36.0, 77.9, 121.7, 122.6, 123.4,
127.9, 130.3, 147.9, 148.9, 150.8, 156.0.


– MS (ES) m/z: 458.3 (MNa+) (100%).


5.1.24. 8-(Acridin-9-ylamino)-8-oxooctan-1-ammonium
trifluoroacetate (25). Treatment of 24 with TFA (same
procedure as for 4) afforded acridine 25 in quantitative
yield.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.40 (m, 6H),
1.70 (m, 2H), 1.90 (m, 2H), 2.80 (t, 2H), 2.90 (m,
2H), 7.20 (t, 1H), 7.50 (t, 1H), 7.70 (dd, 2H), 8.10
(dd, 2H), 8.30 (d, 1H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 26.3, 27.3, 28.5,
29.9, 30.1, 37.4, 40.7, 112.3, 119.5, 120.7, 122.7, 124.9,
125.1, 127.2, 128.5, 136.6, 138.3, 140.2, 141.5, 153.4,
175.5.


– MS (ES) m/z: 336.3 (MH+) (100%).


5.1.25. tert-Butyl 2-[8-(acridin-9-ylamino)-8-oxooctyl-
amino]-2-oxoethylcarbamate (26). Coupling of 25
(324 mg, 0.967 mmol) with Boc-Gly-OH was performed
as described for synthesis of 7 and afforded acridine 26
in 38% yield (181 mg, 0.367 mmol).


– 1H NMR (CD3OD, 250 MHz ) d ppm: 1.35 (m, 17H),
1.75 (qn, J = 8 Hz, 2H), 2.60 (t, J = 8 Hz, 2H), 3.10 (t,
2H), 3.55 (d, 2H), 7.50 (t, J = 7.4 Hz, 2H), 7.75 (t,
J = 7.4 Hz, 2H), 8.00 (d, J = 8.6 Hz, 2H), 8.04 (d,
J = 8.6 Hz, 2H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 25.4, 26.0, 28.2,
28.3, 28.8, 29.2, 36.4, 39.0, 44.4, 80.3, 122.6, 123.4,
125.9, 126.2, 129.5, 130.2, 149.1, 155.0, 169.7, 173.1.


– MS (ES) m/z: 515.2 (MNa+) (100%), 493.2 (MH+)
(32%).


5.1.26. 2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-oxo-
ethanammonium trifluoroacetate (27). Acridine 27 was
obtained from 26 quantitatively according to the proce-
dure described for the preparation of 5.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.50 (m, 8H),
1.88 (m, 2H), 2.88 (t, J = 7 Hz, 2H), 3.25 (t,
J = 6.7 Hz, 2H), 3.70 (s, 2H), 7.86 (t, J = 7.4 Hz,
2H), 8.25 (m, 4H), 8.41 (d, J = 8.5 Hz, 2H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 26.3, 27.7, 30.0,
30.1, 30.3, 37.4, 40.5, 41.4, 112.3, 119.5, 120.7, 122.6,
122.7, 125.1, 127.1, 128.7, 136.6, 138.3, 140.2, 141.6,
151.5, 152.9, 175.5.


– MS (ES) m/z: 393.2 (MH+) (100%), 415.2 (MNa+)
(72%).
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5.1.27. (9H-Fluoren-9-yl)methyl 1-{2-[8-(acridin-9-ylami-
no)-8-oxooctylamino]-2-oxoethylamino}-1-oxo-5-[3-(2,2,
4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonyl)gu-
anidino]pentan-2-ylcarbamate (28). A mixture of Fmoc-
Arg(Pbf)-OH (238 mg, 0.367 mmol), BOP (195 mg,
0.44 mmol), and DIEA (76 lL, 0.44 mmol) in DMF
(15 mL) was stirred at room temperature for 45 min,
then cooled to 0 �C. Acridine 27 (144 mg, 0.367 mmol)
and DIEA (320 lL, 1.835 mmol) were dissolved in
DMF (5 mL) and added dropwise at 0 �C to the acti-
vated ester. The reaction mixture was stirred for
20 min at 0 �C, then overnight at room temperature.
After usual work-up, the precipitate was purified by
MPLC using gradient of CH2Cl2/MeOH from 99/1 to
90/10. Acridine 28 was obtained in 45% yield (170 mg,
0.166 mmol).


– 1H NMR (CD3OD, 400 MHz) d ppm: 1.40–1.92 (m,
16H), 2.13 (m, 4H), 2.17 (s, 3H), 2.40 (s, 3H), 2.45
(s, 3H), 2.58 (t, 2H), 2.80 (s, 2H), 3.02 (q, J= 5.7 Hz,
4H), 3.22 (q, J = 14 Hz, 2H), 3.77 (t, 1H), 4.07 (t,
1H), 4.27 (t, 2H), 7.14 (t, J = 7.4 Hz, 2H), 7.24 (t,
J = 7.1 Hz, 2H), 7.48 (t, J = 7.6 Hz, 4H), 7.65 (d,
J = 7.2 Hz, 2H), 7.71 (t, J = 7.3 Hz, 2H), 7.98 (d,
J = 8.7 Hz, 2H), 8.04 (d, J = 8.8 Hz, 2H).


– 13C (NMR CD3OD, 100 MHz) d ppm: 12.5, 18.4, 19.6,
25.5, 26.3, 28.0, 28.6, 28.7, 28.9, 29.3, 35.8, 39.1, 42.2,
42.5, 46.9, 48.2, 53.4, 66.6, 86.2, 117.0, 122.9, 124.6,
132.1, 132.8, 138.0, 140.4, 141.2, 143.7, 148.8, 156.7,
157.4, 158.4, 169.9, 173.9, 174.7.


– MS (ES) m/z: 1023.4 (MH+) (100%).


5.1.28. 1-{2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-
oxoethylamino}-1-oxo-5-[3-(2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidine]pentan-2-
ammonium chloride (29). DBU (100 lL, 0.66 mmol) was
added to a solution of acridine 28 (170 mg, 0.166 mmol)
in THF (5 mL) and the mixture was stirred at room tem-
perature for 2 h. It was then poured into diethyl ether
(100 mL) whilst stirring. The precipitate was filtered,
washed with diethyl ether, and dried. It was then dis-
solved in CH2Cl2 (50 mL) and the solution was washed
with water (3 · 50 mL), then with saturated aqueous
NaCl solution (50 mL), and dried over Na2SO4. After
evaporation in vacuo, acridine 29 was obtained in quan-
titative yield.


– 1H NMR (CD3OD, 250 MHz) d ppm: 1.20–1.80 (m,
20H), 1.93 (s, 3H), 2.36 (s, 3H), 2.43 (s, 3H), 2.57 (t,
J = 7.8 Hz, 2H), 2.85 (s, 2H), 3.02 (m, 4H), 3.69 (t,
J = 4.3 Hz, 1H), 3.85 (q, J = 18.4 Hz, 2H), 7.45 (t,
J = 8 Hz, 2H), 7.70 (t, J = 7.4 Hz, 2H), 8.00 (d,
J = 8.6 Hz, 2H), 8.07 (d, J = 8.6 Hz, 2H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 12.5, 18.4, 19.6,
26.5, 26.8, 27.7, 28.7, 30.0, 30.3, 33.1, 37.1, 40.4, 41.6,
43.3, 43.9, 55.6, 87.6, 118.4, 124.3, 125.1, 125.4, 125.9,
127.3, 129.4, 132.1, 133.4, 134.3, 139.3, 141.7, 150.1,
158.1, 159.8, 171.3, 176.1, 177.8.


– MS (ES) m/z: 801.5 (MH+) (100%).


5.1.29. 1-{2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-
oxoethylamino}-5-[amino(iminio)methylamino]-1-oxopen-
tan-2-ammonium dichloride (30). Acridine 29 (20 mg,

0.025 mmol) was dissolved in TFA/H2O (95/5) (2 mL)
and triethylsilane was added (8 lL, 0.05 mmol). The
reaction mixture was stirred overnight at room temper-
ature and the solvent was evaporated. The crude residue
was dissolved in water (1 mL) and this solution was
passed through a column of ion exchange resin Dowex
Cl�. The aqueous layer was lyophilized and afforded
acridine 30 as a yellow powder in quantitative yield
(13.8 mg, 0.025 mmol).


– 1H NMR (CD3OD, 400 MHz) d ppm: 1.58 (m, 4H),
1.75 (m, 4H), 1.91 (q, J = 8 Hz, 4H), 1.99 (q,
J = 5.6 Hz, 2H), 2.93 (m, 2H), 3.29 (t, J = 14 Hz,
4H), 3.85 (s, 2H), 4.05 (t, J = 6 Hz, 1H), 7.89 (t,
J = 7.2 Hz, 2H), 8.25 (t, J = 7.2 Hz, 2H), 8.35 (d,
J = 7.2 Hz, 2H), 8.45 (d, J = 7.2 Hz, 2H).


– 13C NMR (CD3OD, 50 MHz) d ppm: 25.1, 26.3, 27.7,
29.4, 30.0, 30.2, 37.6, 40.4, 41.8, 43.3, 54.0, 120.9,
123.1, 127.4, 128.8, 138.6, 141.9, 158.5, 170.3, 175.5.


– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 251
(33,900), 358 (4200).


– MS (ES) m/z: 549.4 (MH+) (100%), 275.4 (M+2H+)/2
(56%).


– Anal. Calcd for C29H42Cl2N8O3, 1.5 NaCl, 3H2O: C,
45.63; H, 6.34; N, 14.68. Found C, 45.52; H, 6.51;
N, 13.87.


5.1.30. Compound 31
– UV–vis (H2O): kmax nm (e mol�1 L cm�1) = 251


(88,300), 358 (7600).
– MS (ES) m/z: 535.3 (MH+) (100%), 268.2 (M+2H+)/2


(90%). MS (HRMS) m/z calcd for C28H39N8O3


(MH+): 535.3145; found: 535.3151.
– Anal. Calcd for C28H40Cl2N8O3, NaCl, 2H2O: C,


47.90; H, 6.32; N, 15.96. Found C, 47.78; H, 6.29;
N, 15.46.


5.2. Biology


5.2.1. P. falciparum strains. Both CQ-sensitive (3D7)
and CQ-resistant (W2, FCR3, and Bre1) P. falciparum
strains maintained continuously in culture were used.
Synchronous parasites were diluted with uninfected
erythrocytes (A-positive human blood) and completed
RPMI 1640 medium (Invitrogen, Paisley, United King-
dom), supplemented with 10% human serum Abcys S.A.
(Paris, France) and buffered with 25 mM HEPES and
25 mM NaHCO3 to achieve 0.2 parasitemia and 1.5
hematocrit.


5.2.2. Measurement of in vitro antimalarial activity. Solu-
tions of drugs were prepared in RPMI 1640 medium and
distributed in triplicate into Falcon 96-well flat-bottomed
plates (Becton Dickinson, Franklin Lakes, NJ) to
achieve concentrations ranging from 0.06 lM to 200 lM.


For in vitro isotopic microtests, 200 lL/well of the sus-
pension of parasitized erythrocytes was distributed in
96-well plates predosed with antimalarial agents. Para-
site growth was assessed by adding 1 lCi of [3H]hypo-
xanthine with a specific activity 14.1 Ci/mmol (NEN
Products, Dreiech, Germany) to each well. Plates were
incubated for 42 h at 37 �C in an atmosphere of 10%
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O2, 5% CO2, 85% N2, and an humidity of 95%. Immedi-
ately after incubation, the plates were frozen and then
thawed to lyse erythrocytes. The contents of each well
were collected on standard filter microplates (UnifilterTM


GF/B, Perkin Elmer, Meriden, USA) and washed using
a cell harvester (FilterMateTM Cell Harvester, Packard).
Filter microplates were dried and 25 lL of scintillation
cocktail (MicroscintTM O, Perkin Elmer) was placed in
each well. Radioactivity incorporated by the parasites
was measured using a scintillation counter (Top
CountTM, Perkin Elmer).


The 50% inhibitory concentration (IC50), that is, the
drug concentration corresponding to 50% of the uptake
of [3H]hypoxanthine by the parasites in drug-free con-
trol wells, was determined by non-linear regression anal-
ysis of log-dose/response curves (RiasmartTM, Packard,
Meriden, USA). Data were analyzed after logarithmic
transformation and expressed as the geometric mean
IC50 and 95% confidence intervals (95% CI) were calcu-
lated (Stata9TM, StataCorp LP, Texas, USA).
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		3-(2-{[(9H-Fluoren-9-yl)methoxy]carbonylamino}-5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonyl)guanidine]pentanamido)propionic acid (19)

		9H-Fluoren-9-ylmethyl 22-6-chloro-2-methoxyacridin-9-ylamino-1-imino-7,11,15-trioxo-1-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamido-2,8,12,16-tetraazadocosan-6-ylcarbamate 20

		2-Amino-N-(3-{3-[6-(6-chloro-2-methoxyacridin-9-ylamino)hexylamino]-3-oxopropylamino}-3-oxopropyl)-5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonyl)guanidino]-pentanamide (21)

		9-(1-Amino-6-ammonio-1-iminio-7,11,15-trioxo-2,8,12,16-tetraazadocosan-22-ylamino)-6-chloro-2-methoxyacridinium trichloride (22)

		9-(6-Ammoniohexylamino)-6-chloro-2-methoxyacridinium dichloride (2)

		9-[6-(4-Ammoniobutanamido)hexylamino]-6-chloro-2-methoxyacridinium dichloride (6)

		8-(tert-Butoxycarbonylamino)caprylic acid (23)

		tert-Butyl 8-(acridin-9-ylamino)-8-oxooctylcarbamate (24)

		8-(Acridin-9-ylamino)-8-oxooctan-1-ammonium trifluoroacetate (25)

		tert-Butyl 2-[8-(acridin-9-ylamino)-8-oxooctylamino]-2-oxoethylcarbamate (26)

		2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-oxoethanammonium trifluoroacetate (27)

		9H-Fluoren-9-ylmethyl 1-{2-[8-acridin-9-ylamino-8-oxooctylamino]-2-oxoethylamino}-1-oxo-5-[3-2,2, 4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonylgu-	anidino]pentan-2-ylcarbamate 28

		1-{2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-oxoethylamino}-1-oxo-5-[3-(2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonyl)guanidine]pentan-2-ammonium chloride (29)

		1-{2-[8-(Acridin-9-ylamino)-8-oxooctylamino]-2-oxoethylamino}-5-[amino(iminio)methylamino]-1-oxopentan-2-ammonium dichloride (30)

		Compound 31
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Abstract—A series of aryl- and aroyl-substituted chalcone analogues of the tubulin binding agent combretastatin A4 (1) were pre-
pared, using a recently introduced one-pot palladium-mediated hydrostannylation-coupling reaction sequence. These chalcones
were converted to indanones by Nazarov cyclisation, followed by oxidation to give the corresponding indenones. Indenones were
also prepared using a palladium-mediated formal [3+2]-cycloaddition process between ortho-halobenzaldehydes and diarylpropy-
nones. All compounds were assessed as inhibitors of tubulin polymerisation, but only E-31 had activity similar to that of 1. How-
ever, compound E-31 did not exhibit antiproliferative activity against the MCF-7 cell line.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Combretastatin A4 (CA4) 1 is a cis-stilbene natural
product from the South African tree Combretum
caffrum, originally isolated by Pettit and coworkers
20 years ago (Fig. 1).1 Studies into the anticancer prop-
erties of this compound by Hamel and Pettit revealed
that it binds to the colchicine binding site on the b-tubu-
lin subunit of a,b-tubulin heterodimers.1,2 This binding
inhibits the polymerisation of these heterodimers into
microtubules.2 Interference of tubulin/microtubule poly-
merisation dynamics has two key anticancer effects: (i)
inhibition of cancer cell proliferation through distur-
bance of mitotic spindle function, which leads to cell
apoptosis;3 and (ii) disruption of cell signalling path-
ways involved in regulating and maintaining the cyto-
skeleton of endothelial cells in tumour vasculature,
leading to selective shutdown of blood flow through tu-
mours.4 Due to its poor solubility in aqueous media,
CA4 is administered as a disodium phosphate pro-drug
CA4P 2, which is soluble in saline solutions (for intrave-
nous administration) and that, when cleaved, yields 1
due to the action of non-specific phosphatases.5 Whilst
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Figure 1. Combretastatin A4 and selected synthetic analogues.

combretastatin A4 is a powerful antimitotic compound,
its dominant mode of action in tumour growth inhibi-
tion probably results from vasculature shutdown.4 The
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Figure 2. New CA4 analogues.
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vascular disrupting properties of CA4 and related com-
pounds represent a new approach to cancer therapy.4


CA4 is currently in phase II and III clinical trials based
on the vascular shutdown mechanism of action.6


The poor solubility of CA4 in vehicles suitable for drug
administration, its potential to isomerise to the thermo-
dynamically more stable and essentially inactive
trans-isomer and the desire to find even more potent
and selective compounds have prompted a number of
groups to design more soluble, stable and/or active
analogues. Accordingly, a large number of different
structures containing a trimethoxyphenyl group and a
3-hydroxy-4-methoxyphenyl group in close proximity
to each other (1–3 atom tether) have been prepared
and evaluated as tubulin polymerisation inhibitors.7 Ac-
tive analogues of CA4 that have been prepared include
benzo[b]thiophenes,8 benzo[b]furans,9 indoles9,10 and
chalcones.11 Specific examples include compounds
4–12. Some of these analogues are more potent inhibi-
tors of tubulin polymerisation than CA4 and are
amongst the most potent inhibitors yet reported, partic-
ularly for compounds that bind to the colchicine site
(e.g., compound 8, see Table 1). Furthermore, these ana-
logues do not share the thermodynamic instability of CA4.


A number of compounds encompassed in structures 4–
12 are triaryl analogues of the simple cis-stilbene CA4
and/or analogues that include a carbonyl unit in a
2- or 3-atom tether connecting the aryl groups. In view
of the apparent importance of these additional structur-
al features (carbonyl in the tether and, possibly, the
presence of an additional aryl unit),12 we decided to
investigate the activity of compounds containing three
aryl groups, as represented by chalcone 13 and indanone
and indenone 14 analogues of CA4 (Fig. 2).13,14

Scheme 1. Reagents: (a) i-PrBr, K2CO3, DMF; (b) Ph3P, CBr4, Zn,


CH2Cl2; (c) n-BuLi (2 equiv), THF then 21 and then protic work-up


and MnO2; (d) n-BuLi (2 equiv), 23, THF; (e) Pd(dba)2, PPh3,


n-Bu3SnH, THF then 22 or 23; (f) same as (e) except use 24 or 25.

2. Synthetic studies


Since Cushman et al.15 had shown that the replacement
of the OH group in CA4 with a H group, as in 3, had
little effect on the ability of this class of compound to
inhibit tubulin polymerisation, we did not seek to incor-
porate this group in all our analogues. To prepare a
variety of triaryl chalcone type systems 28–33, we
utilised our recently developed palladium-mediated
hydrostannylation-coupling protocol (Scheme 1).13b


This involved initial conversion of aldehydes 15 and 17
into the gem-dibromostyrenes 18 and 19, respectively.
Conversion of these gem-dibromostyrenes into the
corresponding lithium phenylacetylides provided
efficient access to the 1,3-diarylpropynones 26 and 27.

This was accomplished by treating 18 and 19 with 2 equiv
of n-butyllithium followed by reaction with either 3,4,5-
trimethoxybenzoylchloride or the corresponding benzal-
dehyde and subsequent MnO2 oxidation. Diarylpropy-
nones 26 and 27 were then used as substrates in the
palladium-mediated hydrostannylation-coupling with
benzoylchlorides 22 and 23 to give 2-aroylchalcones (2-
benzylidene-1,3-diarylpropan-1,3-diones) 28–30. Similar







Scheme 2. Reagents: (a) MeSO3H or CuOTf2, CH2Cl2; (b) AlCl3,


CH2Cl2 (E,Z-33, gives 39); (c) DDQ, CH2Cl2.
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hydrostannylation-couplings of diarylpropynones 26
and 27 with aryliodides 24 and 25 gave the 2-arylchal-
cones (1,2,3-triarylpropenones) 31–33.


Although the palladium-mediated hydrostannylation-
coupling protocol typically proceeds through a syn-ad-
dition of the tin-hydride, followed by coupling with
stereochemical retention, all of the products were ob-
tained as mixtures of E,Z-stereoisomers of 28–33. This
isomerism may be promoted by the presence of catalyt-
ic amounts of uncoordinated triphenylphosphine. In
other work, we avoided such isomerism by reducing
the PPh3:Pd ratio, but we did not seek to do this here
as both isomers were desired for testing as inhibitors of
tubulin polymerisation.16 Separation of the E,Z-iso-
meric mixtures of the triarylpropenones 31–33 gave
stable E- and Z-isomers. The determination of E,Z-ste-
reochemistry of triarylpropenones has previously been
based on the infrared absorption of the carbonyl,
where E-isomers are expected to absorb at lower wave-
numbers (1640–1650 cm�1) than Z-isomers (1650–
1660 cm�1).17 All the triarylpropenones 31–33 had
isomers with carbonyl IR absorptions that fell into
either of these two ranges, and their stereochemistry
was assigned on this basis. We also observed that the
chemical shift of the vinylic hydrogen in each Z-isomer
fell 0.2 ppm further downfield than the corresponding
E-isomer, as might be expected for a hydrogen cis to
a carbonyl (Z-isomer) relative to that cis to an aryl
group (E-isomer).18 Further support for these assign-
ments was gained from performing a NOESY 2D
NMR on Z-31, which showed a strong NOE interac-
tion between the vinylic hydrogen and both 4-methoxy-
phenyl groups, which is not possible for an E-isomer.
Additionally, both 4-methoxyphenyl rings exhibited a
strong NOE with the aroyl unit, also impossible for
an E-isomer.18


In the case of the 2-aroylchalcones, E,Z-isomerism is
likely to be spontaneous since the 2-aroylchalcone
Z-28 could not be separated from its stereoisomer
E-28, these isomers existed as a 1:1 equilibrium mix-
ture at ambient temperature. Due to their greater
symmetry, there are no double bond stereoisomers
for 29 and 30.


Nazarov cyclisation of the 2-aryl and 2-aroylchalcones
28–32 was readily achieved using either cupric triflate
or methanesulfonic acid to give indanones 34–38. Simi-
lar results were obtained irrespective of whether a specif-
ic E- or Z-isomer or an isomeric mixture of the
2-arylchalcones was used. All indanones 34–39 were iso-
lated as trans-isomers. In the case of the 2-aroylchalcone
28, where cyclisation could proceed through either one
of two aroyl units, cyclisation is favoured through the
most electron rich aroyl unit to give exclusively 34. Inda-
nones 34 and 36 were readily converted to indenones 40
and 41 through oxidation with 2,3-dichloro-5,6-dicy-
anoquinone (DDQ). In the case of isopropyl protected
system 33, deprotection and Nazarov cyclisation were
achieved in a single step using AlCl3 to give cis-39,
which was oxidised as the crude product to give 43 in
an overall 59% yield.

The three steps of (i) coupling of a lithium acetylide
to an acid chloride; (ii) palladium-mediated hydrost-
annylation-coupling and (iii) Nazarov cyclisation
can be achieved as a one-pot procedure, as exempli-
fied in the formation of 44 from 18, 22 and
methylchloroformate.


To access additional indenones of interest we, decided
to employ a procedure first developed by Heck19 and
later generalised by Larock and Cacchi.20 These
groups showed that 2-bromo or 2-iodobenzaldehydes
could be reacted with alkynes in a formal [3+2]-
cycloaddition process under palladium catalysis.18,20


When 2-bromo-5-methoxybenzaldehyde (45) under-
went cycloaddition to 1,3-diarylpropynone 26, a 1:1
mixture of separable regioisomers 46 and 47 was
formed in a moderate yield (45% combined yield).
Similarly, when 2-iodo-5-isopropoxy-4-methoxybenz-
aldehyde (48)21 underwent cycloaddition to 1,3-diaryl-
propynone 27, a 1:1 mixture of separable regioisomers
49 and 50 was formed in low yield (20% combined
yield). Of these two regioisomers, only 50 was depro-
tected to give 51 and a small amount of the mono-
demethylated compound 52. The relative regiochemist-
ry of the indenones was based on the chemical shift of
the carbonyl carbons, with 3-aroyl-2-arylindenones
having carbonyl resonances at around 193 and
196 ppm and 2-aroyl-3-arylindenones having carbonyl
resonances at around 193 and 191 ppm. This pattern
has been seen repeatedly with our other 2-aroyl-3-aryl-
indenones 40–42 and with literature examples of 2-ar-
oyl-3-arylindenones22 (Scheme 2).







Figure 3. Summary of tubulin polymerisation inhibitors.
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3. Biological studies


All chalcones, indanones and indenones prepared above
were evaluated for their capacity to inhibit tubulin poly-
merisation (except for the isopropyl ethers, which were
only tested as the corresponding deprotected phenols).
Those that inhibited the reaction by over 50% at concen-
trations <20 lM (Z-31 and E-31) were also examined
for inhibitory effects on the proliferation of MCF-7
breast cancer cells (Table 1). The newly synthesized
compounds were compared in contemporaneous experi-
ments to the potent tubulin polymerisation inhibitor
combretastatin A4 (1). Of the active compounds, only
triarylpropenone E-31 exhibited activity comparable to
that of CA4 as an inhibitor of tubulin polymerisation.
However, none of the new compounds inhibited growth
of the MCF-7 cells at the highest concentration used
(1 lM), whereas CA4 exhibited a GI50 of 26 nM against
this cancer cell line (Scheme 3).


In combination with our earlier studies,8b,9a this pro-
vides valuable structure–activity relationship (SAR)
information with respect to the role of X in the closely
related triaryl arrangements 6, 8, 10, 47 and E-31

Scheme 3. Reagents: (a) 18, n-BuLi (2 equiv), THF, then ClC(O)OMe,


then Pd(dba)2, PPh3, n-Bu3SnH and 22, then MeSO3H.


Table 1. The effects of arylchalcones, indanones and indenones on


tubulin polymerisation and MCF-7 cancer cell growth


Compound Inhibition of


tubulin polymerisationa (lM)


Inhibition of


cell growth (lM)


CA4 2.0 ± 0.3b 0.026 ± 0.008d


E-31 2.5 ± 0.1 >1.0d


Z-31 6.6 ± 3.0 >1.0d


42 20 ± 1 NDe


52 36 ± 1 NDe


6 >40*,c NDe,f


8 0.41 ± 0.1c NDe,f


10 1.6c NDe,f


a The tubulin concentration was 10 lM. Inhibition of extent of


assembly was the parameter measured.
b Value same as that obtained in Ref. 9a.
c Value from Ref. 8b, the asterisk indicates that the rate but not the


extent of assembly was inhibited by compound concentrations as


high as 40 mM.
d MCF-7 human breast cancer cells were exposed to a concentration


range of each compound for 48 h. Cell growth was quantitated by


measuring protein with sulforhodamine B. The GI50 value is the


graphically determined compound concentration at which the


increase in cell protein is 50% of the increase in untreated control


cells.27


e ND, not done.
f Against the Burket Lymphoma CA46 cell line the compounds 6, 8


and 10 have been shown to have GI50 values of 0.63, 0.034 and


0.045 lM, respectively.

(Fig. 3; Schemes 1 and 4). The benzo[b]furan 8 is one
of the most potent tubulin polymerisation inhibitors
yet reported (entry 7, Table 1), particularly for com-
pounds that interact at the colchicine binding site of
b-tubulin.9a As has been previously shown, when the
oxygen atom X in 8 is replaced with a NH group, as

Scheme 4. Reagents: (a) Pd(OAc)2, NaOAc, n-Bu4NCl, DMF; (b)


AlCl3, CH2Cl2.







3294 D. J. Kerr et al. / Bioorg. Med. Chem. 15 (2007) 3290–3298

in 10 (entry 8, Table 1), some activity is lost.9a In con-
trast, replacing the oxygen atom with a sulfur atom
group, as in 6 (entry 6, Table 1), leads to a much larger
loss of activity. In this work, it has been shown that
when X = C@O, as in 47, all activity is lost.8b When
the X group is removed altogether, as in E-31 and
Z-31 (entries 2 and 3, Table 1), the compound retains
activity as a tubulin polymerisation inhibitor (similar
to CA4), but antiproliferative activity is lost (at least
in the MCF-7 line).


Compounds such as E-31 that inhibit tubulin polymer-
isation at low concentrations, but that do not exhibit
an antimitotic or cytotoxic effect, may prove useful
as selective vascular disrupting agents. Such agents
interfere with microtubules responsible for regulating
endothelial cell shape and intercellular adhesion.4a In
principle it should be desirable to maximise the differ-
ence between the dose required to affect cell prolifera-
tion and/or viability and the dose required to disrupt
other cellular cytoskeletal functions.23 Further exami-
nation of E-31 and its congeners, in particular more
configurationally stable arrangements, for this role is
ongoing.

4. Experimental


Melting points were recorded with a Kofler hot-stage
apparatus and are uncorrected. Proton (1H) and car-
bon (13C) NMR spectra were recorded with a Varian
Gemini 300 spectrometer operating at 300 MHz for pro-
ton and 75 MHz for carbon, unless otherwise stated. All
NMR spectra were recorded in (D)chloroform (CDCl3)
at 20 �C. The protonicities of the carbon atoms observed
in the carbon NMR were determined using attached
proton test (APT) experiments. Infrared spectra (IR)
were obtained as KBr discs or as films on NaCl plates
and were recorded on a Perkin-Elmer Spectrum One
Fourier-transform infrared spectrophotometer. Low-
resolution electron impact mass spectra (MS) were
recorded at 70 eV on either a VG micromass 7070F
instrument or a JEOL AX-505H mass spectrometer, un-
less otherwise stated. High-resolution mass spectra
(HRMS) were recorded on a VG micromass 7070F
instrument. Tetrahydrofuran (THF) was distilled under
nitrogen from sodium benzophenone ketyl. Dichloro-
methane was distilled from calcium hydride. All experi-
ments were performed under an anhydrous atmosphere
of N2 (g) except as indicated. Flash chromatography
was performed on Merck Kieselgel 60.


4.1. 3-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)prop-
2-yn-1-one (26)


This material was prepared in three steps from anisalde-
hyde 15 by converting it first to gem-dibromostyrene 18,
which was converted to the corresponding lithium acet-
ylide and reacted with 3,4,5-trimethoxybenzaldehyde.
The resulting alcohol was oxidised with MnO2.24 1H
NMR (300 MHz, CDCl3) d 7.60 (d, J = 8.3 Hz, 2H),
7.48 (s, 2H), 6.92 (d, J = 8.3 Hz, 2H), 3.95 (s, 6H),
3.93 (s, 3H), 3.84 (s, 3H).

4.2. 3-(3-Isopropoxy-4-methoxyphenyl)-1-(3,4,5-trimeth-
oxyphenyl)prop-2-yn-1-one (27)


n-Butyllithium (9.4 mL, 2.0 M in hexanes, 19 mmol) was
added dropwise to a stirred solution of gem-dibromosty-
rene 1923 (3.29 g, 9.39 mmol) in THF (50 mL) at
�78 �C, and the solution was allowed to warm to
18 �C over 1 h. The solution was recooled to �78 �C,
and 3,4,5-trimethoxybenzoyl chloride 22 was added
(2.27 g, 9.86 mmol, dissolved in 10 mL THF). The solu-
tion was rewarmed to 18 �C, and 100 mL of ethyl ace-
tate was added. After washing with distilled water
(2· 50 mL), the organic phase was dried over MgSO4


and concentrated onto silica gel (10 g) under reduced
pressure. The solid residue was subjected to flash chro-
matography (silica gel, 2% diethyl ether in dichloro-
methane), yielding the product as a white solid (2.27 g,
66%, mp = 130–1 �C). 1H NMR (300 MHz, CDCl3) d
7.50 (s, 2H), 7.28 (dd, J = 8.3 Hz, 1.8 Hz, 1H), 7.16 (d,
J = 1.8 Hz, 1H), 6.89 (d, J = 8.3 Hz, 1H), 4.54 (septet,
J = 6.1 Hz, 1H), 3.96 (s, 6H), 3.94 (s, 3H), 3.90 (s,
3H), 1.38 (d, J = 6.1 Hz, 6H).13C NMR + APT
(75 MHz, CDCl3) d 176.8 (C), 153.0 (C), 152.9 (C),
147.1 (C), 143.3 (C), 132.3 (C,), 127.3 (CH), 119.3
(CH), 111.7 (C), 111.6 (CH), 106.7 (CH), 94.4 (C),
86.3.4 (C), 71.6 (CH), 61.0 (CH3), 56.2 (CH3), 56.0
(CH3), 21.9 (CH3). IR (KBr disc, cm�1): 3011, 2976,
2938, 2838, 2187, 1637, 1586, 1510, 1460, 1413, 1328,
1248, 1127. LRMS (70 eV) m/z (%): 384 (M+�, 80), 342
(100), 299 (55), 175 (30). HRMS calcd for C22H24O6:
384.1573. Found: 384.1570.


4.3. (E,Z)-2-(4-Methoxybenzylidine)-3-(4-methoxyphe-
nyl)-1-(3,4,5-trimethoxyphenyl)-1,3-propadione (E,Z-28)


Pd(dba)2 (32 mg, 0.06 mmol) was added to a solution of
PPh3 (60 mg, 0.24 mmol) in THF (14 mL) and stirred
for 0.25 h at 18 �C. After this time, 26 (560 mg,
1.72 mmol) was added and the reaction mixture cooled
to 0 �C. Bu3SnH (0.48 mL, 1.72 mmol) was then added
dropwise and the mixture allowed to warm to room tem-
perature over 1 h. 4-Methoxybenzoyl chloride 22
(352 mg, 2.06 mmol) and CuCl (150 mg, 1.5 mmol) were
then added and the reaction mixture stirred at 18 �C for
16 h. Then KF(aq) (30%, 20 mL) was added and the reac-
tion mixture stirred for 2 h. The triphasic (organic,
aqueous and solid) mixture was filtered through Celite
and the retained solid washed with ethyl acetate
(25 mL). The aqueous and organic phases were separat-
ed and the latter dried over MgSO4 and concentrated
onto silica gel (2 g) under reduced pressure. The solid
residue was subjected to flash chromatography (silica
gel, hexanes/dichloromethane/diethyl ether 1:1:0.27) giv-
ing the product as a light yellow solid (667 mg, 84%,
mp = 107–110 �C). 1H NMR analysis indicated that this
material, E,Z-28, exists as an equilibrium mixture of
double bond stereoisomers. 1H NMR (300 MHz,
CDCl3) d Isomer A: 7.95 (d, J = 8.8 Hz, 2 H), 7.56 (s,
1H), 7.32 (d, J = 8.8 Hz, 2H), 7.08 (s, 2H), 6.87 (d,
J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H),
3.82 (s, 9H), 3.75 (s, 3H). Isomer B: 7.88 (d,
J = 8.7 Hz, 2H), 7.45 (s, 1H), 7.27 (d, J = 8.7 Hz, 2H),
7.25 (s, 2H), 6.95 (d, J = 8.7 Hz, 2H), 6.78
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(d, J = 8.7 Hz, 2H), 3.87 (s, 3H), 3.86 (s, 3H), 3.80 (s,
6H), 3.76 (s, 3H). 13C NMR + APT (75 MHz, CDCl3)
d 196.0 (C), 195.9 (C), 193.4 (C), 193.3 (C), 164.1 (C),
163.2 (C), 161.3 (C), 161.2 (C), 153.1 (C), 152.8 (C),
143.0 (CH), 142.5 (CH), 141.6 (C), 137.24 (C), 137.17
(C), 132.8 (C), 132.2 (CH), 131.9 (CH), 131.85 (CH),
131.81 (CH), 131.5 (C), 130.0 (C), 129.6 (C), 125.72
(C), 125.68 (C), 114.2 (CH), 114.0 (CH), 113.7 (CH),
106.8 (CH), 106.6 (CH), 60.8 (CH3), 56.12 (CH3),
56.06 (CH3), 55.4 (CH3), 55.2 (CH3). IR (KBr disc,
cm�1): 3072, 3004, 2936, 2838, 1656, 1642, 1599, 1582,
1507, 1460, 1414, 1331, 1258, 1167, 1123, 1025, 848,
831. LRMS (70 eV) m/z (%): 462 (M+�, 50), 327 (25),
195 (45), 135 (100). HRMS calcd for C27H26 O7:
462.1679. Found: 462.1677.


4.4. (E and Z)-2,3-Bis-(4-methoxyphenyl)-1-(3,4,5-tri-
methoxyphenyl)prop-2-en-1-one (E-31 and Z-31)


Pd(dba)2 (27 mg, 0.05 mmol) was added to a solution of
PPh3 (50 mg, 0.20 mmol) in THF (7 mL) and stirred for
0.25 h at 18 �C. After this time, 26 (326 mg, 1.00 mmol)
was added and the reaction mixture cooled to 0 �C.
Bu3SnH (0.28 mL, 1.00 mmol) was then added dropwise
and the mixture warmed to room temperature over 1 h.
4-Iodoanisole 24 (281 mg, 1.20 mmol) and CuCl
(200 mg, 2.0 mmol) were then added and the reaction
mixture stirred at 18 �C for 72 h. Then KF(aq) (30%,
20 mL) was added and the reaction mixture stirred for
2 h. The triphasic (organic, aqueous and solid) mixture
was filtered through Celite, and the retained solid was
washed with ethyl acetate (25 mL). The aqueous and
organic phases were separated and the latter dried over
MgSO4 and concentrated onto silica gel (1 g) under re-
duced pressure. The solid residue was subjected to flash
chromatography (silica gel, hexanes/dichloromethane/
diethyl ether 1:1:0.1/1:1:0.15) giving the product as two
separable tan solids (combined mass 404 mg, 93%).
Higher Rf isomer Z-31, (160 mg, 37%, mp = 136–7 �C).
1H NMR (300 MHz, CDCl3) d 7.35 (d, J = 8.9 Hz,
2H), 7.28 (s, 2H), 7.21 (d, J = 8.8 Hz, 2H), 7.05 (s,
1H), 6.87 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H),
3.87 (s, 3H), 3.80 (s, 3H), 3.79 (s, 6H), 3.74 (s, 3H).
13C NMR + APT (75 MHz, CDCl3) d 198.7 (C), 159.4
(C), 159.2 (C), 153.0 (C), 142.7 (C), 138.1 (C), 131.4
(C), 131.1 (C), 130.0 (CH), 128.4 (C), 128.1 (CH),
127.4 (CH), 114.2 (CH), 113.9 (CH), 106.9 (CH), 60.9
(CH3), 56.1 (CH3), 55.3 (CH3), 55.2 (CH3). IR (KBr
disc, cm�1): 3003, 2940, 2836, 1654, 1606, 1578, 1512,
1501, 1462, 1412, 1325, 1246, 1176, 1158, 1123, 1028,
999, 852, 763, 564. LRMS (70 eV) m/z (%): 424 (M+�,
100), 287 (70), 239 (35), 195 (100). HRMS calcd for
C26H26O6: 434.1729. Found: 434.1731. Lower Rf Isomer
(E-31), (244 mg, 56%, mp = 112–4 �C) 1H NMR
(300 MHz, CDCl3) d 7.23 (s, 1H), 7.20 (d, J = 8.7 Hz,
2H), 7.10 (d, J = 8.9 Hz, 2H), 7.05 (s, 2H), 6.90 (d,
J = 8.7 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 3.90 (s, 3H),
3.83 (s, 3H), 3.82 (s, 6H), 3.78 (s, 3H). 13C NMR + APT
(75 MHz, CDCl3) d 196.5 (C), 160.0 (C), 159.1 (C),
152.6 (C), 141.2 (C), 139.3 (CH), 138.2 (C), 133.3 (C),
132.0 (CH), 130.9 (CH), 129.3 (C), 127.5 (C), 114.3
(CH), 113.7 (CH), 107.2 (CH), 60.9 (CH3), 56.1 (CH3),
55.2 (CH3). IR (KBr disc, cm�1): 3003, 2968, 2941,

2838, 1647, 1602, 1579, 1507, 1468, 1414, 1330, 1256,
1156, 1124, 1031, 1006, 920, 833, 810, 765. LRMS
(70 eV) m/z (%): 434 (M+�, 100), 287 (85), 239 (55), 195
(90). HRMS calcd for C26H26O6: 434.1729, Found:
434.1734.


4.5. (±)-4,5,6-Trimethoxy-2-(4-methoxybenzoyl)-3-(4-meth-
oxyphenyl)indan-1-one (34)


Methanesulfonic acid (30 lL, 0.44 mmol) was added to
a solution of E,Z-28 (185 mg, 0.40 mmol) in dry dichlo-
romethane (5 mL). After stirring for 20 min, the solution
was diluted with diethyl ether (20 mL), washed with dis-
tilled water (20 mL), dried over MgSO4 and concentrat-
ed under reduced pressure to yield 34 as a light brown
solid (161 mg, 87%, mp = 131–3 �C). 1H NMR analysis
indicated that the product 34 exists as an equilibrium
mixture of an enol tautomer and the trans-keto tauto-
mer. 1H NMR (300 MHz, CDCl3) d trans-Keto tauto-
mer: 8.00 (d, J = 8.9 Hz, 2H), 7.03 (d, J = 8.7 Hz, 2H),
7.03 (s, 1H), 6.94 (d, J = 8.9 Hz, 2H), 6.82 (d,
J = 8.7 Hz, 2H), 5.10 (d, J = 2.4 Hz, 1H), 4.61 (d,
J = 2.4 Hz, 1H), 3.92 (s, 3H), 3.89 (s, 3H), 3.87 (s,
3H), 3.77 (s, 3H), 3.45 (s, 3H). Enol tautomer: 7.68 (d,
J = 8.9 Hz, 2H), 7.20 (s, 1H), 6.99 (d, J = 8.7 Hz, 2H),
6.81 (d, J = 8.9 Hz, 2H), 6.63 (d, J = 8.7 Hz, 2H), 5.23
(s, 1H), 3.93 (s, 3H), 3.88 (s, 3H), 3.80 (s, 3H), 3.68 (s,
3H), 3.28 (s, 3H). 13C NMR + APT (75 MHz, CDCl3)
d 199.2 (C), 195.8 (C), 192.2 (C), 170.7 (C), 163.9 (C),
161.7 (C), 158.5 (C), 157.9 (C), 155.0 (C), 154.6 (C),
150.1 (C), 149.7 (C), 149.2 (C), 147.5 (C), 144.3 (C),
140.1 (C), 135.2 (C), 132.8 (C), 132.2 (CH), 132.0 (C),
130.5 (C), 130.4 (CH), 129.2 (CH), 129.1 (C), 128.5
(CH), 126.2 (C), 115.2 (C), 114.0 (CH), 113.7 (CH),
113.33 (CH), 113.27 (CH), 100.8 (CH), 100.6 (CH),
67.1 (CH), 60.9 (CH3), 60.8 (CH3), 60.14 (CH3), 60.08
(CH3), 56.2 (CH3, 2C), 55.5 (CH3), 55.3 (CH3), 55.2
(CH3), 55.0 (CH3), 45.6 (CH), 45.2 (CH). IR (KBr disc,
cm�1): 2942, 2837, 1708, 1664, 1602, 1512, 1466, 1421,
1343, 1315, 1265, 1175, 1123, 1092, 1031, 835, 821,
792, 570. LRMS (70 eV) m/z (%): 462 (M+�, 35), 327
(95), 135 (100). HRMS calcd for C27H26O7: 462.1679.
Found: 462.1676.


4.6. (±)-trans-4,5,6-Trimethoxy-2,3-bis(4-methoxyphenyl)-
indan-1-one (37)


Cupric triflate (78 mg, 0.216 mmol) was added to a solu-
tion of E,Z-31 (78 mg, 0.180 mmol) in dry dichloro-
methane (2 mL). After stirring for 4 h, the solution
was concentrated directly onto silica gel (0.5 g). Flash
chromatography (silica gel, hexanes/dichloromethane/
diethyl ether 1:1:0.1/1:1:0.15) yielded 37 as a tan solid
(74 mg, 94%, mp = 128 �C), as well as oxidised material
(3 mg, 3%) and impure cis-isomer (2 mg, 2%). 1H NMR
(300 MHz, CDCl3) d 7.15 (s, 1H), 7.01 (d, J = 8.7 Hz,
4H), 6.84 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H),
4.48 (d, J = 3.2 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H),
3.78 (s, 3H), 3.77 (s, 3H), 3.66 (d, J = 3.2 Hz, 1H),
3.38 (s, 3H). 13C NMR + APT (75 MHz, CDCl3) d
205.0 (C), 158.6 (C), 158.3 (C), 155.0 (C), 150.2 (C),
149.0 (C), 143.2 (C), 135.7 (C), 131.5 (C), 131.3 (C),
128.8 (CH), 128.2 (CH), 114.2 (CH), 113.9 (CH), 100.8
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(CH), 64.0 (CH), 60.8 (CH3), 60.0 (CH3), 56.2 (CH3),
55.1 (CH3), 51.6 (CH). IR (KBr disc, cm�1): 3084,
3067, 3037, 3011, 2938, 2836, 1709, 1612, 1599, 1584,
1512, 1466, 1417, 1344, 1306, 1249, 1175, 1127, 1102,
1028, 974, 835, 801. LRMS (70 eV) m/z (%): 434 (M+�,
100), 135 (20), 91 (25). HRMS calcd for C26H26O6:
434.1729. Found: 434.1732.


4.7. 4,5,6-Trimethoxy-2-(4-methoxybenzoyl)-3-(4-meth-
oxyphenyl)-1H-inden-1-one (40)


Indanone 34 (62 mg, 0.132 mmol) and 2,3-dichloro-5,6-
dicyanoquinone (45 mg, 0.198 mmol) were dissolved in
dry 1,2-dichloroethane (2 mL) and stirred at reflux for
7 days. After this time, the solution was decanted from
the precipitate (dihydro-DDQ), concentrated onto sil-
ica gel (0.5 g) and flash chromatographed (silica gel,
5:5:1, hexanes/dichloromethane/diethyl ether) to yield
40 as a red/orange solid (50 mg, 82%, mp = 164–
5 �C). 1H NMR (300 MHz, CDCl3) d 7.76 (d,
J = 8.9 Hz, 2H), 7.47 (d, J = 8.9 Hz, 2H), 7.08 (s,
1H), 6.78 (d, J = 8.9 Hz, 4H), 3.93 (s, 3H), 3.91 (s,
3H), 3.80 (s, 3H), 3.77 (s, 3H), 3.41 (s, 3H). 13C
NMR + APT (75 MHz, CDCl3) d 192.4 (C), 190.9
(C), 163.6 (C), 162.1 (C), 160.9 (C), 155.4 (C), 150.3
(C), 147.3 (C), 131.9 (C), 131.7 (CH), 130.1 (CH),
130.0 (C), 127.2 (C), 126.4 (C), 124.8 (C), 113.4
(CH), 112.9 (CH), 104.8 (CH), 61.3 (CH3), 61.1
(CH3), 56.4 (CH3), 55.3 (CH3), 55.1 (CH3). IR (KBr
disc, cm�1): 3073, 3010, 2962, 2843, 1694, 1648, 1594,
1503, 1468, 1407, 1362, 1310, 1243, 1169, 1122, 1045,
1024, 837. LRMS (70 eV) m/z (%): 460 (M+�, 100),
445 (15), 432 (20), 353 (20), 327 (15), 135 (35), 105
(30). HRMS calcd for C27H24O7: 460.1522. Found:
460.1511.


4.8. 3-(3-Hydroxy-4-methoxyphenyl)-4,5,6-trimethoxy-2-
(3,4,5-trimethoxyphenyl)-1H-inden-1-one (43)


AlCl3 (41 mg, 0.304 mmol) was added to a stirred solu-
tion of propenone E,Z-33 (42 mg, 0.076 mmol) in dry
dichloromethane (2 mL). After 30 min, the reaction
was quenched with aqueous ammonium chloride (10%,
10 mL). This mixture was extracted with diethyl ether
(3 · 10 mL) and the combined organic fractions dried
over MgSO4 and concentrated under reduced pressure.
This crude material was dissolved in dry dichlorometh-
ane, and 2,3-dichloro-5,6-dicyanoquinone (18 mg,
0.080 mmol) was added. This solution was then refluxed
for 2 days. After this time, the solution was decanted
from the precipitate (dihydro-DDQ), concentrated onto
silica gel (0.5 g) and flash chromatographed (silica gel,
7% diethyl ether in dichloromethane) to yield 43 as a
dark red solid (23 mg, 59%, mp = 175–8 �C). 1H NMR
(300 MHz, CDCl3) d 7.05 (s, 1H), 7.02 (d, J = 1.9 Hz,
1H), 6.82–6.86 (m, 2H), 6.46 (s, 2H), 5.65 (s, 1H), 3.91
(s, 3H), 3.91 (s, 3H), 3.87 (s, 3H,), 3.81 (s, 3H), 3.64
(s, 6H), 3.41 (s, 3H). 13C NMR + APT (75 MHz,
CDCl3) d 195.7 (C), 156.0 (C), 154.2 (C), 152.5 (C),
149.3 (C), 147.5 (C), 146.7 (C), 145.1 (C), 137.2 (C),
131.4 (C), 128.7 (C), 127.8 (C), 126.7 (C), 126.4 (C),
120.6 (CH), 114.8 (CH), 110.0 (CH), 107.0 (CH), 104.6
(CH), 61.3 (CH3), 61.1 (CH3), 60.8 (CH3), 56.5 (CH3),

55.9 (CH3), 55.7 (CH3). IR (KBr disc, cm�1): 3369,
3080, 2925, 2853, 1697, 1607, 1581, 1501, 1467, 1412,
1351, 1296, 1123, 1023. LRMS (70 eV) m/z (%): 508
(M+�, 100), 493 (35). HRMS calcd for C28H28O9:
508.1733. Found: 508.1727.


4.9. (±)-(trans)-Methyl-4,5,6-trimethoxy-3-(4-methoxy-
phenyl)indan-1-one-2-carboxylate (44)


n-Butyllithium (1.2 mL, 1.7 M in hexanes, 2.0 mmol)
was added dropwise to a stirred solution of gem-dib-
romostyrene 18 (292 mg, 1.00 mmol) in THF (7 mL)
at �78 �C. The solution was warmed to 18 �C over
1 h. The solution was recooled to �78 �C, and methyl
chloroformate (84 lL, 1.05 mmol) was added. The
solution was rewarmed to 18 �C and PPh3 (50 mg,
0.20 mmol) and Pd(dba)2 (27 mg, 0.05 mmol) were
added. This solution was stirred for 0.5 h. Bu3SnH
(0.29 mL, 1.04 mmol) was added dropwise, followed
0.5 h later by 3,4,5-trimethoxybenzoyl chloride 23
(282 mg, 1.2 mmol) and CuCl (100 mg, 1.0 mmol).
After stirring for 24 h, the solvent was removed under
the flow of a stream of nitrogen, followed by evacua-
tion. The residue was dissolved in dichloromethane
(7 mL), and methanesulfonic acid (325 lL, 5.0 mmol)
was added. After 0.5 h, KF (30% w/v in H2O,
15 mL) was added, and the triphasic mixture was stir-
red for 12 h. To this mixture, H2O (50 mL) and
diethyl ether (50 mL) were added and the phases sep-
arated. The aqueous phase was re-extracted with ether
(2· 30 mL), and the combined organic fractions were
dried over MgSO4 and concentrated onto silica gel
(2 g) under reduced pressure. The solid residue was
subjected to flash chromatography (silica gel, hex-
anes/dichloromethane/diethyl ether 20:20:3), and 44
was obtained as a light brown oil (155 mg, 40%). 1H
NMR (300 MHz, CDCl3) d 7.08 (s, 1H), 7.03 (d,
J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 4.91 (d,
J = 3.2 Hz, 1H), 3.91 (s, 6H), 3.80 (s, 3H), 3.78 (s,
3H), 3.61 (d, J = 3.2 Hz, 1H), 3.38 (s, 3H). 13C
NMR + APT (75 MHz, CDCl3) d 197.8 (C), 168.7
(C), 158.4 (C), 155.0 (C), 150.1 (C), 149.3 (C), 143.5
(C), 134.5 (C), 130.2 (C), 128.2 (CH), 113.9 (CH),
100.8 (CH), 63.6 (CH), 60.7 (CH3), 59.9 (CH3), 56.1
(CH3), 55.0 (CH3), 52.7 (CH3), 45.3 (CH). IR (neat,
cm�1): 2998, 2949, 2838, 1738, 1709, 1600, 1512,
1471, 1313, 1248, 1126, 1032, 837. LRMS (70 eV) m/
z (%): 386 (M+�, 85), 354 (40), 326 (100), 297 (15).
HRMS calcd for C21H22O7: 386.1366. Found:
386.1362.


4.10. 6-Methoxy-3-(4-methoxyphenyl)-2-(3,4,5-trimethoxy-
benzoyl)-1H-inden-1-one (46) and 6-methoxy-2-(4-meth-
oxyphenyl)-3-(3,4,5-trimethoxybenzoyl)-1H-inden-1-one
(47)


Palladium(II) acetate (12 mg, 0.05 mmol), sodium ace-
tate (164 mg, 2.00 mmol), tetrabutylammonium chloride
(150 mg, 0.540 mmol), 2-bromo-5-methoxybenzalde-
hyde 45(108 mg, 0.500 mmol) and propynone 26
(326 mg, 1.00 mmol) were added to degassed N,N-
dimethylformamide (10 mL). This mixture was heated
at 100 �C until disappearance of the aldehyde, which
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was confirmed by TLC. The mixture was then taken up
in diethyl ether (50 mL) and washed with aqueous
ammonium chloride (10%, 3· 30 mL), followed by dis-
tilled water (30 mL). The organic phase was dried over
MgSO4 and evaporated under reduced pressure onto
silica gel (0.5 g). Two isomers were isolated in similar
yields after flash chromatography (silica gel, 1:1:0.075/
1:1:0.18 hexanes/dichloromethane/diethyl ether). Lower
Rfisomer (46), 52 mg, 23%, mp = 143–5 �C; 1H NMR
(300 MHz, CDCl3) d 7.44 (d, J = 8.8 Hz, 2H), 7.30 (d,
J = 8.2 Hz, 1H), 7.19 (d, J = 2.5 Hz, 1H), 7.06 (s, 2H),
6.87 (dd, J = 8.2, 2.5 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H),
3.86 (s, 3H), 3.84 (s, 3H), 3.79 (s, 3H), 3.76 (s, 6H). 13C
NMR + APT (75 MHz, CDCl3) d 192.9 (C), 191.2 (C),
162.21 (C), 162.16 (C), 161.7 (C), 152.7 (C), 142.6
(C), 134.5 (C), 133.5 (C), 131.9 (C), 130.1 (CH), 129.4
(C), 124.3 (CH), 124.0 (C), 116.5 (CH), 114.2 (CH),
110.7 (CH), 106.9 (CH), 60.8 (CH3), 56.1 (CH3), 55.8
(CH3), 55.3 (CH3). IR (KBr disc, cm�1): 3064, 2997,
2938, 2838, 1707, 1629, 1604, 1581, 1508, 1447, 1415,
1349, 1255, 1123, 1020, 839, 797. LRMS (70 eV) m/z
(%): 460 (M+�, 100), 417 (35), 293 (45), 195 (30). HRMS
calcd for C27H24O7: 460.1522. Found: 460.1523. Higher
Rf isomer (47), 50 mg, 22%, mp = 104–5 �C; 1H NMR
(300 MHz, CDCl3) d 7.34 (d, J = 8.7 Hz, 2H), 7.18 (s,
2H), 7.16 (d, J = 2.3 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H),
6.78 (dd, J = 8.1, 2.3 Hz, 1H), 6.75 (d, J = 8.7 Hz, 2H),
3.86 (s, 3H), 3.82 (s, 3H), 3.74 (s, 9H). 13C NMR + APT
(75 MHz, CDCl3) d 196.4 (C), 193.3 (C), 160.9 (C), 159.9
(C), 153.0 (C), 149.0 (C), 143.5 (C), 136.0 (C), 133.0
(C), 131.5 (C), 130.5 (CH), 129.8 (C), 122.5 (C), 122.4
(CH), 117.2 (CH), 113.9 (CH), 111.4 (CH), 106.6 (CH),
60.9 (CH3), 56.1 (CH3), 55.7 (CH3), 55.1 (CH3). IR
(KBr disc, cm�1): 3098, 2994, 2938, 2831, 1712, 1637,
1607, 1578, 1509, 1470, 1413, 1349, 1312, 1250, 1126,
1027, 835, 794, 768. LRMS (70 eV) m/z (%): 460 (M+�,
100), 195 (25). HRMS calcd for C27H24O7: 460.1522.
Found: 460.1519.


4.11. Biological materials and methods


Bovine brain tubulin was prepared as described previ-
ously,25 and MCF-7 human breast cancer cells were pro-
vided by the Screening Technologies Branch, National
Cancer Institute. The tubulin assembly procedure26


and techniques used to culture the MCF-7 cells and
quantitate their growth27 have been described in detail
elsewhere.
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Abstract—Thyroid hormones play important roles in growth, development and homeostasis, and disruption of their functions
induces serious disease, so novel synthetic thyroid hormone analogues are candidates for clinical application. We designed and syn-
thesized novel diphenylamine derivatives with a thiazolidinedione moiety as the terminal polar group as thyroid hormone receptor
(TR) antagonists. Compounds bearing an appropriately sized N-alkyl group showed antagonistic activities towards both the hTRa1
and hTRb1 subtypes.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of endogenous and synthetic TR agonists.

1. Introduction


Thyroid hormones (THs), 3,3 0,5-triiodothyronine (T3,
Fig. 1) and 3,3 0,5,5 0-tetraiodothyronine (T4), are pro-
duced by the thyroid gland and peripheral tissues, and
regulate various physiological processes associated with
growth, homeostasis and development.1 They regulate
gene transcription through binding with thyroid hor-
mone receptors (TRs),2 which are ligand-inducible tran-
scriptional factors belonging to the nuclear receptor
superfamily, and they also influence basal and adaptive
metabolism, lipid levels, bone and muscle metabolism
and heart rate. Disruption of these regulatory functions
causes various diseases. For example, abnormal eleva-
tion of circulating TRs results in hyperthyroidism,
which manifests clinically as weight loss, lowering of
serum lipid levels, cardiac arrhythmias and heart failure.
Present clinical treatment of hyperthyroidism involves
direct reduction of TH production by inhibiting the
synthesizing enzymes, or by ablating the thyroid gland
surgically or with radioiodine, but because of the long
half-life of THs, these therapies take several weeks to re-
store a normal state. In contrast, the direct suppression
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of TR functions is expected to be quick. Therefore, in
addition to TR agonists,3–11 such as Triac,3,4 GC-15


and 1,6 several TR antagonists have been synthesized
(Fig. 2).12–21 Most of them, except for a few compounds
such as HY-4, are analogues of Triac or GC-1 bearing a
bulky group at the 5 0-position of the phenol moiety
(outer ring). However, the structure-activity relationship
study of GC-1416 and NH-317 showed that the agonist/
antagonist activity balance varied depending on the
substituent on the phenyl or phenylethynyl group, which
means that the bulkiness of the 5 0-substituent is not the
only factor determining the activity of these types of
TR antagonists.18 In this article, we designed and
synthesized a series of novel TR antagonists, and
elucidated their activities towards the TR subtypes.
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2. Results


2.1. Design of new antagonist candidates


The crystal structures of several nuclear receptor
ligand-binding domains (LBD) indicated that in binding
with agonists, the C-terminal helix 12 (H12) forms a lid
over the ligand-binding pocket, thereby providing an
accessible surface structure suitable for coactivator
binding.22–24 Prevention of this proper packing of H12
by a bulky group introduced into the structure of some
antagonists could explain the antagonistic activity.


In the case of TRs, the crystal structures of holo-recep-
tors with some agonists, including T3, have already been
reported.25,26 In these structures, the 5 0 position of the
ligand is oriented in the direction of the loop between
helix 11 and H12, so the introduction of a bulky group
at this position might yield antagonists. Based on this
concept, several synthetic TR antagonists, such as DIB-
RT,19 GC-14, NH-3 or 2,20 were reported. However,
modification at the 5 0 position also caused variation in
the TR agonist/antagonist activity ratio, and therefore
we designed different types of TR antagonist candidates.


TR ligands consist of three parts, that is, a phenolic out-
er ring, another benzene ring (inner ring) bearing the ter-
minal polar group and their linking atom. The terminal
polar group is significant for the interaction with TRs
and may be associated with the selectivity between
TRa and b subtypes.27 The linking atom in the endoge-
nous ligand is oxygen. Recently, various TR analogues
with a methylene linker have been developed, and intro-
duction of a long substituent on the methylene linker
afforded antagonistic activity in the case of HY-4. Con-
sidering these results, we designed compounds 3 as TR
antagonist candidates (Fig. 3). In the structure of 3,
the nitrogen atom was used as the linker between the
outer and inner rings, and antagonistic activity was ex-
pected to be generated by the introduction of an appro-

priately sized N-alkyl group. As for the terminal polar
group, we previously reported that compound 1 is as
active as T3,6 and a thiazolidinedione group is a good
bioisoster for carboxylic acid, as has also been found
with ligands of other nuclear hormone receptors.28,29


Thus, we designed and synthesized 3a–3g as TR
antagonist candidates.


2.2. Synthesis


For the synthesis of 3a–3g, we planned to derive the
thiazolidinedione group from an aldehyde group at the
final stage in the synthesis. The diphenylamine com-
pound 4 can be synthesized by Buchward’s amination
reaction between a protected 4-bromo-2-isopropylphe-
nol, 6a or 6b, and aniline derivatives with an aldehyde
(7a), a protected aldehyde (7b) or a cyano group as
the precursor for aldehyde (7c) (Fig. 4).
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The methyl-protected p-bromophenols 6a and 7a were
prepared by the method in the literature5,30 (Scheme 1).
However, the coupling reaction of 6a and 7a proceeded
only in low yield (16%), mainly due to the high reactivity
of the aldehyde group. To prevent side reactions, the
aldehyde group was protected with thiolate to form a
thioacetal moiety, 7b, but this could not be coupled with
6a, probably because the sulfur atoms would chelate
palladium, preventing the catalytic reaction.� Thus, a
cyano group (7c) was used as a precursor of aldehyde.
The cyano derivative 7c was synthesized from 8 via a
Sonogashira-like reaction.31 The coupling reaction of
7c with 6a proceeded to afford 9c in 82% yield. In this
reaction, the phosphine ligand, 2-(di-cyclohexylphosph-
ino)biphenyl, is important for high yield. The meth-
oxymethyl-protected molecule 6b was also coupled
with 7c to afford the diphenylamine 9d in 76% yield.


After methylation of 9c, 10 was reduced to the aldehyde
(11) via Knoevenagel condensation with thiazolidinedi-
one (5) to afford 12 (Scheme 2). The reduction of 12 with
Pd/C or LiBH4 was unsuccessful because of decomposi-
tion or slow reaction, but the method using cobalt–dim-
ethylglyoxime complex successfully reduced 12 to 13.
However, demethylation of 13 proved difficult. There-
fore, we used the methoxymethyl group for protection
of the phenolic hydroxyl group. Starting from 6b, the
same reactions proceeded to afford 17a, and deprotec-
tion of the methoxymethyl group proceeded easily to
give 3a. Compounds 3b–3g were similarly synthesized.

� The compound 7a could not be converted to the acetal derivatives by


the typical reaction conditions.

2.3. Biological activity


The activity of the synthesized molecules was examined
by means of transient transactivation assay in COS-1
cells transfected with hTRa1 or hTRb1. None of the
compounds activated transcription via either of the
subtypes, except that 3a had a slight agonist activity
towards TRa1 and TRb1, being less than one-tenth as
potent as T3 at the concentration of 10�6 M (data not
shown). Then, the antagonistic activities towards T3 in
TR activation were examined. All the compounds,
except for 3a, exhibited antagonistic activity (Fig. 5).
The difference in the activity depending upon the N-sub-
stituent was small, and the similar tendency was
observed between two TR subtypes. Compounds with
a bulky N-alkyl group, such as a benzyl (3d) and
cyclohexylmethyl group (3g), were moderately effective
among the synthesized compounds.

3. Discussion


Compounds 3b–3g showed antagonist activities towards
both subtypes of TRs, while 3a exhibited very weak par-
tial-agonistic activity, and this difference must be due to
the difference of substituents at the nitrogen atom.
Among the TR antagonists so far known, only HY-4
has a bulky substituent on the linker atom.12 However,
HY-4 has an extremely long chain, and compounds with
a shorter allyl group, such as 18 (Fig. 6), show weak
agonistic activity. In our case, such a long substituent
is unnecessary, and a C4–C8 alkyl group is sufficient
for antagonist activity against both TR subtypes. A pos-
sible reason for this difference is the difference of the lin-
ker atom, carbon in HY-4 and 18, and nitrogen in our
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molecules. The orientation of the substituent would be
different in the two cases, and this might account for
the difference of threshold between agonist and antago-
nist. Crystal structures of holo-TR ligand binding
domains show that the introduction of the bulky substi-
tuent at 5 0-position of T3 may disturb the proper confor-
mation of helix 12 that is significant for the active form
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of TR. If the compounds 3 bind to TRs with similar con-
formation with that of T3 or GC-1, the substituent on
the linker nitrogen atom was thought to face to helix 7
or 8. The further study for elucidation of the structural
factors for the antagonism of novel compounds 3 is
ongoing.


The key intermediate 9d should be a convenient syn-
thetic intermediate for obtaining various derivatives
with different N-substituents. In addition, the cyano
(9d) or aldehyde group (15) can be easily transformed
to other polar groups. Crystallographic studies have
shown that only one amino acid residue is different
(Ser277 in hTRa1, Asn331 in hTRb1) in the ligand bind-
ing cavities of the two TR subtypes.32 Although these
residues do not directly contact the ligand, they partici-
pate in a hydrogen-bonding network with the terminal
polar group. In the study of GC-1, a b-selective agonist,
the terminal polar group (oxoacetic acid) was found to
be important for its b-selectivity. In our case, although
no subtype selectivity was observed, it is possible that
modification at the terminal polar group may afford po-
tent TR subtype-selective antagonists. We are now
developing a TR ligand library by using 9d as the key
intermediate. It is also possible that other combinations
of linker atom and terminal polar group may yield selec-
tive TR agonists and antagonists.

4. Conclusion


We have designed and synthesized novel TR antago-
nists, 3b–3g. This new class of antithyroid compounds
should provide candidate drugs for clinical application
and tools for elucidation of the physiological functions
of thyroid hormone receptors.

5. Experimental


5.1. General information


All reagents were purchased from Sigma–Aldrich Chem-
ical Co., Tokyo Kasei Kogyo Co., Wako Pure Chemical
Industries and Kanto Kagaku Co., Inc. Silica gel for
column chromatography was purchased from Kanto
Kagaku Co., Inc. 1H and 13C NMR spectra were re-
corded on Bruker ARX400 or Bruker Avance 500 spec-
trometer. Mass spectral data were obtained on a Bruker
Daltonics microTOF-2focus in the positive and negative
ion detection modes.


5.2. Synthesis


5.2.1. Synthesis of 4-[bis(ethylthio)methyl]-2,6-dimethy-
laniline (7b). To a solution of 7a (202 mg, 1.36 mmol) in
anhydrous chloroform (5.0 mL) at room temperature
were added trimethylsilyl chloride (0.43 mL, 3.36 mmol)
and ethanethiol (0.25 mL, 3.38 mmol) under argon
atmosphere. The reaction mixture was stirred for 2 h.
After the addition of aqueous NaOH, the aqueous phase
was extracted with chloroform. The organic fractions
were washed with brine, dried over sodium sulfate and

concentrated in vacuo. Purification by silica gel column
chromatography (ethyl acetate/n-hexane = 1:1) yielded
the 7b as a brown solid (332 mg, 96%).


Compound 7b: 1H NMR (400 MHz, CDCl3) d 7.04 (s,
2H), 4.82 (s, 1H), 2.56 (q, 4H, J = 7.4 Hz), 2.23 (s,
6H), 1.23 (t, 6H, J = 7.4 Hz); 13C NMR (125 MHz,
CDCl3) d 142.4, 129.4, 127.6, 121.6, 52.3, 26.3, 17.7,
14.3; HRMS (ESI) calcd for C13H21N1Na1S2 (M+Na+)
278.1008; found 278.0996.


5.2.2. Synthesis of 4-amino-3,5-dimethylbenzonitrile (7c).
An oven-dried, round-bottomed flask was charged with
CuCN (5.85 g, 65.3 mmol), CuI (1.04 g, 5.46 mmol), 8
(10.8 g, 54.2 mmol) and KI (1.91 g, 11.5 mmol) under
argon. Anhydrous DMF (39 mL) and N,N 0-dimethyle-
thylenediamine (5.80 mL, 54.4 mmol) were added, and
the reaction mixture was stirred at 100 �C for 24 h.
The resulting suspension was allowed to warm to room
temperature, diluted with 28% aqueous ammonia and
extracted with ethyl acetate. The organic fractions were
washed with brine, dried over sodium sulfate and con-
centrated in vacuo. Purification by silica gel column
chromatography (ethyl acetate/n-hexane = 1:3) yielded
the 6c as a white solid (6.05 g, 76%).


Compound 7c: 1H NMR (400 MHz, CDCl3) d 7.22 (s,
2H), 4.04 (br s, 2H), 2.17 (s, 6H); 13C NMR
(125 MHz, CDCl3) d 141.8, 130.5, 123.6, 109.4, 17.4;
HRMS (ESI) calcd for C9H9N2 (M�H+) 145.0761;
found 145.0768.


5.2.3. Synthesis of 4-[(3-isopropyl-4-methoxyphenyl)-
amino]-3,5-dimethylbenzaldehyde (9a). An oven-dried,
round-bottomed flask was charged with Pd2(dba)3


(4.4 mg,4.25 lmol), 2-(di-tert-butylphosphino)biphenyl
(4.3 mg, 14.4 lmol), t-BuONa (63.0 mg, 0.656 mmol)
and 7a (82.0 mg, 0.550 mmol) under argon. A separate
flame-dried, two-necked, pear-shaped flask was charged
with 6a (103 mg, 0.451 mmol) and dry toluene (1.7 mL)
under argon. This solution was added to the round-bot-
tomed flask via cannula. The resulting mixture was stir-
red for 3 days at 100 �C. After the addition of water and
aqueous HCl to the reaction mixture at 0 �C, the aque-
ous phase was extracted with ethyl acetate. The organic
fractions were washed with brine, dried over sodium sul-
fate and concentrated in vacuo. Purification by silica gel
column chromatography (ethyl acetate/n-hexane = 1:9)
yielded the 9a as a brown oil (21.4 mg, 16%).


Compound 9a: 1H NMR (400 MHz, CDCl3) d 9.87 (s,
1H), 7.58 (s, 2H), 6.71 (d, 1H, J = 8.6 Hz), 6.66–6.48
(m, 2H), 3.79 (s, 3H), 3.28 (septet, 1H, J = 6.9 Hz),
2.20 (s, 6H), 1.16 (d, 6H, J = 6.9 Hz); HRMS (ESI)
calcd for C19H22N1O2 (M�H+) 296.1645; found
296.1633.


5.2.4. Synthesis of 4-[(3-isopropyl-4-methoxyphenyl)-
amino]-3,5-dimethylbenzonitrile (9c). An oven-dried,
round-bottomed flask was charged with Pd2(dba)3


(104 mg, 0.100 mmol), 2-(di-cyclohexylphosphino)biphe-
nyl (48.9 mg, 0.140 mmol), t-BuONa (0.633 g,
6.59 mmol) and 7c (0.751 g, 5.14 mmol) under argon. A
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separate flame-dried, two-necked, pear-shaped flask was
charged with 6a (1.31 g, 5.72 mmol) and dry toluene
(29 mL) under argon. This solution was added to the
round-bottomed flask via cannula. The resulting mixture
was stirred for 19 h at 100 �C. After the addition of water
and aqueous HCl to the reaction mixture at 0 �C, the
aqueous phase was extracted with ethyl acetate. The or-
ganic fractions were washed with brine, dried over sodium
sulfate and concentrated in vacuo. Purification by silica
gel column chromatography (ethyl acetate/n-hex-
ane = 1:4) yielded the 9c as a white solid (1.24 g, 82%).


Compound 9c: 1H NMR (400 MHz, CDCl3) d 7.35 (s,
2H), 6.70 (d, 1H, J = 8.6 Hz), 6.61 (d, 1H, J = 2.8 Hz),
6.41 (dd, 1H, J = 8.6 Hz, 2.8 Hz), 5.35 (s, 1H), 3.78 (s,
3H), 3.27 (septet, 1H, J = 6.9 Hz), 2.15 (s, 6H), 1.16
(d, 6H, J = 6.9 Hz); 13C NMR (125 MHz, CDCl3) d
151.9, 144.8, 138.2, 137.3, 132.6, 132.1, 119.6, 116.3,
115.1, 111.3, 105.7, 55.9, 26.9, 22.6, 18.7; HRMS (ESI)
calcd for C19H21N2O1 (M�H+) 293.1648; found
293.1646.


5.2.5. Synthesis of 4-[[3-isopropyl-4-(methoxymethoxy)-
phenyl]amino]-3,5-dimethylbenzonitrile (9d). Compound
9d was prepared from 7c (3.81 g, 26.2 mmol) and 6b
(6.01 g, 23.2 mmol) according to the procedure
described for 9c in yield 76% (5.73 g, white solid).


Compound 9d: 1H NMR (500 MHz, CDCl3) d 7.34 (s,
2H), 6.92 (d, 1H, J = 8.6 Hz), 6.56 (d, 1H, J = 2.7 Hz),
6.39 (dd, 1H, J = 8.6 Hz, 2.8 Hz), 5.34 (s, 1H), 5.13 (s,
2H), 3.49 (s, 3H), 3.29 (septet, 1H, J = 6.9 Hz), 2.16 (s,
6H), 1.17 (d, 6H, J = 6.9 Hz); 13C NMR (125 MHz,
CDCl3) d 149.2, 144.5, 139.0, 138.5, 132.6, 132.6,
119.6, 115.5, 115.5, 114.9, 106.2, 95.4, 56.0, 27.0, 22.8,
18.7; HRMS (ESI) calcd for C20H23N2O2 (M�H+)
323.1754; found 323.1751.


5.2.6. Synthesis of 4-[N-(3-isopropyl-4-methoxyphenyl)-
N-methylamino]-3,5-dimethylbenzonitrile (10). To a sus-
pension of NaH (25.7 mg, 1.07 mmol) in dry DMF
(1.0 mL) under argon, 9c (200 mg, 0.679 mmol) was
slowly added at 0 �C. The reaction mixture was warmed
up to room temperature and stirred for 30 min. To the
mixture, iodomethane (140 lL, 2.25 mmol) was slowly
added at 0 �C. The reaction mixture was warmed to
room temperature and stirred for 1 h. After the addition
of water to the reaction mixture at 0 �C, the aqueous
phase was extracted with ethyl acetate. The organic frac-
tions were washed with brine, dried over sodium sulfate
and concentrated in vacuo. Purification by silica gel col-
umn chromatography (ethyl acetate/n-hexane = 1:6)
yielded the 10 as a brown oil (196 mg, 94%).


Compound 10: 1H NMR (400 MHz, CDCl3) d 7.42 (s,
2H), 6.72 (d, 1H, J = 8.8 Hz), 6.28 (d, 1H, J = 1.9 Hz),
6.19 (dd, 1H, J = 8.3 Hz, 1.9 Hz), 3.75 (s, 3H), 3.24 (sep-
tet, 1H, J = 6.9 Hz), 3.15 (s, 3H), 2.11 (s, 6H), 1.12 (d,
6H, J = 6.9 Hz).


5.2.7. Synthesis of 4-[N-(3-isopropyl-4-methoxyphenyl)-
N-methylamino]-3,5-dimethylbenzaldehyde (11). To a
solution of 10 (196 mg, 0.637 mmol) in dry toluene

(3.0 mL) under argon, DIBAL-H (0.99 M solution in
toluene, 0.90 mL, 0.891 mmol) was slowly added at
0 �C. The reaction mixture was stirred for 20 min at
room temperature. After the addition of saturated
ammonium chloride, the aqueous phase was extracted
with ethyl acetate. The organic fractions were washed
with brine, dried over sodium sulfate and concentrated
in vacuo. Purification by silica gel column chromatogra-
phy (ethyl acetate/n-hexane = 1:6) yielded the 11 as a
yellow oil (133 mg, 63%).


Compound 11: 1H NMR (400 MHz, CDCl3) d 9.97 (s,
1H), 7.65 (s, 2H), 6.72 (d, 1H, J = 8.8 Hz), 6.30 (br s,
1H), 6.21 (d, 1H, J = 6.5 Hz), 3.76 (s, 3H), 3.24 (septet,
1H, J = 6.9 Hz), 3.17 (s, 3H), 2.15 (s, 6H), 1.12 (d, 6H,
J = 6.9 Hz).


5.2.8. Synthesis of (Z)-5-[4-[N-(3-isopropyl-4-methoxy-
phenyl)-N-methylamino]-3,5-dimethylphenylmethylene]-
thiazolidine-2,4-dione (12). To a solution of 11 (133 mg,
0.402 mmol) in dry ethanol (11 mL) under argon, piper-
idine (50 lL, 0.453 mmol) and 2,4-thiazolidinedione (5,
53.1 mg, 0.453 mmol) were added at room temperature.
The reaction mixture was refluxed for 20 h, and the sol-
vent was concentrated in vacuo. After the addition of
water, the aqueous phase was extracted with ethyl ace-
tate. The organic fractions were washed with brine,
dried over sodium sulfate and concentrated in vacuo.
Purification by silica gel column chromatography (ethyl
acetate/n-hexane = 1:3) yielded the 12 as a brown oil
(122 mg, 74%).


Compound 12: 1H NMR (400 MHz, CDCl3) d 8.65 (br
s, 1H), 7.83 (s,1H), 7.27 (s, 2H), 6.72 (d, 1H,
J = 8.8 Hz), 6.32 (s, 1H), 6.20 (d, 1H, J = 8.8 Hz), 3.76
(s, 3H), 3.24 (septet, 1H, J = 6.9 Hz), 3.16 (s, 3H), 2.13
(s, 6H), 1.13 (d, 6H, J = 6.9 Hz).


5.2.9. Synthesis of 5-[4-[N-(3-isopropyl-4-methoxyphe-
nyl)-N-methylamino]-3,5-dimethylphenylmethyl]thiazoli-
dine-2,4-dione (13). To a rapidly stirred mixture of 12
(33.9 mg, 82.6 lmol) in THF (360 lL) and 1M NaOH
(90.0 lL) at room temperature, CoCl2–DMG complex
solution (18.0 lL, made from 11.6 mg of cobalt chloride,
125 mg of dimethylglyoxime and 2.5 mL DMF) was
added. After 30 min, sodium borohydride (18.0 mg,
0.476 mmol) in water (0.5 mL) was added and the mix-
ture was stirred at 35 �C for 9 h. After the addition of
water and aqueous HCl to the reaction mixture at
0 �C, the aqueous phase was extracted with ethyl ace-
tate. The organic fractions were washed with brine,
dried over sodium sulfate and concentrated in vacuo.
Purification by silica gel column chromatography (ethyl
acetate/n-hexane = 1:3) yielded the 13 as a brown oil
(25.2 mg, 74%).


Compound 13: 1H NMR (400 MHz, CDCl3) d 8.70 (br
s, 1H), 6.97 (s, 2H), 6.71 (d, 1H, J = 8.8 Hz), 6.25 (s,
1H), 6.15 (d, 1H, J = 7.1 Hz), 4.56 (dd, 1H,
J = 10.4 Hz, 3.8 Hz), 3.75 (s, 3H), 3.55 (dd, 1H,
J = 13.9 Hz, 3.8 Hz), 3.23 (septet, 1H, J = 6.9 Hz), 3.14
(s, 3H), 3.03 (dd, 1H, J = 14.0 Hz, 10.4 Hz), 2.06 (s,
6H), 1.12 (d, 6H, J = 6.9H).
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5.2.10. Synthesis of 4-[N-[3-isopropyl-4-(methoxymeth-
oxy)phenyl]-N-methylamino]-3,5-dimethylbenzonitrile (14a).
Compound 14a was prepared from 9d (197 mg,
0.606 mmol) and iodomethane (250 lL, 4.02 mmol)
according to the procedure described for 10 in yield
72% (147 mg, brown oil).


Compound 14a: 1H NMR (500 MHz, CDCl3) d 7.42 (s,
2H), 6.91 (d, 1H, J = 8.8 Hz), 6.25 (s, 1 H), 6.15 (d, 1H,
J = 6.9 Hz), 5.09 (s, 2H), 3.49 (s, 3H), 3.26 (septet, 1H,
J = 6.9 Hz), 3.14 (s, 3H), 2.10 (s, 6H), 1.14 (d, 6H,
J = 6.9 Hz).


5.2.11. Synthesis of 4-[N-[3-isopropyl-4-(methoxymeth-
oxy)phenyl]-N-methylamino]-3,5-dimethylbenzaldehyde (15a).
Compound 15a was prepared from 14a (227 mg,
0.670 mmol) according to the procedure described for
11 in yield 60% (147 mg, yellow oil).


Compound 15a: 1H NMR (400 MHz, CDCl3) d 9.97 (s,
1H), 7.65 (s, 2H), 6.91 (d, 1H, J = 8.8 Hz), 6.27 (s, 1H),
6.18 (d, 1H, J = 6.6 Hz), 5.09 (s, 2H), 3.49 (s, 3H), 3.26
(septet, 1H, J = 6.9 Hz), 3.17 (s, 3H), 2.15 (s, 6H), 1.13
(d, 6H, J = 6.9 Hz).


5.2.12. Synthesis of (Z)-5-[4-[N-[3-isopropyl-4-(methoxy-
methoxy)phenyl]-N-methylamino]-3,5-dimethylphenyl-
methylene]thiazolidine-2,4-dione (16a). Compound 16a
was prepared from 15a (137 mg, 0.401 mmol) and 2,4-
thiazolidinedione (5, 55.3 mg, 0.472 mmol) according
to the procedure described for 12 in yield 94%
(165 mg, orange solid).


Compound 16a: 1H NMR (400 MHz, CDCl3) d 7.81 (s,
1H), 7.26 (s, 2H), 6.91 (d, 1H, J = 8.8 Hz), 6.29 (s, 1H),
6.16 (m, 1H), 5.09 (s, 2H), 3.49 (s, 3H), 3.27 (septet, 1H,
J = 6.9 Hz), 3.16 (s, 3H), 2.13 (s, 6H), 1.14 (d, 6H,
J = 6.9 Hz).


5.2.13. Synthesis of 5-[4-[N-[3-isopropyl-4-(methoxy-
methoxy)phenyl]-N-methylamino]-3,5-dimethylphenyl-
methyl]thiazolidine-2,4-dione (17a). Compound 17a was
prepared from 16a (165 mg, 0.375 mmol) according to
the procedure described for 13 in yield 86% (143 mg,
white solid).


Compound 17a: 1H NMR (500 MHz, CDCl3) d 7.80 (br
s, 1H), 6.97 (s, 2H), 6.89 (d, 1 H, J = 8.9 Hz), 6.23 (br s,
1H,), 6.11 (br, 1H,), 5.07 (s, 2H), 4.56 (dd, 1H,
J = 10.2 Hz, 3.8 Hz), 3.54 (dd, 1H, J = 13.8 Hz,
3.8 Hz), 3.49 (s, 3H), 3.25 (septet, 1H, J = 7.0 Hz),
3.13 (s, 3 H), 3.05 (dd, 1H, J = 14.0 Hz, 10.3 Hz), 2.06
(s, 6H), 1.13 (d, 6H, J = 6.9 Hz).


5.2.14. Synthesis of 5-[4-[N-(4-hydroxy-3-isopropylphe-
nyl)-N-methylamino]-3,5-dimethylphenylmethyl]thiazoli-
dine-2,4-dione (3a). To a stirred solution of 17a (94.7 mg,
0.214 mmol) in methanol (21 mL) and dichloromethane
(1.0 mL), 5 M HCl (4.0 mL) was added and stirred at
room temperature for 9 h. Then, the reaction mixture
was concentrated in vacuo. After the addition of water,
the aqueous phase was extracted with ethyl acetate. The
organic fractions were washed with brine, dried over

sodium sulfate and concentrated in vacuo. Purification
by silica gel column chromatography (ethyl acetate/n-
hexane = 1:2) yielded the 3a as a white amorphous solid
(79.9 mg, 94%).


Compound 3a: 1H NMR (500 MHz, CD3OD) d 7.01 (s,
2H), 6.57 (d, 1H, J = 8.6 Hz), 6.16 (s, 1 H), 6.04 (d, 1H,
J = 7.3 Hz), 4.74 (dd, 1H, J = 9.5 Hz, 4.2 Hz), 3.43 (dd,
1H, J = 13.9 Hz, 4.1 Hz), 3.17 (septet, 1H, J = 6.9 Hz),
3.10 (s, 3H), 3.06 (dd, 1H, J = 14.1 Hz, 9.7 Hz), 2.03
(s, 6H), 1.07 (d, 6H, J = 6.9 Hz); 13C NMR (125 MHz,
CD3OD) d 177.6, 173.6, 146.1, 145.5, 143.6, 139.4,
137.0, 136.3, 130.8, 130.7, 117.2, 110.0, 109.8, 54.7,
38.9, 37.7, 28.2, 23.1, 18.2; HRMS (ESI) calcd for
C22H26N2O3SNa (M+Na+) 421.1566; found 421.1566.


5.2.15. Synthesis of 4-[N-(cyclopropylmethyl)-N-[3-iso-
propyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethylbenzo-
nitrile (14b). Compound 14b was prepared from 9d
(142 mg, 0.437 mmol) and cyclopropylmethyl bromide
(250 lL, 2.58 mmol) according to the procedure
described for 10 in yield 61% (102 mg, colourless oil).


Compound 14b: 1H NMR (500 MHz, CDCl3) d 7.42 (s,
2H), 6.90 (d, 1H, J = 8.9 Hz), 6.29 (d, 1H, J = 2.8 Hz),
6.19 (dd, 1H, J = 8.9 Hz, 2.9 Hz), 5.08 (s, 2H), 3.49 (s,
3H), 3.33 (d, 2H, J = 6.7 Hz), 3.26 (septet, 1H,
J = 6.9 Hz), 2.16 (s, 6H), 1.13 (d, 6H, J = 6.9 Hz), 1.11–
1.09 (m, 1H), 0.48–0.44 (m, 2H), 0.05–0.02 (m, 2H).


5.2.16. Synthesis of 4-[N-(cyclopropylmethyl)-N-[3-iso-
propyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethyl-
benzaldehyde (15b). Compound 15b was prepared from
14b (89.8 mg, 0.237 mmol) according to the procedure
described for 11 in yield 89% (77.5 mg, yellow oil).


Compound 15b: 1H NMR (500 MHz, CDCl3) d 9.97 (s,
1H), 7.65 (s, 2H), 6.90 (d, 1H, J = 8.9 Hz), 6.32 (d, 1H,
J = 2.8 Hz), 6.23 (dd, 1H, J = 8.8 Hz, 2.8 Hz), 5.08 (s,
2H), 3.49 (s, 3H), 3.36 (d, 2H, J = 6.7 Hz), 3.26 (septet,
1H, J = 6.9 Hz), 2.21 (s, 6H), 1.2–1.1 (m, 1H), 1.40 (d,
6H, J = 6.9 Hz), 0.5–0.4 (m, 2H), 0.1–0.0 (m, 2H).


5.2.17. Synthesis of (Z)-5-[4-[N-(cyclopropylmethyl)-N-
[3-isopropyl-4-(methoxymethoxy)phenyl]amino]-3,5-dim-
ethylphenylmethylene]thiazolidine-2,4-dione (16b). Com-
pound 16b was prepared from 15b (68.5 mg,
0.186 mmol) and 2,4-thiazolidinedione (5, 33.6 mg,
0.287 mmol) according to the procedure described for
12 in yield 86% (65.9 mg, orange solid).


Compound 16b: 1H NMR (500 MHz, CDCl3) d 8.03 (br
s, 1H), 7.81 (s, 1H), 7.27 (s, 2H), 6.89 (d, 1H,
J = 8.8 Hz), 6.34 (d, 1 H, J = 2.8 Hz), 6.21 (dd, 1H,
J = 8.8 Hz, 2.7 Hz), 5.08 (s, 2H), 3.49 (s, 3H), 3.34 (d,
2H, J = 6.6 Hz), 3.26 (septet, 1H, J = 6.9 Hz), 2.18 (s,
6H), 1.2–1.1 (m, 1H), 1.15 (d, 6H, J = 6.9 Hz), 0.5–0.4
(m, 2H), 0.1–0.0 (m, 2H).


5.2.18. Synthesis of 5-[4-[N-(cyclopropylmethyl)-N-[3-iso-
propyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethyl-
phenylmethyl]thiazolidine-2,4-dione (17b). Compound
17b was prepared from 16b (53.8 mg, 0.112 mg) according
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to the procedure described for 13 in yield 89% (48.0 mg,
white solid).


Compound 17b: 1H NMR (500 MHz, CDCl3) d 8.37 (br s,
1H), 6.97 (s, 2H), 6.87 (d, 1H, J = 8.9 Hz), 6.27 (d, 1H,
J = 2.7 Hz), 6.16 (dd, 1H, J = 8.5 Hz, 2.5 Hz), 5.08 (s,
2H), 4.56 (dd, 1H, J = 10.2 Hz, 4.1 Hz), 3.54 (dd, 1H,
J = 14.0 Hz, 10.2 Hz), 3.49 (s, 3H), 3.32 (d, 2 H,
J = 6.6 Hz), 3.25 (septet, 1H, J = 6.9 Hz), 3.05 (dd, 1H,
J = 13.9 Hz, 10.2 Hz), 2.11 (s, 6H), 1.2–1.1 (m, 1H), 1.13
(d, 6H, J = 6.9 Hz), 0.5–0.4 (m, 2H), 0.1–0.0 (m, 2H).


5.2.19. Synthesis of 5-[4-[N-(cyclopropylmethyl)-N-(4-
hydroxy-3-isopropylphenyl)amino]-3,5-dimethylphenyl-
methyl]thiazolidine-2,4-dione (3b). Compound 3b was
prepared from 17b (48.0 mg, 99.5 mmol) according to
the procedure described for 3a in yield 91% (44.0 mg,
white amorphous solid).


Compound 3b: 1H NMR (500 MHz, CD3OD) d 7.02 (s,
2H), 6.56 (d, 1H, J = 8.7 Hz), 6.23 (d, 1H, J = 2.7 Hz),
6.10 (dd, 1H, J = 8.6 Hz, 2.8 Hz), 4.75 (dd, 1H,
J = 9.2 Hz, 4.1 Hz), 3.42 (dd, 1H, J = 13.9 Hz, 9.1 Hz),
3.31 (d, 2H, J = 6.0 Hz), 3.18 (septet, 1H, J = 6.9 Hz),
3.10 (dd, 1H, J = 13.9 Hz, 9.2 Hz), 2.09 (s, 6H), 1.2–
1.0 (m, 1H), 1.08 (d, 6H, J = 6.8 Hz), 0.5-0.4 (m, 2H),
0.1–0.0 (m, 2H); 13C NMR (125 MHz, CD3OD) d
177.5, 173.5, 146.1, 144.6, 143.2, 139.8, 139.8, 137.0,
136.0, 130.9, 130.8, 117.2, 110.4, 110.1, 57.1, 54.6,
38.8, 23.2, 18.7, 14.3, 11.1, 4.6; HRMS (ESI) calcd for
C25H29N2O3S (M�H+) 437.1904; found 437.1911.


5.2.20. Synthesis of 4-[N-n-hexyl-N-[3-isopropyl-4-(meth-
oxymethoxy)phenyl]amino]-3,5-dimethylbenzonitrile (14c).
Compound 14c was prepared from 9d (142 mg,
0.437 mmol) and n-hexyl bromide (300 lL, 2.14 mmol)
according to the procedure described for 10 in yield
25% (73.2 mg, colourless oil).


Compound 14c: 1H NMR (500 MHz, CDCl3) d 7.43 (s,
2H), 6.88 (d, 1H, J = 8.9 Hz), 6.22 (d, 1H, J = 2.9 Hz),
6.11 (dd, 1H, J = 8.8 Hz, 3.0 Hz), 5.08 (s, 2H), 3.49 (s,
3H), 3.5–3.4 (m, 2H), 3.25 (septet, 1H, J = 6.9 Hz),
2.12 (s, 6H), 1.7–1.6 (m, 2H), 1.4–1.3 (m, 6H), 1.12 (d,
6H, J = 6.9 Hz), 0.89 (t, 3H, J = 6.9 Hz).


5.2.21. Synthesis of 4-[N-n-hexyl-N-[3-isopropyl-4-(meth-
oxymethoxy)phenyl]amino]-3,5-dimethylbenzaldehyde (15c).
Compound 15c was prepared from 14c (73.2 mg,
0.179 mmol) according to the procedure described for 11
in yield 92% (67.5 mg, yellow oil).


Compound 15c: 1H NMR (500 MHz, CDCl3) d 9.97 (s,
1H), 7.63 (s, 2H), 6.88 (d, 1H, J = 8.9 Hz), 6.24 (d, 1H,
J = 2.8 Hz), 6.15 (dd, 1H, J = 8.8 Hz, 2.0 Hz), 5.08 (s,
2H), 3.49 (s, 3H), 3.5–3.4 (m, 2H), 3.25 (septet, 1H,
J = 6.9 Hz), 2.17 (s, 6H), 1.7-1.6 (m, 2H), 1.4–1.2 (m,
6H), 1.12 (d, 6H, J = 6.9 Hz), 0.89 (t, 3H, J = 6.9 Hz).


5.2.22. Synthesis of (Z)-5-[4-[N-n-hexyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylphenylm-
ethylene]thiazolidine-2,4-dione (16c). Compound 16c was
prepared from 15c (67.5 mg, 0.164 mmol) and 2,4-thia-

zolidinedione (5, 24.2 mg, 0.207 mmol) according to
the procedure described for 12 in yield 89% (74.6 mg, or-
ange solid).


Compound 16c: 1H NMR (500 MHz, CDCl3) d 8.04 (br s,
1H), 7.81 (s, 1H), 7.27 (s, 2H), 6.88 (d, 1H, J = 8.9 Hz),
6.26 (d, 1H, J = 2.8 Hz), 6.13 (dd, 1H, J = 8.9 Hz,
2.9 Hz), 5.08 (s, 2H), 3.49 (s, 3H), 3.5–3.4 (m, 2H), 3.25
(septet, 1H, J = 6.9 Hz), 2.14 (s, 6H), 1.7–1.6 (m, 2H),
1.4–1.2 (m, 6H), 1.13 (d, 6H, J = 6.9 Hz), 0.89 (t, 3H,
J = 7.0 Hz).


5.2.23. Synthesis of 5-[4-[N-n-hexyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylphenyl-
methyl]thiazolidine-2,4-dione (17c). Compound 17c was
prepared from 16c (74.6 mg, 0.146 mmol) according to
the procedure described for 13 in yield 84% (63.2 mg,
white solid).


Compound 17c: 1H NMR (500 MHz, CDCl3) d 7.74 (br
s, 1H), 7.05 (s, 2H), 6.86 (d, 1H, J = 8.9 Hz), 6.19 (br s,
1H), 6.08 (dd, 1H, J = 8.8 Hz, 2.7 Hz), 5.07 (s, 2H), 4.56
(dd, 1H, J = 10.3 Hz, 3.8 Hz), 3.54 (dd, 1H, J = 14.1 Hz,
3.9 Hz), 3.53 (s, 3H), 3.5–3.4 (m, 2 H), 3.24 (septet, 1H,
J = 6.9 Hz), 3.05 (dd, 1H, J = 14.0 Hz, 10.4 Hz), 2.07 (s,
6H), 1.62 (br m, 2H), 1.31 (br m, 6H), 1.12 (d, 6H,
J = 6.9 Hz), 0.89 (t, 3H, J = 2.5 Hz).


5.2.24. Synthesis of 5-[4-[N-n-hexyl-N-(4-hydroxy-3-iso-
propylphenyl)amino]-3,5-dimethylphenylmethyl]thiazoli-
dine-2,4-dione (3c). Compound 3c was prepared from
17c (63.2 mg, 0.123 mmol) according to the procedure
described for 3a in yield 88% (47.7 mg, white amorphous
solid).


Compound 3c: 1H NMR (500 MHz, CD3OD) d 7.01 (s,
2H), 6.54 (d, 1H, J = 8.7 Hz), 6.16 (d, 1H, J = 2.6 Hz),
5.99 (dd, 1H, J = 8.6 Hz, 2.7 Hz), 4.72 (dd, 1H,
J = 9.5 Hz, 4.1 Hz), 3.5–3.3 (m, 3H), 3.17 (septet, 1 H,
J = 6.9 Hz), 3.05 (dd, 1H, J = 14.0 Hz, 9.6 Hz), 2.04 (s,
6H), 1.7–1.5 (m, 2H), 1.4–1.2 (m, 6H), 1.07 (d, 6H,
J = 6.8 Hz), 0.9–0.8 (m, 3H); 13C NMR (125 MHz,
CD3OD) d 177.4, 173.4, 146.0, 144.7, 143.0, 139.7, 136.9,
136.1, 130.8, 117.2, 110.4, 110.2, 54.6, 52.8, 38.9, 32.9,
29.5, 28.1, 28.1, 23.7, 23.2, 18.8, 14.4; HRMS (ESI) calcd
for C27H35N2O3S (M�H+) 467.2374; found 467.2375.


5.2.25. Synthesis of 4-[N-benzyl-N-[3-isopropyl-4-(meth-
oxymethoxy)phenyl]amino]-3,5-dimethylbenzonitrile (14d).
Compound 14d was prepared from 9d (217 mg,
0.669 mmol) and benzyl chloride (274 lL, 2.38 mmol)
according to the procedure described for 10 in yield
59% (164 mg, colourless oil).


Compound 14d: 1H NMR (500 MHz, CDCl3) d 7.41 (s,
2H), 7.3-7.2 (m, 5H), 6.86 (d, 1H, J = 8.9 Hz), 6.35 (d,
1H, J = 3.0 Hz), 6.21 (dd, 1H, J = 8.9 Hz, 3.1 Hz), 5.08
(s, 2H), 4.67 (s, 2H), 3.48 (s, 3H), 3.23 (septet, 1H,
J = 6.9 Hz), 2.10 (s, 6H), 1.06 (d, 6H, J = 6.9 Hz).


5.2.26. Synthesis of 4-[N-benzyl-N-[3-isopropyl-4-(meth-
oxymethoxy)phenyl]amino]-3,5-dimethylbenzaldehyde (15d).
Compound 15d was prepared from 14d (164 mg,
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0.396 mmol) according to the procedure described
for 11 in yield 95% (156 mg, yellow oil).


Compound 15d: 1H NMR (500 MHz, CDCl3)d9.67 (s, 1H),
7.63 (s, 2H), 7.4–7.2 (m, 5H), 6.85 (d, 1H, J = 8.9 Hz), 6.37
(d, 1H, J = 2.9 Hz), 6.23 (dd, 1H, J = 8.8 Hz, 2.9 Hz), 5.07
(s, 2H), 4.70 (s, 2H), 3.48 (s, 3H), 3.22 (septet, 1H,
J = 6.9 Hz), 2.15 (s, 6H), 1.05 (d, 6H, J = 6.9 Hz).


5.2.27. Synthesis of (Z)-5-[4-[N-benzyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylphenyl-
methylene]thiazolidine-2,4-dione (16d). Compound 16d
was prepared from 15d (156 mg, 0.374 mmol) and 2,4-
thiazolidinedione (5, 49.2 mg, 0.420 mmol) according to
the procedure described for 12 in quant (214 mg, orange
solid).


Compound 16d: 1H NMR (500 MHz, CDCl3) d 7.93 (br s,
1H), 7.80 (s, 1H), 7.4–7.2 (m, 7H), 6.85 (d, 1H,
J = 8.9 Hz), 6.38 (d, 1H, J = 2.9 Hz), 6.22 (dd, 1H,
J = 9.1 Hz, 3.1 Hz), 5.07 (s, 2H), 4.69 (s, 2H), 3.48 (s,
3H), 3.26 (septet, 1H, J = 7.0 Hz), 2.13 (s, 6H), 1.06 (d,
6H, J = 6.9 Hz).


5.2.28. Synthesis of 5-[4-[N-benzyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylphenylm-
ethyl]thiazolidine-2,4-dione (17d). Compound 17d was
prepared from 16d (193 mg, 0.374 mg) according to
the procedure described for 13 in yield 87% (169 mg, yel-
low solid).


Compound 17d: 1H NMR (500 MHz, CDCl3) d 7.71 (br
s, 1H), 7.4–7.2 (m, 5H), 7.05 (s, 2H), 6.83 (d, 1H,
J = 8.9 Hz), 6.31 (d, 1H, J = 3.0 Hz), 6.18 (dd, 1H,
J = 8.6 Hz, 2.8 Hz), 5.06 (s, 2H), 4.67 (s, 2H), 4.55 (dd,
1H, J = 10.1 Hz, 2.9 Hz), 3.52 (dd, 1H, J = 14.0 Hz,
4.0 Hz), 3.48 (s, 3H), 3.22 (septet, 1H, J = 6.7 Hz),
3.05 (dd, 1H, J = 14.2 Hz, 10.4 Hz), 2.06 (s, 6H), 1.05
(d, 6H, J = 6.9 Hz).


5.2.29. Synthesis of 5-[4-[N-benzyl-N-(4-hydroxy-3-isopropyl-
phenyl)amino]-3,5-dimethylphenylmethyl]thiazolidine-2,
4-dione (3d). Compound 3d was prepared from 17d
(169 mg, 0.327 mmol) according to the procedure described
for 3a in yield 77% (112 mg, white amorphous solid).


Compound 3d: 1H NMR (500 MHz, CD3OD) d 7.28 (d,
2H, J = 7.5 Hz), 7.22 (t, 2H, J = 7.7 Hz), 7.16 (t, 1H,
J = 7.2 Hz), 6.97 (s, 2H), 6.52 (d, 1 H, J = 8.7 Hz), 6.27
(d, 1H, J = 2.8 Hz), 6.09 (dd, 1H, J = 8.7 Hz, 2.9 Hz),
4.69 (dd, 1H, J = 9.3 Hz, 4.2 Hz), 4.62 (s, 2H), 3.38
(dd, 1H, J = 14.0 Hz, 4.1 Hz), 3.14 (septet, 1H,
J = 6.9 Hz), 3.05 (dd, 1H, J = 14.0 Hz, 9.4 Hz), 2.01 (s,
6H), 1.00 (d, 6H, J = 6.9 Hz); 13C NMR (125 MHz,
CD3OD) d 177.3, 173.4, 146.6, 145.6, 143.2, 140.8,
139.6, 136.7, 136.2, 131.1, 131.1, 129.1, 129.0, 127.7,
116.9, 112.0, 111.7, 56.6, 54.5, 38.8, 28.0, 23.1, 19.2;
HRMS (ESI) calcd for C28H29N2O3S (M�H+)
473.1904; found 473.1893.


5.2.30. Synthesis of 4-[N-isobutyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylbenzonitri-
le (14e). Compound 14e was prepared from 9d (201 mg,

0.618 mmol) and isobutyl bromide (200 lL, 1.85 mmol)
according to the procedure described for 10 in yield 41%
(95.2 mg, pale yellow oil).


Compound 14e: 1H NMR (500 MHz, CDCl3) d 7.43 (s,
2H), 6.86 (d, 1H, J = 8.9 Hz), 6.27 (d, 1H, J = 3.0 Hz),
6.10 (dd, 1H, J = 8.9 Hz, 3.0 Hz), 5.08 (s, 2H), 3.48 (s,
3H), 3.28 (d, 2H, J = 6.4 Hz), 3.25 (septet, 1H,
J = 6.9 Hz), 2.14 (s, 6H), 1.96 (heptet, 1H, J = 6.6 Hz),
1.12 (d, 6H, J = 6.9 Hz), 0.94 (d, 6H, J = 6.7 Hz).


5.2.31. Synthesis of 4-[N-isobutyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylbenzalde-
hyde (15e). Compound 15e was prepared from 14e
(95.2 mg, 0.250 mmol) according to the procedure de-
scribed for 11 in yield 91% (87.0 mg, yellow oil).


Compound 15e: 1H NMR (500 MHz, CDCl3) d 9.97 (s,
1H), 7.65 (s, 2H), 6.86 (d, 1H, J = 8.9 Hz), 6.29 (d, 1H,
J = 3.0 Hz), 6.13 (dd, 1H, J = 8.9 Hz, 3.1 Hz), 5.08 (s,
2H), 3.48 (s, 3H), 3.32 (d, 2H, J = 6.5 Hz), 3.25 (septet,
1H, J = 6.9 Hz), 2.19 (s, 6H), 1.99 (septet, 1H,
J = 6.6 Hz), 1.12 (d, 6H, J = 6.9 Hz), 0.94 (d, 6H,
J = 6.7 Hz).


5.2.32. Synthesis of (Z)-5-[4-[N-isobutyl-N-[3-isopropyl-
4-(methoxymethoxy)phenyl]amino]-3,5-dimethylphenyl-
methylene]thiazolidine-2,4-dione (16e). Compound 16e
was prepared from 15e (87.0 mg, 0.227 mmol) and
2,4-thiazolidinedione (5, 32.6 mg, 0.278 mmol) accord-
ing to the procedure described for 12 in yield 89%
(97.4 mg, yellow solid).


Compound 16e: 1H NMR (500 MHz, CDCl3) d 8.13 (br
s, 1H), 7.81 (s, 1H), 7.27 (s, 2H), 6.85 (d, 1H,
J = 8.9 Hz), 6.32 (d, 1H, J = 3.0 Hz), 6.11 (dd, 1H,
J = 8.9 Hz, 3.1 Hz), 5.08 (s, 2H), 3.49 (s, 3H), 3.30 (d,
2H, J = 6.5 Hz), 3.27 (septet, 1H, J = 6.9 Hz), 2.16 (s,
6 H), 1.98 (septet, 1H, J = 6.6 Hz), 1.13 (d, 6H,
J = 6.9 Hz), 0.95 (d, 6H, J = 6.7 Hz).


5.2.33. Synthesis of 5-[4-[N-isobutyl-N-[3-isopropyl-4-
(methoxymethoxy)phenyl]amino]-3,5-dimethylphenyl-
methyl]thiazolidine-2,4-dione (17e). Compound 17e was
prepared from 16e (97.4 mg, 0.202 mg) according to
the procedure described for 13 in yield 72% (70.5 mg,
pale yellow solid).


Compound 17e: 1H NMR (400 MHz, CDCl3) d 7.74 (br
s, 1H), 6.98 (s, 2H), 6.84 (d, 1H, J = 8.9 Hz), 6.25 (d, 1H,
J = 2.9 Hz), 6.07 (dd, 1H, J = 9.0 Hz, 3.0 Hz), 5.07 (s,
2H), 4.56 (dd, 1H, J = 10.4 Hz, 3.9 Hz), 5.07 (s, 2H),
4.56 (dd, 1H, J = 10.4 Hz, 3.9 Hz), 3.55 (dd, 1 H,
J = 14.1 Hz, 4.1 Hz), 3.48 (s, 3H), 3.25 (d, 2H,
J = 6.8 Hz), 3.24 (septet, 1H, J = 6.7 Hz), 3.04 (dd, 1H,
J = 13.9 Hz, 10.3 Hz), 2.09 (s, 6H), 1.96 (septet, 1H,
J = 6.9 Hz), 1.12 (d, 6H, J = 6.9 Hz), 0.96 (d, 6H,
J = 6.7 Hz).


5.2.34. Synthesis of 5-[4-[N-(4-hydroxy-3-isopropylphe-
nyl)-N-isobutylamino]-3,5-dimethylphenylmethyl]thiazoli-
dine-2,4-dione (3e). Compound 3e was prepared from
17e (70.5 mg, 0.146 mmol) according to the procedure
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described for 3a in yield 80% (51.3 mg, pale yellow
amorphous solid).


Compound 3e: 1H NMR (500 MHz, CD3OD) d 7.02 (s,
2H), 6.53 (d, 1H, J = 8.7 Hz), 6.20 (d, 1H, J = 2.8 Hz),
6.01 (dd, 1H, J = 8.7 Hz, 2.9 Hz), 4.71 (dd, 1H,
J = 9.4 Hz, 4.1 Hz), 3.42 (dd, 1H, J = 14.0 Hz,
4.1 Hz), 3.25 (d, 1H, J = 6.5 Hz), 3.17 (septet, 1H,
J = 6.9 Hz), 3.06 (dd, 1H, J = 14.0 Hz, 9.4 Hz), 2.06
(s, 6H), 1.92 (septet, 1H, J = 6.6 Hz), 1.07 (d, 6H,
J = 6.9 Hz), 0.94 (d, 6H, J = 6.7 Hz); 13C NMR
(125 MHz, CD3OD) d 177.4, 173.4, 146.2, 145.4,
143.6, 139.3, 136.7, 135.9, 131.1, 131.0, 117.0, 110.9,
110.7, 61.7, 54.6, 38.9, 30.1, 28.9, 23.2, 21.7, 19.0;
HRMS (ESI) calcd for C25H31N2O3S1 (M�H+)
439.2050; found 439.2058.


5.2.35. Synthesis of 4-[N-[3-isopropyl-4-(methoxymeth-
oxy)phenyl]-N-(3-methyl-2-butenyl)amino]-3,5-dimethyl-
benzonitrile (14f). Compound 14f was prepared from 9d
(203 mg, 0.627 mmol) and prenyl bromide (220 lL,
1.87 mmol) according to the procedure described for
10 in yield 80% (198 mg, pale yellow oil).


Compound 14f: 1H NMR (500 MHz, CDCl3) d 7.41 (s,
2H), 6.88 (d, 1H, J = 8.9 Hz), 6.27 (d, 1H, J = 2.4 Hz),
6.13 (dd, 1H, J = 8.8 Hz, 2.6 Hz), 5.4–5.3 (m, 1H),
4.05 (d, 2H, J = 6.3 Hz), 3.48 (s, 3H), 3.25 (septet, 1H,
J = 6.9 Hz), 2.13 (s, 6H), 1.70 (br m, 3H), 1.62 (br s,
3H), 1.12 (d, 6H, J = 6.9 Hz).


5.2.36. Synthesis of 4-[N-[3-isopropyl-4-(methoxymeth-
oxy)phenyl]-N-(3-methyl-2-butenyl)amino]-3,5-dimethyl-
benzaldehyde (15f). Compound 15f was prepared from
14f (198 mg, 0.504 mmol) according to the procedure
described for 11 in yield 90% (179 mg, yellow oil).


Compound 15f: 1H NMR (500 MHz, CDCl3) d 9.96 (s,
1H), 7.63 (s, 2H), 6.87 (d, 1H, J = 8.9 Hz), 6.29 (d, 1H,
J = 2.0 Hz), 6.16 (dd, 1H, J = 8.6 Hz, 2.1 Hz), 5.4–5.3
(m, 1H), 5.08 (s, 2H), 4.08 (d, 2H, J = 6.3 Hz), 3.49 (s,
3H), 3.25 (septet, 1H, J = 6.9 Hz), 2.18 (s, 6H), 1.70 (s,
3H), 1.62 (s, 3H), 1.05 (d, 6H, J = 6.9 Hz).


5.2.37. Synthesis of (Z)-5-[4-[N-[3-isopropyl-4-(meth-
oxymethoxy)phenyl]-N-(3-methyl-2-butenyl)amino]-3,5-
dimethylphenylmethylene]thiazolidine-2,4-dione (16f).
Compound 16f was prepared from 15f (179 mg,
0.452 mmol) and 2,4-thiazolidinedione (5, 60.5 mg,
0.517 mmol) according to the procedure described for
12 in yield 77% (173 mg, orange solid).


Compound 16f: 1H NMR (500 MHz, CDCl3) d 8.01 (br
s, 1H), 7.81 (s, 1H), 7.26 (s, 2H), 6.87 (d, 1H,
J = 8.9 Hz), 6.31 (d, 1H, J = 3.1 Hz), 6.14 (dd, 1H,
J = 9.0 Hz, 3.1 Hz), 5.4–5.3 (m, 1H), 5.08 (s, 2H), 4.07
(d, 2H, J = 6.2 Hz), 3.49 (s, 3H), 3.25 (septet, 1H,
J = 6.9 Hz), 2.15 (s, 6H), 1.70 (br m, 3H), 1.64 (s, 3H),
1.11 (d, 6H, J = 6.9 Hz).


5.2.38. Synthesis of 5-[4-[N-[3-isopropyl-4-(methoxymeth-
oxy)phenyl]-N-(3-methyl-2-butenyl)amino]-3,5-dimethyl-
phenylmethyl]thiazolidine-2,4-dione (17f). Compound 17f

was prepared from 16f (173 mg, 0.350 mg) according to
the procedure described for 13 in yield 70% (122 mg, pale
yellow solid).


Compound 17f: 1H NMR (500 MHz, CDCl3) d 7.77 (br
s, 1H), 7.05 (s, 2H), 6.85 (d, 1H, J = 8.8 Hz), 6.25 (br s,
1H), 6.10 (d, 1H, J = 7.2 Hz), 5.4–5.3 (m, 1 H), 4.56 (dd,
1H, J = 10.2 Hz, 3.9 Hz), 4.04 (d, 2H, J = 6.3 Hz), 3.53
(dd, 1H, J = 14.1 Hz, 4.2 Hz), 3.48 (s, 3H), 3.24 (septet,
1H, J = 6.8 Hz), 2.08 (s, 6H), 1.69 (br s, 3H), 1.62 (br s,
3H), 1.11 (d, 6H, J = 6.9 Hz).


5.2.39. Synthesis of 5-[4-[N-(4-hydroxy-3-isopropylphe-
nyl)-N-(3-methyl-2-butenyl)amino]-3,5-dimethylphenyl-
methyl]thiazolidine-2,4-dione (3f). Compound 3f was
prepared from 17f (122 mg, 0.245 mmol) according to
the procedure described for 3a in yield 55% (61.1 mg,
orange amorphous solid).


Compound 3f: 1H NMR (500 MHz, CD3OD) d 6.99 (s,
2H), 6.53 (d, 1H, J = 8.7 Hz), 6.21 (d, 1H, J = 2.7 Hz),
6.00 (dd, 1H, J = 8.6 Hz, 2.8 Hz), 5.4–5.3 (m, 1H),
4.71 (dd, 1H, J = 9.3 Hz, 4.2 Hz), 4.02 (d, 2H,
J = 6.4 Hz), 3.40 (dd, 1H, J = 13.9 Hz, 4.1 Hz), 3.17
(septet, 1H, J = 6.9 Hz), 3.06 (dd, 1H, J = 14.0 Hz,
9.3 Hz), 2.05 (s, 6H), 1.67 (s, 3H), 1.58 (s, 3H), 1.07
(d, 6H, J = 6.7 Hz); 13C NMR (125 MHz, CD3OD) d
177.4, 173.4, 146.1, 145.0, 143.1, 139.7, 136.9, 136.0,
134.5, 130.8, 123.5, 117.2, 110.8, 110.6, 54.6, 50.1,
38.8, 29.1, 25.9, 23.2, 18.8, 17.9; HRMS (ESI) calcd
for C26H31N2O3S1 (M�H+) 451.2050; found 451.2060.


5.2.40. Synthesis of 4-[N-(cyclohexylmethyl)-N-[3-isopro-
pyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethylbenzo-
nitrile (14g). Compound 14g was prepared from 9d
(200 mg, 0.616 mmol) and cyclohexylmethyl bromide
(260 lL, 1.88 mmol) according to the procedure
described for 10 in yield 69% (180 mg, orange oil).


Compound 14g: 1H NMR (500 MHz, CDCl3) d 7.43 (s,
2H), 6.86 (d, 1H, J = 8.9 Hz), 6.24 (d, 1H, J = 2.8 Hz),
6.09 (dd, 1H, J = 8.9 Hz, 2.8 Hz), 5.08 (s, 2H), 3.48 (s,
3H), 3.25 (septet, 1H, J = 7.0 Hz), 2.13 (s, 6H), 1.8–1.7
(m, 4H), 1.7–1.6 (m, 2H), 1.3–1.1 (m, 3H), 1.12 (d,
6H, J = 6.9 Hz), 1.0–0.9 (m, 2H).


5.2.41. Synthesis of 4-[N-(cyclohexylmethyl)-N-[3-isopro-
pyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethylbenz-
aldehyde (15g). Compound 15g was prepared from 14g
(180 mg, 0.427 mmol) according to the procedure de-
scribed for 11 in yield 90% (162 mg, yellow oil).


Compound 15g: 1H NMR (500 MHz, CDCl3) d 9.97 (s,
1H), 7.65 (s, 2H), 6.87 (d, 1H, J = 8.9 Hz), 6.26 (d, 1H,
J = 3.0 Hz), 6.13 (dd, 1H, J = 8.8 Hz, 3.0 Hz), 5.08 (s,
2H), 3.49 (s, 3H), 3.32 (d, 2H, J = 6.2 Hz), 3.25 (septet,
1H, J = 6.9 Hz), 2.18 (s, 6H), 1.8–1.6 (m, 7H), 1.3–1.1
(m, 2H), 1.12 (d, 6H, J = 6.9 Hz), 1.0–0.9 (m, 2H).


5.2.42. Synthesis of (Z)-5-[4-[N-(cyclohexylmethyl)-N-[3-
isopropyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimeth-
ylphenylmethylene]thiazolidine-2,4-dione (16g). Com-
pound 16g was prepared from 15g (162 mg,
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0.382 mmol) and 2,4-thiazolidinedione (5, 49.9 mg,
0.426 mmol) according to the procedure described for
12 in yield 83% (167 mg, yellow solid).


Compound 16g: 1H NMR (500 MHz, CDCl3) d 8.08 (br
s, 1H), 7.81 (s, 1H), 7.27 (s, 2H), 6.86 (d, 1H,
J = 8.9 Hz), 6.28 (d, 1H, J = 2.9 Hz), 6.11 (dd, 1H,
J = 8.9 Hz, 3.0 Hz), 5.08 (s, 2H), 3.49 (s, 3H), 3.30 (d,
2H, J = 6.2 Hz), 3.26 (septet, 1H, J = 6.9 Hz), 2.15 (s,
6H), 1.9–1.6 (m, 6H), 1.3–1.1 (m, 3H), 1.13 (d, 6H,
J = 6.9 Hz), 1.0–0.9 (m, 2H).


5.2.43. Synthesis of 5-[4-[N-(cyclohexylmethyl)-N-[3-iso-
propyl-4-(methoxymethoxy)phenyl]amino]-3,5-dimethyl-
phenylmethyl]thiazolidine-2,4-dione (17g). Compound
17g was prepared from 16g (167 mg, 0.319 mg) accord-
ing to the procedure described for 13 in yield 87%
(146 mg, yellow solid).


Compound 17g: 1H NMR (400 MHz, CDCl3) d 7.78 (br
s, 1H), 6.98 (s, 2H), 6.84 (d, 1H, J = 8.9 Hz), 6.22 (d, 1H,
J = 3.0 Hz), 6.07 (dd, 1H, J = 8.9 Hz, 3.0 Hz), 5.07 (s,
2H), 4.57 (dd, 1H, J = 10.3 Hz, 3.8 Hz), 3.55 (dd, 1H,
J = 13.9 Hz, 3.7 Hz), 3.48 (s, 3H), 3.26 (d, 2 H,
J = 6.4 Hz), 3.24 (septet, 1H, J = 6.8 Hz), 3.04 (dd, 1H,
J = 14.0 Hz, 10.4 Hz), 2.08 (s, 6H), 1.9–1.5 (m, 6H),
1.3–1.1 (m, 3H).


5.2.44. Synthesis of 5-[4-[N-(cyclohexylmethyl)-N-(4-hydro-
xy-3-isopropylphenyl)amino]-3,5-dimethylphenylmethyl]-
thiazolidine-2,4-dione (3g). Compound 3g was prepared
from 17g (146 mg, 0.278 mmol) according to the proce-
dure described for 3a in yield 52% (69.9 mg, pale yellow
amorphous solid).


Compound 3g: 1H NMR (500 MHz, CD3OD) d 7.02 (s,
2H), 6.52 (d, 1H, J = 8.7 Hz), 6.00 (dd, 1H, J = 11.7 Hz,
3.0 Hz), 4.73 (dd, 1H, J = 9.4 Hz, 4.1 Hz), 3.43 (dd, 1H,
J = 14.0 Hz, 4.1 Hz), 3.26 (d, 2H, J = 6.2 Hz), 3.15 (sep-
tet, 1H, J = 6.9 Hz), 3.07 (dd, 1H, J = 14.0 Hz, 9.4 Hz),
2.05 (s, 6H), 1.9–1.7 (m, 2H), 1.7–1.5 (m, 4H), 1.07 (d,
6H, J = 6.9 Hz), 1.1–0.9 (m, 2H); 13C NMR
(125 MHz, CD3OD) d 177.5, 173.5, 146.2, 145.5,
143.7, 139.3, 136.8, 135.9, 131.1, 131.0, 117.0, 110.9,
110.7, 60.5, 54.6, 40.0, 38.9, 33.4, 28.1, 27.6, 27.4, 23.2,
18.9; HRMS (ESI) calcd for C28H35N2O3S1 (M�H+)
479.2363; found 479.2372.


5.3. Transcriptional activation assay


Transient transactivation assays were carried out using
COS-1 cells transfected with pCMX-hTRa1 or
pCDNA-hTRb1 and (TREpal)3-TKLUC. The COS-1
cells were obtained from the Japanese Cancer Research
Resources Bank (JCRB) and were maintained in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco), sup-
plemented with 5% FBS (5% FBS/DMEM). The
reporter plasmid, (TREpal)3-TKLUC, contains three
copies of the thyroid hormone-responsive palindromic
element AGGTCA-TGACCT. For reporter gene assay,
COS-1 cells were seeded in 24-well tissue culture plates
at 8 · 104 cells per well with 5% FBS/DMEM. The cells
were cultured at 37 �C in 5% CO2 overnight and allowed

to attach to the plates. Then, the medium was exchanged
for 0.4 mL of serum-free DMEM and transfection was
performed by use of the transfection reagent Lipofect-
AMINE 2000 (Invitrogen) according to the manufac-
turer’s instructions. For each well, cells were
transfected with 100 ng of receptor-expression plasmid,
200 ng of (TREpal)3-TKLUC, 100 ng of the reference
plasmid pCMVb (Clontech) and carrier plasmid
pUC18, to adjust the total DNA amount to 800 ng
DMEM (0.1 mL) containing transfection reagent–DNA
complex was added to each well. After 4–5 h of culture
at 37 �C in 5% CO2, 0.5 mL DMEM with 10% charcoal
dextran-treated FBS (Hyclone) and test compounds were
added to cells. Each test compound was added as an
EtOH solution (final 0.5% EtOH). After an additional
40 h of incubation, the cells were harvested, and luciferase
assay was performed with the Luciferase Assay System
(Toyo Ink Mfg. Co., Ltd.). The luciferase activities were
normalized to b-galactosidase activities. Assay was done
in triplicate under each condition.
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Abstract—Tricarbonylation of clarithromycin has been effected in a one-pot reaction with phosgene. The 11,12-diol moiety was
closed into a cyclic carbonate, while the dimethylamino alcohol of the desosamine sugar was cyclised with loss of a methyl group
to form a cyclic 2 0,3 0-carbamate. The 400 hydroxyl group in clarithromycin was converted into a chloroformate group and subse-
quently to an allyl carbonate which on Pd-catalysis furnished a novel N-demethylclarithromycin 2 0,3 0-carbamate-11,12-carbonate.
Hydrolytic removal of the cladinose sugar and a subsequent oxidation furnished the corresponding ketolide. The 11,12-cyclic car-
bonate moiety was cleaved by sodium azide to the 10,11-anhydro-9-ketone. 11-N-Arylated cyclic 11,12:2 0,3 0-dicarbamate derivatives
were prepared in a copper(I) chloride aided reaction between aryl isocyanates and 10,11-anhydro 9-ketones. The products are novel
N-arylated-N 0-demethylated 11,12:2 0,3 0-dicarbamate ketolides derived from clarithromycin.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


The cyclic 11,12-carbamate motif is an essential part of
the semisynthetic third generation erythromycin drugs
because of enhanced antibacterial activity as compared
to the natural 11,12-dihydroxy erythromycin macro-
lide.1,2 Furthermore, the new drugs are frequently
3-ketolides which become available by hydrolytic
removal of the cladinose sugar and oxidation of the
alcohol.3–5 Removal of the cladinose sugar reduces the
induction of resistance in bacteria which is linked to
the sugar residue. The remaining desosamine sugar in
erythromycins seems essential for antibacterial activity.


Transformation of the C-2 0 hydroxyl group in the sugar
into carbonates, carbamates or ethers has yielded com-
pounds with reduced antibacterial activities.6 Esters of
2 0-hydroxyl derivatives require hydrolysis for activity.7


The N-oxide of the dimethylamine, as well as the prod-
uct from pyrolysis of the N-oxide, had lost the antibac-
terial activity.8,9
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Demethylation results in a significant reduction in the
antibacterial effect. Alkylation of monomethyl amines
with larger alkyl groups (e.g. isopropyl) gave products
with reduced biological activity.10 The antibacterial
activity was lost when N-demethylated erythromycin
derivatives were N-acylated.11 X-ray structures of mac-
rolides co-crystallised with the 50S subunit of bacterial
ribosomes revealed that the hydroxy functions at C-6,
C-11, C-12 and C-2 0, as well as the dimethylamino
group, participate in hydrogen bond interactions. Mod-
ification of the dimethylamino group has been suggested
for improving the binding to the ribosome.12


We envisioned that introduction of a small group onto
the dimethylamino-alcohol motif in the desosamine su-
gar would reduce interactions when the macrolide was
to enter the binding site at the bacterial ribosome. In
the phosgene induced cyclic carbamate formation (vide
infra), a methyl group is replaced with a carbonyl group.
A cyclic 2 0,3 0-carbamate based on the vicinal amino-
hydroxyl groups in the desosamine sugar has not been
prepared for biostudies, but has briefly been reported
as intermediates.13,14


The dimethylamino group in erythromycin derivatives
reacts with acid chlorides leading to expulsion of one
of the methyl groups and formation of N-methylcarba-
moyl derivatives. The reaction is exemplified by the
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reaction of benzyl chloroformate providing N-benzyl-
oxycarbonyl N-demethyl derivatives in good yield.15


We reasoned that phosgene would react similarly and
provide a cyclic product, viz. an oxazolidinone deriva-
tive, as loss of alkyl groups from tertiary amines upon
treatment with phosgene is well known.16


The target molecule was to be a cyclic 2 0,3 0-carbamate
erythromycin to elucidate any modification of antibacte-
rial activity as compared with parent compounds.


The erythromycin target compound A in Figure 1 is a
ketolide with a cyclic 11,12-carbamate functionality as
well as a carbamate functionality over the 2 0,3 0-position
in the desosamine sugar. Clarithromycin (1) was the
starting material since 6-O-alkylated erythromycins
show enhanced biological activity over its parent eryth-
romycin due to reduced degradation in acidic media.17,18
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Scheme 1. Reagents and conditions: (i) COCl2, pyridine, CH2Cl2, rt, 5 h; (ii


80% aq EtOH, reflux, 6 h; or b—Pd(dba)2, dppb, DMSO/THF (1:1), 70 �C;

2. Results and discussion


Treatment of clarithromycin (1) with excess phosgene
and pyridine as base bridged the hydroxyl groups at
C-11 and C-12 into a cyclic carbonate, while the C-2 0 hy-
droxyl function and the 3 0-dimethylamino group in the
desosamine sugar moiety reacted to provide a cyclic
2 0,3 0-carbamate intermediate 2 (Scheme 1) as a dimethy-
lammonium salt. Nucleophilic chloride ion attack at one
of the methyl groups of the ammonium salt 2 results in
N-demethylation. Under the conditions of the reaction,
the vicinal 11,12-hydroxyl groups were carbonylated
and the free hydroxyl group in the cladinose sugar was
chlorocarbonylated. Addition of alcohols, thiols or
amines to the carbonyl chloride will provide carbonates,
thiocarbonates or carbamates. With allyl alcohol, the
allyl carbonate 3 was obtained in high yield. The allyl
carbonate function at C-400 of compound 3 was cleaved
by treatment with a catalyst system consisting of
palladium diacetate, triphenylphosphine and triethylam-
monium formate as the reducing agent, in 80% aqueous
ethanol under reflux (Scheme 1).19 The deallylated
product 4 was obtained in 93% yield.


Cleavage of the allyl carbonate function of compound 3
was also achieved in 74% yield in DMSO/THF (1:1) un-
der Pd(dba)2/dppb catalysis in the absence of an allyl
scavenger. The protocol was developed from a proce-
dure reported by Genêt et al.20 The original procedure
was unsuitable for compound 3 due to its low solubility.
The original conditions included Pd(dba)2 and dppe or
dppb as catalyst systems and diethylamine or sulfur
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nucleophiles as allyl scavengers. The reaction was per-
formed at room temperature in a THF solution. By
changing the solvent to DMSO/THF (1:1) and increas-
ing the temperature to 70 �C, dissolution of compound
3 occurred. The reaction then proceeded smoothly under
Pd(dba)2/dppb catalysis with diethylamine as allyl scav-
enger. Later it was found that the reaction proceeded
equally well when diethylamine was left out.


When sodium azide was used to effect removal of the
400-allyl carbonate group in compound 3, concurrent
cleavage of the cyclic 11,12-carbonate resulted (Scheme
1). The product had a 10,11 C–C double bond in conju-
gation with the C-9 keto function and was assigned
structure 5. The cyclic 2 0,3 0-carbamate structure was
not affected under these reaction conditions. Normally,
the 10,11-double bond in erythromycin derivatives is
introduced via base (DBU) mediated elimination of
the 11,12-carbonate,21 analogous to structure 3, or an
11-mesylate.3 Recently, NaHMDS mediated elimination
of an 11-O-acetyl group has been reported.22 Our
method represents an alternative procedure for the prep-
aration of a,b-unsaturated carbonyl intermediates in the
synthesis of 3rd generation ketolide antibacterials.


The 3-oxo function in the ketolide was introduced in a
two-step procedure including removal of the cladinose
sugar and oxidation of the resulting alcohol (Scheme
2). Removal of the cladinose sugar was best effected un-
der mild hydrolytic conditions. Heating substrate 5 in
acetic acid/water 1:1 at 70 �C provided the descladinosyl
derivative 6 in 66% yield. This procedure was developed
because substrate 5 had low solubility in the usual sys-
tems with hydrochloric acid in water. A subsequent
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Scheme 2. Reagents and conditions: (i) AcOH/H2O 1:1, 70 �C, 1 h; (ii) DM

Dess–Martin periodinane oxidation23 provided the
ketolide 7 in 94% yield.


In our first attempt to remove the cladinose sugar, the
enone 5 was treated with trifluoroacetic acid in a
DMSO/water solution. The product isolated was the
species 8 which had arisen from a transacetalisation pro-
cess. The cladinose sugar had been split off, but the 3-hy-
droxyl group had entered into acetal formation with the
desosamine sugar which was opened up and recyclised
to a cyclic acetal over the C-3 hydroxyl function. The
spectroscopic data for the product would seem to agree
with the 3-hydroxyl target compound 6. However, when
the secondary alcoholic group in the product was oxi-
dised using the Dess–Martin protocol, the NMR spectra
of the new product were incompatible with the expected
ketolide structure. In particular, one of the expected 3H
doublets in 1H NMR was replaced by a 3H singlet cor-
responding to a methyl ketone. Long range C,H-cou-
plings were missing between C-1 0 and C-5 0, and new
long range signals had appeared around the six-mem-
bered 3,5-acetal ring. The ketone was assigned structure
9 (Scheme 3).


To what extent the desosamine carbamate unit is in-
volved in the rearrangement is unknown as the corre-
sponding compound without the cyclic 2 0,3 0-carbamate
was not subjected to the TFA/DMSO/water hydrolysis
conditions. For this compound the usual aqueous
hydrochloric acid protocol is satisfactory for the
removal of the cladinose sugar.24


To the best of our knowledge (SciFinder) the opening-
reclosing rearrangement of the desosamine sugar has
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not been reported previously for erythromycin com-
pounds. Exposure of macrolide derivatives to strong
acidic conditions (hydrogen fluoride–pyridine) results
in the complete removal of both sugar moieties.25 Tradi-
tionally the desosamine sugar is regarded as indispens-
able for macrolide–ribosome binding.9,26


However, addition of suitable substituents to the desos-
amine residue in compound 8 or 9 may lead to inhibition
of the bacterial peptidyl transferase activity and im-
proved antibacterial activity. Erythromycin derivatives
usually block the peptide exit tunnel in bacterial
ribosomes with a binding site close to the peptidyl
transferase site. The desosamine sugar protrudes
towards the catalytic centre, but the centre is not within
reach of the molecule.27


The clarithromycin ketolide 11 was prepared from the
allyl carbonate 3 in two steps. When compound 3 was
heated in DMSO/H2O at 110 �C in the presence of
TFA, the descladinosyl derivative 10 was obtained
without rearrangement and opening of the desosamine
sugar. The different reaction patterns between the com-
pounds 3 and 5 must arise from differences in the mac-
rolactone conformations making interactions between
the C-3 hydroxyl function and the desosamine sugar
possible only in the 10,11-anhydro case. Oxidation of
the alcohol 10 under Corey–Kim conditions28 afforded
the ketolide 11 in 73% isolated yield.


In an alternative sequence for the preparation of the
intermediate 10, the descladinosylclarithromycin3 (12)
was subjected to phosgene carbonylation with allyl alco-
hol as quenching agent to provide the allyl carbonate 13
(Scheme 4). The reaction was slower and less clean than
for the corresponding macrolide substrate 3 with the

21
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Scheme 4. Reagents and conditions: (i) TFA, DMSO/H2O 9:1, 110 �C, 10 h;


COCl2, pyridine, CH2Cl2, rt, 5 h; (iv) CH2@CHCH2OH, rt, 30 min; (v) Pd(d

cladinose sugar intact. The chemical yield was reduced
to 41%. This behaviour may be rationalised by a
reduced access to the 3-hydroxyl function in 12 as com-
pared to the hydroxyl function at C-400 in the cladinose
sugar. Formation of the 3-chloroformate structure is
therefore slower. Cleavage of the allyl carbonate func-
tion of compound 13 was achieved in 54% yield with
the nucleophile-free procedure with Pd(dba)2/dppb
catalysis in a DMSO/THF solvent system providing
the alcohol 10.


The 11,12-carbamate structural motif is normally syn-
thesised via an enone function as an intermediate, as
present in structure 7. 1,1 0-Carbonyldiimidazole (CDI)
was reacted with the 12-OH group in the macrolide to
form an O-acylimidazolyl intermediate. Treatment with
a primary amine or ammonia yielded a carbamate where
the amido nitrogen adds rapidly onto the C–C double
bond to form the cyclic carbamate product.3,4,21,29


In a second patent procedure30 the C-12 alcohol is reacted
with an isocyanate under copper(I) chloride activation31


to form the same carbamate intermediate as described
in the previous case. A subsequent spontaneous ring-clos-
ing reaction gave the cyclic 11,12-carbamate. The same
procedure was recently used in an improved synthesis of
tricyclic erythromycin derivatives.32 However, the inter-
mediate non-cyclic carbamate did not cyclise until treated
with t-BuOK in a separate step. The isocyanate protocol
was adapted in the present work with electronegatively
substituted phenylisocyanates and the enone 7 as shown
in Scheme 5.


There was no significant antibacterial activity for the
compounds hitherto prepared (vide infra). Loss of basi-
city upon derivatisation of the basic dimethylamine at
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C-3 0 could be the origin of the activity reduction.
Consequently, focus was turned onto reintroduction of
a basic nitrogen somewhere else in the molecule. Con-
nection of a basic structure via an aromatic group to a
cyclic 11,12-carbamate, in analogy to telithromycin,
was investigated via the isocyanate approach and struc-
ture 7 as substrate for reaction with bromophenylisocy-
anate. The cyclic 11,12-carbamate 14 was obtained in
62% yield. TLC analysis indicated full conversion after
two hours. NMR analysis showed the product to be a
mixture of stereoisomers. Extending the reaction time
resulted in isomerisation and transformation to a single
stereoisomer. Buchwald–Hartwig33 type cross-coupling
with amines failed to provide aniline derivatives in satis-
factory yield because the substrate was labile towards
bases. When the amino group was part of an aromatic
isocyanate, however, in the form of 3-fluoro-4-morphol-
inophenylisocyanate, the basic morpholino 11,12-carba-
mate 15 was isolated in 56% yield. The morpholino
group was chosen since basic heteroatom-containing
sidechains attached to a cyclic 11,12-carbamate tend to
promote antibacterial activity.6,29


The clarithromycin configuration at both C-10 and C-11
is lost when the 10,11-double bond is introduced into the
macrolide. The subsequent intramolecular Michael
addition dictates the stereochemical outcome at the
two stereocentres at C-10 and C-11. The single stereoiso-
mers isolated from the isocyanate coupling reactions, 14
and 15, were both assigned the natural configurations at
C-10 and C-11 by comparison with the literature.21 In
particular, no coupling was observed between H-10
and H-11. The stereochemical outcome of C-10 is
important since the (10S)-11,12-carbamate isomers are
almost biologically inactive.3


2.1. Antibacterial testing


The antibacterial activity of compounds 3, 4, 5, 10, 11, 13
and 15 was measured as the minimum inhibitory
concentration (MIC) of bacterial growth against Gram-
positive Staphylococcus aureus ATCC 25923 and Gram-
negative Escherichia coli ATCC 25922.34 Macrolide
concentrations were prepared in twofold dilutions with
maximum concentrations of 16–64 mg/mL. Low aqueous
solubility prevented studies at higher concentrations.

All the compounds tested were inactive within the limits
of the analyses, suggesting that a basic amino group is
required in the 3 0-position of the erythromycins. Loss
of basicity in this position could not be compensated
for by an additional basic nitrogen as in the morpholino
product 15. A dramatic decrease in solubility in com-
mon organic solvents as well as water was observed
for the carbamates. This would expectedly be accompa-
nied by a disturbance of the distribution and transporta-
tion of the compounds in and out of, and within,
bacterial cells. Hence, the lack of antibacterial activity
could arise from a poor distribution in bacteria rather
than from lack of ability to bind to the bacterial ribo-
some itself.

3. Conclusion


A one-pot carbonylation provided novel N-demethylat-
ed cyclic 2 0,3 0-carbamate-11,12-carbonate derivatives of
clarithromycin in reactions with phosgene. Hydrolytic
removal of the cladinose sugar and a subsequent oxida-
tion furnished corresponding 3-ketolides. 11-N-Arylated
cyclic 11,12:2 0,3 0-dicarbamate derivatives were prepared
in a direct reaction between aryl isocyanates and 10,11-
anhydroerythromycins.

4. Experimental


1H NMR spectra were recorded in CDCl3 or DMSO-d6


at 300, 500 or 600 MHz with Bruker DPX 300, DRX
500 or AV 600. The 13C NMR spectra were recorded
at 75, 125 and 150 MHz. Chemical shifts are reported
in ppm using CHCl3 (7.24 ppm) and CDCl3 (77 ppm)
as references. In DMSO the references were 2.49 ppm
for 1H NMR and 39.5 ppm for 13C NMR. Mass spectra
were recorded at 70 eV. The spectra are presented as m/z
(% relative intensity). Electrospray spectra were
obtained with a Micromass QTOF 2 W spectrometer
with electrospray ionisation quadrupole time of flight.
IR spectra were recorded on a Nicolet Magna FT-IR
550 spectrometer using ATR (attenuated total reflec-
tance). Elemental analyses were performed by Ilse Beetz
Mikroanalytisches laboratorium, Kronach, Germany.
Melting points are uncorrected.
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All reactions were performed under an inert atmo-
sphere. THF was distilled from sodium/benzophenone.
Dichloromethane and triethylamine were distilled from
calcium hydride. Merck silica gel 60 (230–400 mesh)
was used for flash chromatography.


4.1. 400-O-(Allyloxycarbonyl)-N-demethylclarithromycin
2 0,3 0-carbamate-11,12-carbonate (3)


Clarithromycin (1, 5.00 g, 6.69 mmol) was dissolved in
dichloromethane (100 mL), and pyridine (6.30 mL,
77.9 mmol) and phosgene (20% in toluene, 20.0 mL,
38.0 mmol) were added. The reaction mixture was stir-
red at room temperature for 5 h. Allyl alcohol
(9.00 mL, 132 mmol) was added, and stirring was con-
tinued for 30 min (yellow solution). Aqueous sodium
hydroxide was added, and the product was extracted
into dichloromethane. The combined organic layers
were washed with water and brine, dried (MgSO4), the
solvents distilled off and chased with toluene. The prod-
uct was a pale yellow solid with mp 307–310 �C (tolu-
ene); yield: 5.07 g (87%). Found: C, 60.01; H, 7.36.
Calcd for C43H67NO17: C, 59.36; H, 7.76%; HRMS,
ESI pos.: Found: 892.4327. Calcd for
M+Na+ = C43H67NNaO17: 892.4301; IR (ATR, cm�1):
3089w, 2976s (C–H), 2941s (C–H), 2885m (C–H),
2835m (C–H), 1815s (C@O), 1770s (C@O), 1749s
(C@O), 1713s (C@O), 1456m, 1424w, 1383m, 1368m,
1321m, 1296m, 1258s, 1219w, 1170s, 1128m, 1111m,
1082s, 1044s, 1010s, 986m, 971m, 911m, 789w, 772m,
761w, 733m, 673w, 618m; 1H NMR (500 MHz, CDCl3):
d 5.89 (1H, ddt, J = 5.8, 10.5, 17.2 Hz, H-2000), 5.31 (1H,
dq, J = 1.4, 17.2 Hz, H-3000a), 5.25 (1H, dq, J = 1.2,
10.4 Hz, H-3000b), 5.01 (1H, dd, J = 2.4, 10.6 Hz, H-13),
4.96 (1H, d, J = 7.9 Hz, H-1 0), 4.92 (1H, d, J = 4.8 Hz,
H-100), 4.66 (1H, ddt, J = 1.3, 5.8, 13.0 Hz, H-1000a),
4.59 (1H, ddt, J = 1.5, 5.8, 10.5 Hz, H-1000b), 4.56 (1H,
s, H-11), 4.42 (1H, d, J = 9.8 Hz, H-400), 4.26 (1H, dq,
J = 6.2, 9.8 Hz, H-500), 3.92–3.87 (1H, m, H-J = 7.8,
11.5 Hz, H-2 0), 3.56 (1H, d, J = 6.8 Hz, H-5), 3.25
(1H, dt, J = 3.5, 11.8 Hz, H-3 0), 3.22 (3H, s, 300-OMe),
2.96 (3H, s, 6-OMe), 2.91 (1H, q, J = 6.9 Hz, H-10),
2.84 (1H, dd, J = 7.4, 8.9 Hz, H-2), 2.78 (3H, s, NMe),
2.62–2.57 (1H, m, H-8), 2.39 (1H, d, J = 15.2 Hz, H-
200a), 1.98–1.94 (1H, m, H-4 0a), 1.86–1.79 (2H, m, H-4,
H-14a), 1.66–1.50 (4H, m, H-7a+b, H-14b, H-200b),
1.45 (3H, s, Me at C-12), 1.41–1.34 (1H, m, H-4 0b),
1.33 (3H, s, Me at C-6), 1.20–1.18 (6H, m, Me at C-2
and C-5 0), 1.17 (3H, s, Me at C-300), 1.16 (3H, d,
J = 6.9 Hz, Me at C-10), 1.15 (3H, d, J = 6.1 Hz, Me
at C-500), 1.08 (3H, d, J = 7.1 Hz, Me at C-8), 0.97
(3H, d, J = 7.6 Hz, Me at C-4), 0.84 (3H, t, J = 7.4 Hz,
H-15a�c); 13C NMR (125 MHz, CDCl3): d 212.6
(C-9), 176.1 (C-1), 159.8 (O–(C@O)–N), 155.1
(400-O–(C@O)–O), 154.0 (11,12-O–(C@O)–O), 131.3
(C-2000), 119.0 (C-3000), 98.4 (C-1 0), 95.8 (C-100), 84.8 (C-
12), 82.3 (C-400), 80.6 (C-5/C-11), 80.5 (C-5/C-11), 79.9
(C-2 0), 78.1 (C-6), 77.6 (C-3), 75.3 (C-13), 72.6 (C-300),
69.6 (C-5 0), 68.7 (C-1000), 62.9 (C-500), 60.7 (C-3 0), 50.4
(6-OMe), 49.6 (300-OMe), 44.8 (C-2), 44.5 (C-8), 38.82
(C-4), 38.78 (C-7), 37.7 (C-10), 36.3 (C-4 0), 34.8 (C-200),
29.9 (NMe), 21.9 (C-14), 20.95 (Me at C-5 0/C-300), 20.9
(Me at C-5 0/C-300), 19.8 (Me at C-6), 18.1 (Me at C-8),

17.9 (Me at C-500), 15.5 (Me at C-2), 13.1 (Me at C-
12), 12.6 (Me at C-10), 10.2 (C-15), 8.6 (Me at C-4);
MS, ESI pos. m/z (% rel. int.): 485.9 (5), 517.9 (4),
892.5 (100, [M+Na+]), 908.5 (4, [M+K+]).


4.2. N-Demethylclarithromycin 2 0,3 0-carbamate-11,12-
carbonate (4)


Method 1. A suspension of 400-O-(allyloxycarbonyl)-N-
demethylclarithromycin 2 0,3 0-carbamate-11,12-carbon-
ate (3) (300 mg, 0.35 mmol), triethylamine (0.17 mL,
1.2 mmol), formic acid (0.040 mL, 1.1 mmol), palladium
acetate (5 mg, 0.022 mmol, 6 mol%) and triphenylphos-
phine (22 mg, 0.080 mmol) in 80% aqueous ethanol
(6 mL) was heated under reflux for 1.5 h. The yellow
mixture was cooled to room temperature, the solvents
evaporated, and the residual material subjected to flash
chromatography on silica gel (25 g) using ethyl acetate/
triethylamine 98:2 as eluent; yield: 251 mg (93%) of a
white solid. Recrystallisation from isopropanol removed
the last traces of triphenylphosphine.


Method 2. 400-O-(Allyloxycarbonyl)-N-demethylclarithro-
mycin 20,30-carbamate-11,12-carbonate (3) (103 mg,
0.12 mmol) was dissolved in THF/DMSO (1:1, 2.6 mL)
at 70 �C. 1,4-Bis(diphenylphosphino)butane (dppb,
8 mg, 0.019 mmol) and bis(dibenzylidene-acetone)palla-
dium (Pd(dba)2, 10 mg, 0.017 mmol, 14 mol%) were
added. The reaction mixture was stirred at 70 �C for
4.5 h, cooled to room temperature, aqueous sodium
hydroxide added, and the product extracted into dichlo-
romethane. The combined organic layers were washed
with water and brine, dried (MgSO4) and concentrated
in vacuo. The residual material was subjected to flash
chromatography on slica gel (10 g) using hexane/ethyl
acetate/triethylamine 23:75:2 as eluent. The product
was a white solid with mp 292–295 �C (dec; isopropa-
nol); yield 69 mg (74%). Found: C, 58.91; H, 7.89. Calcd
for C39H63NO15: C, 59.60; H, 8.08%; HRMS, ESI pos.:
Found: 808.4111. Calcd for M+Na+ = C39H63NNaO15:
808.4089; IR (ATR, cm�1): 3518m (br, O–H), 2975s
(C–H), 2937s (C–H), 2887m (C–H), 2835w (C–H),
1809s (C@O), 1770s (C@O), 1740s (C@O), 1714m
(C@O), 1458m, 1425w, 1381m, 1347w, 1322m, 1287m,
1236m, 1168s, 1128m, 1111m, 1081s, 1044s, 1007s,
972w, 939w, 907w, 772w, 735w, 618m, 602m; 1H
NMR (500 MHz, CDCl3): d 5.00 (1H, dd, J = 1.4,
10.7 Hz, H-13), 4.85 (1H, d, J = 4.9 Hz, H-100), 4.83
(1H, d, J = 8.0 Hz, H-1 0), 4.55 (1H, s, H-11), 3.90 (1H,
dq, J = 6.3, 9.2 Hz, H-500), 3.65 (1H, d, J = 8.8 Hz, H-
3), 3.65–3.59 (1H, m, H-5 0), 3.60 (1H, dd, J = 7.9,
11.4 Hz, H-2 0), 3.55 (1H, d, J = 7.4 Hz, H-5), 3.25
(3H, s, 300-OMe), 3.14 (1H, dt, J = 3.2, 11.7 Hz, H-3 0),
3.03 (1H, d, J = 8.8 Hz, H-400), 2.94 (3H, s, 6-OMe),
2.94–2.88 (1H, m, H-10), 2.79 (3H, s, NMe), 2.79–2.73
(1H, m, H-2), 2.62–2.57 (1H, m, H-8), 2.34 (1H, d,
J = 15.2 Hz, H-200a), 1.98–1.95 (1H, m, H-4 0a), 1.82
(1H, ddq, J = �1, 7.5, 12.5 Hz, H-14a), 1.75 (1H, quin,
J = 7.5 Hz, H-4), 1.60–1.50 (4H, m, H-7a+b, H-14b, H-
200b), 1.46 (3H, s, Me at C-12), 1.43–1.41 (1H, m, H-4 0b),
1.34 (3H, s, Me at C-6), 1.26–1.23 (6H, m, Me at C-5 0


and C-500), 1.22 (3H, s, Me at C-300), 1.17 (3H, d,
J = 6.5 Hz, Me at C-2), 1.15 (3H, d, J = 6.9 Hz, Me at
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C-10), 1.09 (3H, d, J = 7.0 Hz, Me at C-8), 0.93 (3H, d,
J = 7.5 Hz, Me at C-4), 0.82 (3H, t, J = 7.3 Hz, H-
15a�c); 13C NMR (125 MHz, CDCl3): d 213.2 (C-9),
176.4 (C-1), 159.7 (O–(C@O)–N), 154.1 (O–(C@O)–O),
98.9 (C-1 0), 95.9 (C-100), 84.8 (C-12), 80.7 (C-5), 80.4
(C-11), 79.5 (C-2 0), 78.1 (C-3), 77.8 (C-400), 77.5 (C-6),
75.1 (C-13), 72.7 (C-300), 70.1 (C-5 0), 65.5 (C-500), 60.8
(C-3 0), 50.3 (6-OMe), 49.6 (300-OMe), 44.9 (C-2), 44.6
(C-8), 39.1 (C-4), 38.7 (C-7), 37.5 (C-10), 35.9 (C-4 0),
34.4 (C-200), 29.9 (NMe), 21.7 (C-14), 21.4 (Me at C-
300), 20.9 (Me at C-5 0), 19.8 (Me at C-6), 18.3 (Me at
C-8), 18.1 (Me at C-500), 15.7 (Me at C-2), 13.0 (Me at
C-12), 12.7 (Me at C-10), 10.2 (C-15), 8.6 (Me at C-4);
MS, ESI pos. m/z (% rel. int.): 517.8 (7), 596.3 (29),
628.3 (27, [M-cladinose+H+]), 650.3 (7), 808.4 (100,
[M+Na+]).


4.3. 10,11-Anhydro-N-demethylclarithromycin 2 0,3 0-car-
bamate (5)


Sodium azide (222 mg, 3.41 mmol) was added to a solution
of 400-O-(allyloxycarbonyl)-N-demethylclarithromycin 20,30-
carbamate-11,12-carbonate (3) (500 mg, 0.58 mmol) in
DMSO (14 mL), and the reaction mixture was stirred
at 100 �C for 26 h. The yellow solution was cooled to
room temperature, aqueous sodium hydroxide added,
and the product extracted into ethyl acetate (PS: dichlo-
romethane and NaN3 form explosive geminal diazides).
The combined organic layers were washed with water
and brine, dried (MgSO4) and the solvents evaporated
in vacuo. The residual yellow solid (441 mg) was sub-
jected to flash chromatography on silica gel (22 g) using
hexane/ethyl acetate/triethylamine 23:75:2 as eluent;
yield: 381 mg (89%) of a white solid with mp 157–
160 �C (acetone/hexane). Found: C, 60.81; H, 8.26.
Calcd for C38H63NO13: C, 61.52; H, 8.56%; HRMS,
ESI pos.: Found: 764.4215. Calcd for
M+Na+ = C38H63NNaO13: 764.4191; IR (ATR, cm�1):
3467m (br, O–H), 3056w, 2973s (C–H), 2937s (C–H),
2884m (C–H), 2831m (C–H), 2725w, 1756s (C@O),
1735s (C@O), 1666s (C@C), 1549w, 1458m, 1426m,
1378s, 1346m, 1321m, 1292w, 1269m, 1255w, 1239m,
1167s, 1125m, 1111m, 1076s, 1053m, 1006s, 960w,
941w, 905m, 894w, 860m, 775m, 734s, 702m, 676w,
665w, 619m, 604w; 1H NMR (500 MHz, CDCl3): d
6.55 (1H, s, H-11), 4.98 (1H, dd, J = 2.3, 10.6 Hz, H-
13), 4.85 (1H, d, J = 4.6 Hz, H-100), 4.76 (1H, d,
J = 7.8 Hz, H-1 0), 3.95 (1H, dq, J = 6.3, 9.3 Hz, H-500),
3.79 (1H, d, J = 9.4 Hz, H-3), 3.67–3.61 (1H, m, H-5 0),
3.63 (1H, d, J = 7.5 Hz, H-5), 3.58 (1H, dd, J = 7.9,
11.5 Hz, H-2 0), 3.32–3.27 (1H, m, H-8), 3.25 (3H, s,
300-OMe), 3.21 (3H, s, 6-OMe), 3.12 (1H, dt, J = 3.5,
11.8 Hz, H-3 0), 3.00 (1H, d, J = 9.2 Hz, H-400), 2.88
(1H, dq, J = 7.1, 9.2 Hz, H-2), 2.76 (3H, s, NMe), 2.35
(1H, d, J = 15.2 Hz, H-200a), 1.98 (3H, s, Me at C-10),
1.94–1.86 (4H, m, H-4, H-7a, H-14a, H-4 0a), 1.56 (1H,
dd, J = 4.9, 15.2 Hz, H-200b), 1.52–1.41 (2H, m, H-14b,
H-4 0b), 1.38 (3H, s, Me at C-12), 1.36 (3H, s, Me at
C-6), 1.28–1.24 (1H, m, H-7b), 1.25 (6H, d, J = 6.1 Hz,
Me at C-5 0 and C-500), 1.23–1.18 (3H, m, Me at C-2),
1.21 (3H, s, Me at C-300), 1.08 (3H, d, J = 6.6 Hz, Me
at C-8), 0.97 (3H, d, J = 7.5 Hz, Me at C-4), 0.85 (3H,
t, J = 7.4 Hz, H-15a�c); 13C NMR (125 MHz, CDCl3):

d 207.0 (C-9), 174.9 (C-1), 159.7 (O–(C@O)–N), 142.6
(C-11), 138.8 (C-10), 99.5 (C-1 0), 96.8 (C-100), 80.9 (C-
5), 79.8 (C-3, C-13), 79.6 (C-2 0), 77.7 (C-6, C-4 0), 73.2
(C-12), 72.6 (C-300), 70.2 (C-5 0), 65.6 (C-500), 61.1 (C-
3 0), 50.9 (6-OMe), 49.6 (300-OMe), 45.0 (C-2), 40.2 (C-
7), 39.4 (C-4), 36.8 (C-8), 36.1 (C-4 0), 35.0 (C-200), 29.9
(NMe), 22.5 (Me at C-6), 21.8 (C-14), 21.4 (Me at C-
300), 20.8 (Me at C-5 0), 20.6 (Me at C-12), 18.3 (Me at
C-500), 17.9 (Me at C-8), 15.8 (Me at C-2), 13.2 (Me at
C-10), 10.5 (C-15), 9.2 (Me at C-4); MS, ESI pos. m/z
(% rel. int.): 453.8 (7), 485.8 (12), 517.8 (8), 618.3 (14),
764.4 (100, [M+Na+]), 780.4 (7, [M+K+].


4.4. 10,11-Anhydro-N-demethyl-3-O-descladinosylclari-
thromycin 2 0,3 0-carbamate (6)


10,11-Anhydro-N-demethylclarithromycin 2 0,3 0-carba-
mate (5) (1.28 g, 1.73 mmol) was dissolved in acetic
acid/water (1:1, 18 mL), and the reaction mixture were
stirred at 70 �C for 1 h. The mixture was then cooled
to room temperature and stirred for another 2 h before
the solid precipitate was collected by filtration and dried;
yield: 661 mg (66%) of a white solid with mp 282–285 �C
(dec). Found: C, 61.63; H, 8.57. Calcd for C30H49NO10:
C, 61.73; H, 8.46%; HRMS, ESI pos.: Found: 606.3272.
Calcd for M+Na+ = C30H49NNaO10: 606.3248; IR
(ATR, cm�1): 3429s (br, O–H), 2975s (C–H), 2937s
(C–H), 2879m (C–H), 2831w (C–H), 1742s (C@O),
1655m (C@C), 1457m, 1428m, 1377m, 1348m, 1328m,
1279w, 1256w, 1239w, 1188m, 1159s, 1076m, 1021m,
985m, 958w, 941w, 906w, 774w; 1H NMR (600 MHz,
DMSO-d6): d 6.46 (1H, s, H-11), 5.24 (1H, d,
J = 6.8 Hz, 3-OH), 5.18 (1H, s, 12-OH), 4.92 (1H, dd,
J = 1.9, 10.4 Hz, H-13), 4.83 (1H, d, J = 7.9 Hz, H-1 0),
3.69 (1H, d, J = 4.6 Hz, H-5), 3.67–3.64 (1H, m, H-5 0),
3.52 (1H, dd, J = 8.0, 11.3 Hz, H-2 0), 3.36 (1H, dt,
J = 3.5, 11.6 Hz, H-3 0), 3.33–3.28 (2H, m, H-3, H-8),
3.09 (3H, s, OMe), 2.65 (3H, s, NMe), 2.52–2.47 (1H,
m, H-2), 2.03–2.00 (1H, m, H-4 0a), 1.93–1.86 (2H, m,
H-4, H-14a), 1.91 (3H, s, Me at C-10), 1.84 (1H, dd,
J = 3.6, 14.7 Hz, H-7a), 1.44–1.40 (1H, m, H-14b),
1.33 (1H, q, J = 11.2 Hz, H-4 0b), 1.27 (3H, s, Me at C-
12), 1.24 (3H, s, Me at C-6), 1.20 (3H, d, J = 6.1 Hz,
Me at C-5 0), 1.15 (3H, d, J = 6.6 Hz, Me at C-2), 1.06
(1H, dd, J = 9.0, 14.7 Hz, H-7b), 0.97 (3H, d,
J = 6.5 Hz, Me at C-8), 0.81–0.73 (6H, m, H-15a�c,
Me at C-4); 13C NMR (75 MHz, DMSO-d6): d 206.3
(C-9), 174.9 (C-1), 159.2 (O–(C@O)–N), 143.7 (C-11),
137.2 (C-10), 98.7 (C-1 0), 80.3 (C-5), 78.8 (C-13, C-2 0),
76.7 (C-6), 74.1 (C-3), 71.6 (C-12), 70.2 (C-5 0), 60.2
(C-3 0), 50.2 (OMe), 44.0 (C-2), 39.3 (C-7), 37.6 (C-4),
35.5 (C-4 0), 35.3 (C-8), 29.7 (NMe), 23.4 (Me at C-6),
21.2 (C-14), 20.5 (Me at C-5 0), 19.9 (Me at C-12), 18.1
(Me at C-8), 15.8 (Me at C-2), 13.0 (Me at C-10), 10.6
(C-15), 8.5 (Me at C-4); MS, ESI pos. m/z (% rel. int.):
606.3 (100, [M+Na+]), 607.3 (23).


4.5. 10,11-Anhydro-N-demethyl-3-O-descladinosyl-3-oxo-
clarithromycin 2 0,30-carbamate (7)


The Dess–Martin periodinane (DMP, 709 mg, 1.67 mmol)
reagent was added to a solution of 10,11-anhydro-N-dem-
ethyl-3-O-descladinosylclarithromycin 20,30-carbamate
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(6) (645 mg, 1.11 mmol) in dichloromethane (20 mL), and
the reaction mixture stirred at room temperature for
30 min. Aqueous sodium hydroxide was added, the prod-
uct extracted into dichloromethane, the combined organic
layers washed with water and brine, dried (MgSO4), and
concentrated. The residual white foam (742 mg) was
subjected to flash chromatography on silica (30 g) using
dichloromethane/isopropanol/triethylamine 98:1:1 as
eluent; yield: 603 mg (94%) of a white solid with mp
231–234 �C (toluene/hexane). Found: C, 61.74; H,
8.31. Calcd for C30H47NO10: C, 61.94; H, 8.14%;
HRMS, ESI pos.: Found: 604.3121. Calcd for
M+Na+ = C30H47NNaO10: 604.3092; IR (ATR, cm�1):
3457m (br, O–H), 2973s (C–H), 2938s (C–H), 2880m
(C–H), 2837w (C–H), 1769s (C@O), 1747s (C@O),
1711m (C@O), 1669m (C@C), 1457m, 1426w, 1380m,
1325m, 1293w, 1238w, 1179m, 1111w, 1076m, 1022m,
985m, 898w, 774w, 735w; 1H NMR (600 MHz, CDCl3):
d 6.60 (1H, s, H-11), 4.99 (1H, dd, J = 2.7, 10.0 Hz, H-
13), 4.66 (1H, d, J = 7.8 Hz, H-1 0), 4.10 (1H, d,
J = 9.0 Hz, H-5), 3.74–3.70 (1H, m, H-5 0), 3.73 (1H, q,
J = 6.9 Hz, H-2), 3.61 (1H, dd, J = 7.9, 11.4 Hz, H-2 0),
3.22–3.16 (2H, m, H-8, H-3 0), 3.08 (1H, dq, J = 7.6,
8.6 Hz, H-4), 2.86 (3H, s, OMe), 2.76 (3H, s, NMe),
2.00 (3H, d, J = 1.0 Hz, Me at C-10), 1.98–1.92 (2H,
m, H-14a, H-4 0a), 1.89 (1H, dd, J = 6.3, 14.5 Hz, H-
7a), 1.58–1.52 (1H, m, H-14b), 1.49–1.39 (2H, m, H-
7b, H-4 0b), 1.46 (3H, s, Me at C-12), 1.32 (3H, d,
J = 6.9 Hz, Me at C-2), 1.31 (3H, s, Me at C-6), 1.28
(3H, d, J = 6.2 Hz, Me at C-5 0), 1.14 (3H, d,
J = 7.4 Hz, Me at C-4), 1.12 (3H, d, J = 6.7 Hz, Me at
C-8), 0.90 (3H, t, J = 7.4 Hz, H-15a�c); 13C NMR
(150 MHz, CDCl3): d 206.6 (C-9), 203.0 (C-3), 169.8
(C-1), 159.6 (O–(C@O)–N), 142.5 (C-11), 138.6 (C-10),
100.9 (C-1 0), 84.0 (C-5), 81.3 (C-13), 79.2 (C-2 0), 77.8
(C-6), 73.3 (C-12), 71.0 (C-5 0), 61.2 (C-3 0), 51.3 (C-2),
50.5 (OMe), 46.7 (C-4), 40.7 (C-7), 37.6 (C-8), 36.1 (C-
4 0), 30.0 (NMe), 22.3 (C-14), 21.7 (Me at C-12), 21.2
(Me at C-6), 20.6 (Me at C-5 0), 18.6 (Me at C-8), 14.7
(Me at C-4), 14.3 (Me at C-2), 13.3 (Me at C-10), 10.8
(C-15); MS, ESI pos. m/z (% rel. int.): 404.8 (12),
449.8 (5), 604.3 (100, [M+Na+]).


4.6. 10,11-Anhydro-3-O,5-O-{[4-(2-hydroxypropyl)-3- meth-
yloxazolidin-2-one-5-yl]methylene}-6-O-methylerythrono-
lide A (8)


10,11-Anhydro-N-demethylclarithromycin 2 0,3 0-carba-
mate (5) (931 mg, 1.26 mmol) and trifluoroacetic acid
(0.96 mL, 13 mmol) in DMSO/water (9:1, 30 mL) was
stirred at 110 �C for 2.5 h. The mixture was cooled to
room temperature, aqueous sodium hydroxide added,
and the product was extracted into dichloromethane.
The combined organic layers were washed with water
and brine, dried (MgSO4) and evaporated to dryness.
The residual brown oil (716 mg) was subjected to flash
chromatography on silica gel (36 g) using dichlorometh-
ane/isopropanol/triethylamine 98:1:1 as eluent; yield:
525 mg (72%) of an off-white foam. Crystallisation from
toluene removed the discolouration and left the product
as a white solid with mp 187–189 �C (toluene). Found:
C, 62.25; H, 8.47. Calcd for C30H49NO10: C, 61.73; H,
8.46%; HRMS, ESI pos.: Found: 606.3269. Calcd for

M+Na+ = C30H49NNaO10: 606.3248; IR (ATR, cm�1):
3435s (br, O–H), 2974s (C–H), 2939s (C–H), 2879m
(C–H), 2835w (C–H), 2360w, 2245w, 1736s (C@O),
1670m (C@C), 1456m, 1439w, 1409w, 1375m, 1363w,
1273w, 1157m, 1072m, 1052w, 1034w, 982w, 958w,
938w, 917w, 899w, 731m; 1H NMR (500 MHz, CDCl3):
d 6.21 (1H, s, H-11), 4.99 (1H, dd, J = 1.9, 10.6 Hz, H-
13), 4.89 (1H, d, J = 3.7 Hz, H-1 0), 4.40 (1H, t,
J = 4.1 Hz, H-2 0), 3.93–3.89 (1H, m, H-5 0), 3.85 (1H, s,
H-5), 3.79 (1H, dt, J = 4.0, 8.5 Hz, H-3 0), 3.72 (1H, d,
J = 10.8 Hz, H-3), 3.13 (3H, s, OMe), 3.04 (1H, dq,
J = 6.0, 11.4 Hz, H-8), 2.88 (1H, dq, J = 6.5, 10.8 Hz,
H-2), 2.84 (3H, s, NMe), 2.03 (3H, s, Me at C-10),
1.95 (1H, ddq, J = 2.1, 7.5, 14.4 Hz, H-14a), 1.86–1.81
(2H, m, H-4, H-4 0a), 1.68 (1H, dt, J = 8.9, 14.2 Hz, H-
4 0b), 1.55–1.46 (2H, m, H-7a, H-14b), 1.41 (3H, s, Me
at C-12), 1.32 (1H, d, J = 14.6 Hz, H-7b), 1.24 (3H, d,
J = 6.7 Hz, Me at C-2), 1.22 (3H, d, J = 6.2 Hz, H-6 0),
1.18 (3H, d, J = 6.2 Hz, Me at C-8), 1.10 (3H, s, Me at
C-6), 1.03 (3H, d, J = 6.6 Hz, Me at C-4), 0.87 (3H, t,
J = 7.4 Hz, H-15a�c); 13C NMR (125 MHz, CDCl3): d
207.0 (C-9), 174.7 (C-1), 157.2 (O–(C@O)–N), 140.7
(C-10), 139.5 (C-11), 101.2 (C-1 0), 86.3 (C-5), 84.4 (C-
3), 81.1 (C-13), 78.7 (C-6), 77.6 (C-2 0), 73.2 (C-12),
65.8 (C-5 0), 56.7 (C-3 0), 49.8 (OMe), 41.7 (C-4 0), 41.4
(C-2), 37.9 (C-7), 37.0 (C-8), 32.6 (C-4), 29.4 (NMe),
23.9 (C-6 0), 21.5 (C-14), 20.4 (Me at C-12), 19.6 (Me
at C-6), 15.1 (Me at C-8), 14.0 (Me at C-10), 13.8 (Me
at C-2), 10.5 (C-15), 8.2 (Me at C-4); MS, ESI pos.
m/z (% rel. int.): 345.9 (7), 360.8 (30), 401.8 (35), 419.8
(54), 446.8 (34), 460.8 (62), 464.8 (64), 478.8 (100),
496.8 (33), 505.8 (37), 519.8 (33), 537.8 (11), 606.3 (73,
[M+Na+]).


4.7. 10,11-Anhydro-6-O-methyl-3-O,5-O-{[4-(2-oxopropyl)-
3-methyloxazolidin-2-one-5-yl]methylene}erythronolide A
(9)


10,11-Anhydro-3-O,5-O-{[4-(2-hydroxypropyl)-3-meth-
yloxazolidin-2-one-5-yl]methylene}-6-O-methylerythrono-
lide A (8) (500 mg, 0.86 mmol) was dissolved in
dichloromethane (10 mL), and Dess–Martin period-
inane (DMP, 475 mg, 1.12 mmol) was added. The sus-
pension was stirred at room temperature for 30 min
before aqueous sodium hydroxide was added and the
product extracted into dichloromethane. The combined
organic layers were washed with water and brine, dried
(MgSO4), and the solvents removed at reduced pressure.
The residual white solid (479 mg) was subjected to flash
chromatography on silica gel (10 g) using hexane/ethyl
acetate/triethylamine 31:67:2 as eluent; yield: 429 mg
(86%) of a white solid with mp 187–189 �C (ethyl ace-
tate). Found: C, 62.01; H, 8.09. Calcd for
C30H47NO10: C, 61.94; H 8.14%; HRMS, ESI pos.:
Found: 604.3080. Calcd for M+Na+ = C30H47NNaO10:
604.3092; IR (ATR, cm�1): 3425s (br, O–H), 2976s
(C–H), 2939s (C–H), 2879m (C–H), 2833w (C–H),
1743s (br, C@O), 1670m (C@C), 1456m, 1437m,
1407w, 1362m, 1273w, 1233w, 1155s, 1137m, 1077s,
1052w, 1034w, 959w, 938w, 898w, 735m; 1H NMR
(500 MHz, CDCl3): d 6.21 (1H, s, H-11), 4.98 (1H, dd,
J = 2.0, 10.7 Hz, H-13), 4.91 (1H, d, J = 2.2 Hz, H-1 0),
4.14–4.09 (2H, m, H-2 0, H-3 0), 3.82 (1H, s, H-5), 3.69
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(1H, d, J = 10.8 Hz, H-3), 3.12 (3H, s, OMe), 3.05 (1H,
dq, J = 6.1, 11.6 Hz, H-8), 2.90–2.82 (2H, m, H-2, H-
4 0a), 2.77 (3H, s, NMe), 2.70–2.64 (1H, m, H-4 0b),
2.18 (3H, s, H-6 0), 2.02 (3H, s, Me at C-10), 1.95 (1H,
ddq, J = 2.2, 7.5, 14.4 Hz, H-14a), 1.81 (1H, q,
J = 6.7 Hz, H-4), 1.55–1.48 (2H, m, H-7a, H-14b), 1.40
(3H, s, Me at C-12), 1.31 (1H, d, J = 14.6 Hz, H-7b),
1.21 (3H, d, J = 6.5 Hz, Me at C-2), 1.18 (3H, d,
J = 6.3 Hz, Me at C-8), 1.10 (3H, s, Me at C-6), 1.01
(3H, d, J = 6.5 Hz, Me at C-4), 0.87 (3H, t, J = 7.4 Hz,
H-15a�c); 13C NMR (125 MHz, CDCl3): d 207.1
(C-9), 204.9 (C-5 0), 174.9 (C-1), 157.3 (O–(C@O)–N),
140.6 (C-10), 139.6 (C-11), 100.5 (C-1 0), 86.1 (C-5),
83.9 (C-3), 81.0 (C-13), 78.7 (C-6), 77.7 (C-2 0), 73.2
(C-12), 53.6 (C-3 0), 49.7 (OMe), 46.7 (C-4 0), 41.4 (C-2),
37.7 (C-7), 37.0 (C-8), 32.6 (C-4), 30.5 (C-6 0), 29.5
(NMe), 21.5 (C-14), 20.4 (Me at C-12), 19.6 (Me at
C-6), 15.0 (Me at C-8), 14.0 (Me at C-10), 13.7 (Me at
C-2), 10.6 (C-15), 8.0 (Me at C-4); MS, ESI pos. m/z
(% rel. int.): 523.9 (15), 537.9 (100), 564.9 (4), 569.9
(10), 578.9 (12), 604.3 (5, [M+Na+]).


4.8. N-Demethyl-3-O-descladinosylclarithromycin 2 0,3 0-
carbamate-11,12-carbonate (10)


Method (i). Trifluoroacetic acid (0.60 mL, 7.8 mmol)
was added to a stirred suspension of 400-O-(allyloxycar-
bonyl)-N-demethylclarithromycin 2 0,30-carbamate-11,12-
carbonate (3) (1.00 g, 1.15 mmol) in DMSO/water (9:1,
50 mL) at 110 �C. The mixture was heated with stirring
for 10 h when TLC showed full conversion. The solution
was cooled to room temperature, aqueous sodium
hydroxide added, and the product was extracted into
dichloromethane. The combined organic layers were
washed with water and brine, dried (MgSO4), filtered
and the filtrate evaporated to dryness. The residual
material was subjected to flash chromatography on sil-
ica gel (80 g) using dichloromethane/isopropanol/trieth-
ylamine 97:1:2 as eluent. The product thus obtained was
recrystallised from dichloromethane/toluene; yield:
456 mg (63%) of a white solid with mp 294 �C (dec).
Found: C, 58.71; H, 7.64. Calcd for C31H49NO12: C,
59.31; H, 7.87%; HRMS, ESI pos.: Found: 628.3347.
Calcd for M+H+ = C31H50NO12: 628.3327; IR (ATR,
cm�1): 3414s (br, O–H), 2974s (C–H), 2936s (C–H),
2880m (C–H), 2837w (C–H), 1810s (C@O), 1747s
(C@O), 1718m (C@O), 1457m, 1429w, 1384m, 1362m,
1345w, 1333m, 1284w, 1236m, 1217w, 1192m, 1166m,
1147m, 1139m, 1109m, 1082s, 1050m, 1041m, 1020m,
1004m, 987m, 974m, 946w, 920w, 909w, 775w, 720w,
678w; 1H NMR (500 MHz, CDCl3): d 5.10 (1H, dd,
J = 1.9, 10.7 Hz, H-13), 4.97 (1H, d, J = 7.8 Hz, H-1 0),
4.70 (1H, s, H-11), 3.72–3.67 (1H, m, H-5 0), 3.68 (1H,
d, J = 2.1 Hz, H-5), 3.62 (1H, dd, J = 7.9, 11.3 Hz, H-
2 0), 3.46 (1H, d, J = 10.6 Hz, H-3), 3.23 (1H, dt,
J = 3.3, 11.8 Hz, H-3 0), 2.93 (1H, q, J = 6.9 Hz, H-10),
2.92 (3H, s, OMe), 2.77 (3H, s, NMe), 2.68 (1H, dq,
J = 6.8, 10.6 Hz, H-2), 2.57 (1H, dq, J = 7.0, 11.4 Hz,
H-8), 1.97–1.94 (2H, m, H-4, H-4 0a), 1.87 (1H, ddq,
J = 2.2, 7.5, 14.4 Hz, H-14a), 1.68 (1H, d, J = 12.5 Hz,
H-7a), 1.58–1.41 (3H, m, H-7b, H-14b, H-4 0b), 1.48
(3H, s, Me at C-12), 1.30–1.27 (3H, m, Me at C-5 0),
1.28 (3H, s, Me at C-6), 1.23 (3H, d, J = 6.8 Hz, Me at

C-2), 1.17 (3H, d, J = 6.7 Hz, Me at C-10), 1.09 (3H,
d, J = 7.1 Hz, Me at C-8), 0.98 (3H, d, J = 7.5 Hz, Me
at C-4), 0.84 (3H, t, J = 7.4 Hz, H-15a�c); 13C NMR
(125 MHz, CDCl3): d 212.0 (C-9), 174.9 (C-1), 159.7
(O–(C@O)–N), 154.0 (O–(C@O)–O), 99.3 (C-1 0), 84.9
(C-12), 83.6 (C-5), 80.8 (C-11), 79.4 (C-2 0), 78.1 (C-3),
77.8 (C-6), 75.3 (C-13), 70.9 (C-5 0), 61.2 (C-3 0), 49.7
(OMe), 45.3 (C-8), 44.2 (C-2), 38.7 (C-7), 37.4 (C-10),
36.2 (C-4 0), 35.8 (C-4), 30.0 (NMe), 22.1 (C-14), 20.8
(Me at C-5 0), 19.2 (Me at C-6), 18.3 (Me at C-8), 15.2
(Me at C-2), 13.0 (Me at C-12), 12.9 (Me at C-10),
10.1 (C-15), 7.9 (Me at C-4); MS, ESI pos. m/z (% rel.
int.): 409.0 (8), 427.0 (7), 485.6 (8), 517.6 (7), 565.0 (4),
596.0 (100), 609.0 (4), 628.0 (27, [M+H+]), 649.9 (72,
[M+Na+]), 665.9 (10, [M+K+]), 687.0 (6).


Method (ii). 3-O-(Allyloxycarbonyl)-N-demethyl-3-O-
descladinosylclarithromycin 2 0,3 0-carbamate-11,12-car-
bonate (13) (377 mg, 0.53 mmol) was dissolved in
DMSO/THF (1:1, 12 mL) at 70 �C, and 1,4-bis(diph-
enylphosphino)butane (dppb, 14 mg, 0.033 mmol) and
bis(dibenzylideneacetone)palladium (Pd(dba)2, 17 mg,
0.030 mmol, 6 mol%) were added. The reaction mixture
was stirred at this temperature for 2 h, cooled to room
temperature, aqueous sodium hydroxide added, and
the product extracted into dichloromethane. The com-
bined organic layers were washed with water and brine,
dried (MgSO4), filtered and the solvents evaporated. The
residual yellow solid (349 mg) was subjected to flash
chromatography on silica gel (30 g) using dichlorometh-
ane/isopropanol/triethylamine 97:1:2 as eluent followed
by recrystallisation from dichloromethane/toluene;
yield: 179 mg (54%) of a white solid.


4.9. N-Demethyl-3-O-descladinosyl-3-oxoclarithromycin
2 0,3 0-carbamate-11,12-carbonate (11)


A solution of N-chlorosuccinimide (NCS, 59 mg,
0.44 mmol) in dichloromethane (3 mL) was cooled to
�16 �C. Dimethylsulfide (0.037 mL, 0.50 mmol) was
added dropwise over 5 min, and the mixture was stirred
for 10 min. A solution of N-demethyl-3-O-descladino-
sylclarithromycin 2 0,3 0-carbamate-11,12-carbonate (10)
(170 mg, 0.27 mmol) in dichloromethane (20 mL) was
added dropwise over 30 min, while the temperature
was kept between �16 and �10 �C. The reaction mix-
ture was stirred for 1.5 h, while the temperature was al-
lowed to reach �5 �C. Triethylamine (0.041 mL,
0.29 mmol) was added dropwise over 5 min, the mixture
stirred for 1.5 h at �5 �C and allowed to reach room
temperature. A colourless solution was formed. Aque-
ous sodium hydroxide was added, the product extracted
into dichloromethane, the combined organic layers were
washed with water and brine, dried (MgSO4) and con-
centrated. The residual white solid (149 mg) was sub-
jected to flash chromatography on silica gel (12 g)
using dichloromethane/triethylamine 98.5:1.5 as eluent;
yield: 124 mg (73%) of a white solid with mp 283–
285 �C (dec; dichloromethane/hexane). Found: C,
58.55; H, 7.45. Calcd for C31H47NO12: C, 59.51; H
7.57%; HRMS, ESI pos.: Found: 648.3019. Calcd for
M+Na+ = C31H47NNaO12: 648.2990; IR (ATR, cm�1):
2974s (C–H), 2938s (C–H), 2881m (C–H), 2845w
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(C–H), 1808s (C@O), 1767s (C@O), 1752s (C@O),
1713m (C@O), 1546w, 1457m, 1426m, 1381m, 1361w,
1326m, 1287w, 1235m, 1169m, 1154m, 1111m, 1080m,
1044m, 1016m, 986m, 955w, 906w, 862w, 774m, 735w;
1H NMR (500 MHz, CDCl3): d 4.98 (1H, dd, J = 2.3,
10.1 Hz, H-13), 4.70 (1H, d, J = 7.9 Hz, H-1 0), 4.59
(1H, s, H-11), 4.13 (1H, d, J = 8.1 Hz, H-5), 3.79 (1H,
q, J = 6.7 Hz, H-2), 3.75–3.72 (1H, m, H-5 0), 3.61 (1H,
dd, J = 7.9, 11.3 Hz, H-2 0), 3.21 (1H, dt, J = 3.4,
11.8 Hz, H-3 0), 3.00 (1H, quintett, J = 7.6 Hz, H-4),
2.94 (1H, q, J = 6.9 Hz, H-10), 2.77 (3H, s, NMe),
2.68–2.58 (1H, m, H-8), 2.63 (3H, s, OMe), 1.98–1.95
(1H, m, H-4 0a), 1.87 (1H, ddq, J = 2.6, 7.5, 14.4 Hz,
H-14a), 1.66–1.55 (3H, m, H-7a+b, H-14b), 1.53 (3H,
s, Me at C-12), 1.45 (1H, q, J = 11.8 Hz, H-4 0b), 1.36
(3H, d, J = 6.8 Hz, Me at C-2), 1.31 (3H, s, Me at
C-6), 1.29 (3H, d, J = 6.2 Hz, Me at C-5 0), 1.17 (3H, d,
J = 7.2 Hz, Me at C-10), 1.16 (3H, d, J = 8.9 Hz, Me
at C-4), 1.12 (3H, d, J = 6.9 Hz, Me at C-8), 0.87 (3H,
t, J = 7.4 Hz, H-15a�c); 13C NMR (125 MHz, CDCl3):
d 212.7 (C-9), 204.1 (C-3), 169.0 (C-1), 159.5
(O–(C@O)–N), 153.7 (O–(C@O)–O), 100.5 (C-1 0), 84.4
(C-12), 80.8 (C-11), 80.6 (C-5), 79.2 (C-2 0), 77.7 (C-6),
76.7 (C-13), 71.0 (C-5 0), 61.2 (C-3 0), 51.1 (C-2), 49.6
(OMe), 47.5 (C-4), 43.8 (C-8), 39.3 (C-7), 38.0 (C-10),
36.1 (C-4 0), 30.0 (NMe), 22.3 (C-14), 20.6 (Me at
C-5 0), 19.6 (Me at C-6), 17.8 (Me at C-8), 16.2 (Me at
C-2), 14.3 (Me at C-4), 13.5 (Me at C-12), 12.4 (Me at
C-10), 12.3 (C-15); MS, ESI pos. m/z (% rel. int.):
191.3 (6), 219.2 (4), 399.2 (5), 443.1 (9), 487.1 (7),
537.6 (60), 569.6 (100), 643.0 (44), 647.9 (83,
[M+Na+]), 704.9 (85), 1272.8 (11, [2M+Na+]).


4.10. 3-O-Descladinosylclarithromycin (12)


The title compound was prepared by hydrolysis of clar-
ithromycin (1) in aqueous HCl.3 The crude product was
purified by flash chromatography on silica gel using
ethyl acetate/triethylamine 96:4 as eluent; yield 81% of
a white foam. HRMS, ESI pos.: Found: 590.3914. Calcd
for M+H+ = C30H56NO10: 590.3898; 1H NMR
(500 MHz, CDCl3): d 5.13 (1H, dd, J = 2.4, 11.0 Hz,
H-13), 4.34 (1H, d, J = 7.3 Hz, H-1 0), 3.81 (1H, d,
J = 1.4 Hz, H-11), 3.64 (1H, s, H-5), 3.52 (1H, d,
J = 10.5 Hz, H-3), 3.50–3.46 (1H, m, H-5 0), 3.19 (1H,
dd, J = 7.7, 10.5 Hz, H-2 0), 2.96 (1H, q, J = 6.7 Hz, H-
10), 2.92 (3H, s, OMe), 2.61 (1H, dq, J = 6.6, 10.4 Hz,
H-2), 2.53 (1H, dq, J = 7.1, 10.7 Hz, H-8), 2.42 (1H,
ddd, J = 3.8, 10.5, 13.9 Hz, H-3 0), 2.21 (6H, s, NMe2),
2.07 (1H, q, J = 7.3 Hz, H-4), 1.92–1.86 (2H, m, H-7a,
H-14a), 1.63–1.61 (1H, m, H-4 0a), 1.52 (1H, dd,
J = 0.8, 14.3 Hz, H-7b), 1.48–1.38 (1H, m, H-14b),
1.32 (3H, s, Me at C-6), 1.23–1.20 (7H, m, H-4 0b, Me
at C-2 and C-5 0), 1.14 (3H, s, Me at C-12), 1.09–1.07
(9H, m, Me at C-4, C-8 and C-10), 0.8 (3H, t,
J = 7.5 Hz, H-15a�c); 13C NMR (125 MHz, CDCl3): d
220.7 (C-9), 175.0 (C-1), 106.7 (C-1 0), 88.4 (C-5), 78.9
(C-3), 78.0 (C-6), 76.5 (C-13), 74.1 (C-12), 70.6 (C-2 0),
70.2 (C-5 0), 69.7 (C-11), 65.6 (C-3 0), 49.5 (OMe), 45.5
(C-8), 44.5 (C-2), 40.2 (NMe2), 38.7 (C-7), 37.5 (C-10),
35.8 (C-4), 28.0 (C-4 0), 21.4 (C-14), 21.2 (Me at C-5 0),
18.7 (Me at C-6), 17.7 (Me at C-8), 16.1 (Me at C-12),
15.2 (Me at C-2), 12.6 (Me at C-10), 10.4 (C-15), 8.2

(Me at C-4); MS, ESI pos. m/z (% rel. int.): 558.4 (8),
590.3 (100, [M+H+]), 612.4 (4, [M+Na+]).


4.11. 3-O-(Allyloxycarbonyl)-N-demethyl-3-O-descladi-
nosylclarithromycin 2 0,3 0-carbamate-11,12-carbonate (13)


A solution of phosgene (20% in toluene, 2.8 mL,
5.4 mmol) was added to a solution of 3-O-descladino-
sylclarithromycin (12) (545 mg, 0.92 mmol) and pyri-
dine (0.87 mL, 11 mmol) in dichloromethane (12 mL).
The reaction mixture was stirred at room temperature
for 7 h. Allyl alcohol (1.5 mL, 22 mmol) was added,
and the stirring was continued for 30 min. Aqueous so-
dium hydroxide was added, and the product was ex-
tracted into dichloromethane. The combined organic
layers washed with water and brine, dried (MgSO4),
and concentrated in vacuo. The residual yellow solid
was purified by flash chromatography on silica gel
(35 g) using hexane/ethyl acetate/triethylamine 49:49:2
as eluent; yield: 271 mg (41%) of a pale yellow solid.
Recrystallisation from chloroform/hexane removed
the discolouration and left a white solid with mp
290–295 �C (sublim.). Found: C, 59.75; H, 8.08. Calcd
for C35H53NO14: C, 59.06; H 7.51%; HRMS, ESI pos.:
Found: 734.3349. Calcd for M+Na+ = C35H53NNaO14:
734.3358; IR (ATR, cm�1): 3080w, 2975s (C–H), 2939s
(C–H), 2905m (C–H), 2882m (C–H), 2839w (C–H),
1808s (C@O), 1770s (C@O), 1746s (C@O), 1706s
(C@O), 1650w, 1457m, 1425m, 1376m, 1365m,
1349w, 1324m, 1296w, 1260s, 1215w, 1169s, 1151w,
1131m, 1109m, 1079s, 1043m, 1030m, 1008w, 987w,
965w, 935w, 921w, 863w, 787w, 773w, 736w, 676w;
1H NMR (500 MHz, CDCl3): d 5.91 (1H, ddt,
J = 5.8, 10.7, 17.0 Hz, H-2000), 5.36 (1H, dd, J = 1.0,
16.9 Hz, H-3000a), 5.27 (1H, d, J = 9.8 Hz, H-3000b), 5.1
(1H, dd, J = 2.0, 10.8 Hz, H-13), 4.77 (1H, d,
J = 11.1 Hz, H-3), 4.67 (1H, dd, J = 5.6, 13.1 Hz, H-
1000a), 4.63 (1H, s, H-11), 4.56 (1H, dd, J = 6.1,
13.1 Hz, H-1000b), 4.49 (1H, d, J = 7.8 Hz, H-1 0), 3.66
(1H, d, J = 3.4 Hz, H-5), 3.56 (1H, dd, J = 7.7,
11.3 Hz, H-2 0), 3.53–3.49 (1H, m, H-5 0), 3.14 (1H, dt,
J = 3.5, 11.8 Hz, H-3 0), 2.97 (3H, s, OMe), 2.94–2.87
(2H, m, H-2, H-10), 2.76 (3H, s, NMe), 2.57–2.53
(1H, m, H-8), 2.07 (1H, dq, J = 3.1, 7.6 Hz, H-4),
1.92–1.89 (1H, m, H-4 0a), 1.86 (1H, ddq, J = 2.2, 7.5,
14.4 Hz, H-14a), 1.60–1.47 (3H, m, H-7a+b, H-14b),
1.46 (3H, s, Me at C-12), 1.43–1.38 (1H, m, H-4 0b),
1.25 (3H, d, J = 6.0 Hz, Me at C-5 0), 1.25 (3H, s, Me
at C-6), 1.15 (6H, t, J = 6.9 Hz, Me at C-2 and
C-10), 1.07 (3H, d, J = 7.1 Hz, Me at C-8), 1.04 (3H,
d, J = 7.6 Hz, Me at C-4), 0.83 (3H, t, J = 7.4 Hz, H-
15a�c); 13C NMR (125 MHz, CDCl3): d 212.0
(C-9), 173.8 (C-1), 159.6 (O–(C@O)–N), 155.1 (3-
O–(C@O)–O), 153.9 (11,12-O–(C@O)–O), 131.1 (C-2000),
119.4 (C-3000), 98.8 (C-1 0), 84.8 (C-12), 82.0 (C-3), 80.6
(C-5/C-11), 80.5 (C-5/C-11), 79.2 (C-2 0), 77.7 (C-6),
75.6 (C-13), 70.9 (C-5 0), 68.8 (C-1000), 61.1 (C-3 0), 50.1
(OMe), 45.0 (C-8), 42.9 (C-2), 38.5 (C-7), 37.4 (C-10),
36.1 (C-4 0), 35.8 (C-4), 30.0 (NMe), 21.9 (C-14), 20.6
(Me at C-5 0), 19.2 (Me at C-6), 18.3 (Me at C-8),
14.7 (Me at C-2), 13.0 (Me at C-10/C-12), 12.8 (Me
at C-10/C-12), 10.0 (C-15), 8.7 (Me at C-4); MS, ESI
pos. m/z (% rel. int.): 391.2 (4), 409.2 (5), 449.2 (6),
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511.3 (12), 578.3 (9), 680.3 (7), 712.4 (8, [M+H+]),
729.4 (25), 734.3 (100, [M+Na+]), 785.5 (4).


4.12. 11-Amino-N-(4-bromophenyl)-N0-demethyl-11-deoxy-
3-O-descladinosyl-3-oxoclarithromycin 11,12:20,30-dicarba-
mate (14)


Sodium hydride (60% in mineral oil, 58 mg, 1.5 mmol)
was added to a solution of 10,11-anhydro-N-demethyl-
3-O-descladinosyl-3-oxoclarithromycin 2 0,3 0-carbamate
(7) (420 mg, 0.72 mmol) in THF (12 mL). The mixture
was stirred at room temperature for 10 min before
4-bromophenyl isocyanate (433 mg, 2.19 mmol) and
copper(I) chloride (80 mg, 0.81 mmol) were added.
After stirring for 42 h at 50 �C, the mixture was
cooled to room temperature and quenched with satu-
rated aq ammonium chloride. Brine was added, and
the mixture was extracted with THF. The combined
organic layers were washed with brine, dried (MgSO4),
and the solvents were removed in vacuo. The residual
yellow solid (823 mg) was subjected to flash chromato-
graphy on silica (42 g) using toluene/THF 84:16 as
eluent; yield: 351 mg (62%) of a white solid with mp
253–256 �C (Et2O). Found: C, 56.03; H, 6.55. Calcd
for C37H51BrN2O11: C, 56.99; H, 6.59%; HRMS,
ESI pos.: Found: 801.2595. Calcd for
M+Na+ = C37H51


79BrN2NaO11: 801.2568; IR (ATR,
cm�1): 2974 m (C–H), 2938m (C–H), 2880m (C–H),
2841w (C–H), 1767s (C@O), 1716m (C@O), 1493m,
1457w, 1412w, 1394m, 1324m, 1232m, 1176m,
1153m, 1110m, 1078m, 1013m, 985m, 920w, 827w;
1H NMR (500 MHz, CDCl3): d 7.43 (2H, d,
J = 8.7 Hz, H-200a+b), 7.27 (2H, d, J = 8.8 Hz, H-
300a+b), 5.19 (1H, dd, J = 2.1, 10.9 Hz, H-13), 4.67
(1H, d, J = 7.9 Hz, H-1 0), 4.21 (1H, d, J = 8.3 Hz,
H-5), 4.16 (1H, s, H-11), 3.88 (1H, q, J = 6.8 Hz, H-
2), 3.72 (1H, ddq, J = 2.1, 6.2, 10.3 Hz, H-5 0), 3.60
(1H, dd, J = 7.9, 11.4 Hz, H-2 0), 3.20 (1H, dt,
J = 3.6, 11.8 Hz, H-3 0), 3.09 (1H, q, J = 6.9 Hz, H-
10), 3.03 (1H, quin., J = 7.9 Hz, H-4), 2.76 (3H, s,
NMe), 2.65 (3H, s, OMe), 2.40 (1H, hex.,
J = 6.9 Hz, H-8), 2.03–1.93 (2H, m, H-14a, H-4 0a),
1.69–1.58 (1H, m, H-14b), 1.57–1.51 (2H, m, H-
7a+b), 1.56 (3H, s, Me at C-12), 1.47–1.40 (1H, m,
H-4 0b), 1.37 (3H, d, J = 6.8 Hz, Me at C-2), 1.27
(3H, d, J = 6.2 Hz, Me at C-5 0), 1.22 (3H, s, Me at
C-6), 1.20 (3H, d, J = 7.5 Hz, Me at C-4), 1.17 (3H,
d, J = 6.8 Hz, Me at C-10), 1.02 (3H, d, J = 7.0 Hz,
Me at C-8), 0.86 (3H, t, J = 7.3 Hz, H-15a�c); 13C
NMR (75 MHz, CDCl3): d 213.7 (C-9), 203.6 (C-3),
170.1 (C-1), 159.5 (2 0,3 0-O–(C@O)–N), 155.1 (11,12-
O–(C@O)–N), 137.1 (C-100), 131.6 (C-200a+b), 127.7
(C-300a+b), 120.0 (C-400), 100.6 (C-1 0), 82.5 (C-12),
81.0 (C-5), 79.2 (C-2 0), 77.7 (C-6), 77.4 (C-13), 71.0
(C-5 0), 63.2 (C-11), 61.1 (C-3 0), 51.1 (C-2), 50.5
(OMe), 46.7 (C-4), 43.8 (C-8), 39.2 (C-10), 38.9 (C-
7), 36.0 (C-4 0), 30.0 (NMe), 21.9 (C-14), 20.6 (Me at
C-5 0), 19.9 (Me at C-6), 18.4 (Me at C-8), 15.1 (Me
at C-2), 14.5 (Me at C-4/C-12), 14.4 (Me at C-4/C-
12), 14.0 (Me at C-10), 10.2 (C-15); MS, ESI pos.
m/z (% rel. int.): 801.3 (95, [M(79Br)+Na+]), 803.3
(100, [M(81Br)+Na+]), 817.2 (7, [M(79Br)+K+]), 819.2
(8, [M(81Br)+K+]).

4.13. 11-Amino-N-(3-fluoro-4-morpholinophenyl)-N 0-dem-
ethyl-11-deoxy-3-O-descladinosyl-3-oxoclarithromycin 11,
12:20,3 0-dicarbamate (15)


Sodium hydride (60% in mineral oil, 38 mg, 0.95 mmol)
was added to a solution of 10,11-anhydro-N-demethyl-
3-O-descladinosyl-3-oxoclarithromycin 2 0,3 0-carbamate
(7) (250 mg, 0.43 mmol) in THF (5 mL). The mixture
was stirred for 10 min at room temperature, and a
freshly prepared solution of 3-fluoro-4-morpholinophe-
nylisocyanate35,36(1.29 mmol) in THF (3 mL) and cop-
per(I) chloride (52 mg, 0.53 mmol) were added. The
reaction mixture was stirred in a sealed tube at 50 �C
for 42 h. The mixture was cooled to room temperature,
quenched with saturated aq ammonium chloride and
stirred for 1 h. Aqueous sodium hydroxide was added,
and the product was extracted into ethyl acetate. The
combined organic layers were washed with water and
brine, dried (MgSO4) and concentrated. The residual
pink solid (463 mg) was subjected to flash chromatogra-
phy on silica gel (30 g) using dichloromethane/isopropa-
nol/triethylamine 98:1:1 as eluent; yield: 193 mg (56%)
of an off-white powder with mp 231–235 �C (acetone/
Et2O). Found: C, 62.06; H, 7.24. Calcd for
C41H58FN3O12: C, 61.26; H, 7.27%; HRMS, ESI pos.:
Found: 804.4103. Calcd for M+H+ = C41H59FN3O12:
804.4077; IR (ATR, cm�1): 2973m (C–H), 2939m
(C–H), 2880m (C–H), 2854m (C–H), 1769s (C@O),
1716m (C@O), 1516m, 1456w, 1379m, 1324w, 1230m,
1176m, 1153w, 1111m, 1079m, 1016m, 985w, 917w; 1H
NMR (500 MHz, CDCl3): d 7.15 (1H, d, J = 8.6 Hz,
H-600), 7.08 (1H, dd, J = 1.7, 13.3 Hz, H-200), 6.87 (1H,
t, J = 9.0 Hz, H-500), 5.19 (1H, dd, J = 1.9, 10.7 Hz, H-
13), 4.67 (1H, d, J = 7.8 Hz, H-1 0), 4.21 (1H, d,
J = 8.3 Hz, H-5), 4.15 (1H, s, H-11), 3.87 (1H, q,
J = 6.8 Hz, H-2), 3.84–3.81 (4H, m, H-800a�d), 3.74–
3.70 (1H, m, H-5 0), 3.59 (1H, dd, J = 7.9, 11.3 Hz, H-
2 0), 3.20 (1H, dt, J = 3.2, 11.7 Hz, H-3 0), 3.12–2.97
(6H, m, H-4, H-10, H-700a�d), 2.76 (3H, s, NMe), 2.68
(3H, s, OMe), 2.44–2.39 (1H, m, H-8), 2.03–1.92 (2H,
m, H-14a, H-4 0a), 1.69–1.58 (1H, m, H-14b), 1.57–1.49
(2H, m, H-7a+b), 1.55 (3H, s, Me at C-12), 1.47–1.39
(1H, m, H-4 0b), 1.37 (3H, d, J = 6.7 Hz, Me at C-2),
1.27 (3H, d, J = 6.1 Hz, Me at C-5 0), 1.22 (3H, s, Me
at C-6), 1.19 (3H, d, J = 7.7 Hz, Me at C-4), 1.17 (3H,
d, J = 6.9 Hz, Me at C-10), 1.00 (3H, d, J = 6.9 Hz,
Me at C-8), 0.86 (3H, t, J = 7.2 Hz, H-15a�c); 13C
NMR (75 MHz, CDCl3): d 213.5 (C-9), 203.6 (C-3),
170.1 (C-1), 159.5 (2 0,3 0-O–(C@O)–N), 155.3 (11,12-O–
(C@O)–N), 154.9 (d, 1JC-F = 246.0 Hz, C-300), 138.4 (d,
2JC-F = 9.8 Hz, C-400), 132.4 (d, 3JC-F = 10.2 Hz, C-100),
122.3 (d, 4JC–F = 3.3 Hz, C-600), 117.9 (d,
3JC–F = 3.9 Hz, C-500), 114.3 (d, 2JC-F = 23.3 Hz, C-200),
100.6 (C-1 0), 82.4 (C-12), 81.3 (C-5), 79.2 (C-2 0), 77.7
(C-6), 77.4 (C-13), 71.0 (C-5 0), 66.9 (C-800a+b), 63.3
(C-11), 61.2 (C-3 0), 51.2 (C-2), 50.8 (C-700a+b), 50.6
(OMe), 46.6 (C-4), 43.5 (C-8), 39.5 (C-10), 38.9 (C-7),
36.1 (C-4 0), 30.0 (NMe), 22.0 (C-14), 20.6 (Me at
C-5 0), 20.0 (Me at C-6), 18.3 (Me at C-8), 15.0 (Me at
C-2), 14.6 (Me at C-4/C-12), 14.4 (Me at C-4/C-12),
13.7 (Me at C-10), 10.2 (C-15); MS, ESI pos. m/z (%
rel. int.): 338.3 (5), 485.8 (6), 494.8 (13), 526.8 (11),
804.4 (100, [M+H+]), 826.4 (39, [M+Na+]), 976.5 (3).
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		10,11-Anhydro-N-demethyl-3-O-descladinosyl-3-oxoclarithromycin 2 prime ,3 prime -carbamate (7)

		10,11-Anhydro-3-O,5-O-{[4-(2-hydroxypropyl)-3- methyloxazolidin-2-one-5-yl]methylene}-6-O-methylerythronolide A (8)

		10,11-Anhydro-6-O-methyl-3-O,5-O-{[4-(2-oxopropyl)-3-methyloxazolidin-2-one-5-yl]methylene}erythronolide A (9)

		N-Demethyl-3-O-descladinosylclarithromycin 2 prime ,3 prime -carbamate-11,12-carbonate (10)

		N-Demethyl-3-O-descladinosyl-3-oxoclarithromycin 2 prime ,3 prime -carbamate-11,12-carbonate (11)

		3-O-Descladinosylclarithromycin (12)

		3-O-(Allyloxycarbonyl)-N-demethyl-3-O-descladinosylclarithromycin 2 prime ,3 prime -carbamate-11,12-carbonate (13)

		11-Amino-N-(4-bromophenyl)-N prime -demethyl-11-deoxy-3-O-descladinosyl-3-oxoclarithromycin 11,12:2 prime ,3 prime -dicarbamate (14)

		11-Amino-N-(3-fluoro-4-morpholinophenyl)-N prime -demethyl-11-deoxy-3-O-descladinosyl-3-oxoclarithromycin 11, 12:2 prime ,3 prime -dicarbamate (15)
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Abstract—A series of 2-oxy-substituted 1-(1H-imidazol-1-yl)-4-phenylbutanes comprising imidazole–ketones, imidazole–dioxol-
anes, and imidazole–alcohols substituted with halogens in the phenyl ring were synthesized and evaluated as novel inhibitors of
heme oxygenase which are structurally distinct from metalloporphyrins. The entire library of compounds was found to be highly
active, with the bromine- and iodine-substituted derivatives being the most potent. The imidazole–dioxolanes were all selective
for the HO-1 isozyme (inducible) and exhibited substantially lower activity toward the HO-2 isozyme (constitutive). The corre-
sponding imidazole–ketones and imidazole–alcohols showed selectivity toward HO-1 to a lesser degree than the similarly substituted
imidazole–dioxolanes.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Heme oxygenases (HOs), comprising two active iso-
zymes HO-1 (inducible) and HO-2 (constitutive), are en-
zymes responsible for heme degradation in vivo, a
process which generates carbon monoxide (CO) whose
cellular regulatory actions have recently been acknowl-
edged.1–3 Inhibitors of these enzymes may prove to be
indispensable pharmacological tools for the investiga-
tion of the CO/HO system and related physiological
pathways. Furthermore, investigation of the mechanism
of HO-1’s protective effect in acute renal failure,4 its
beneficial involvement in cardiovascular system inju-
ries,5 or its central role in neurodegenerative diseases6


significantly depends on the availability of efficient
inhibitors of this enzyme. Because the previously used
metalloporphyrin-based HO inhibitors lack specificity,
the discovery7 of azalanstat 1 as a compound active to-
ward HO-1 and HO-2 has opened the way for the design
of novel, more-selective non-metalloporphyrin inhibi-
tors of these enzymes. Azalanstat itself is a good HO
inhibitor and has minimal effects on other enzymes usu-
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ally inhibited by metalloporphyrins such as nitric oxide
synthase (NOS) or soluble guanylyl cyclase (sGC).8 The
initial structure–activity study of a series of azalanstat
analogs9 showed that different degrees of selectivity in
the inhibition of HO-1 over HO-2 could be achieved
by modifying the aminophenylmercapto moiety in the
northeastern region of azalanstat or the diastereomeric
configuration of the substituents attached to the
dioxolane ring (Fig. 1). Further investigations10 showed
that the removal of the aminophenylmercapto moiety

Figure 1. Topological analysis of azalanstat 1.
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selectively enhanced the inhibition of HO-1 relative to
HO-2. As our previous reports have dealt only with
compounds featuring the typical chloro substituent in
the benzene ring in the southwestern region of azalan-
stat (Fig. 1), the present work focuses on the investiga-
tion of the structure–activity relationship brought
about by the modification of the substitution pattern
in the benzene ring in imidazole–dioxolanes and struc-
turally related compounds.

2. Results and discussion


2.1. Chemistry


Prompted by the discovery of the selective inhibitory
activity of the imidazole–dioxolane 2 (R = H) toward
HO-1,10 a series of analogs bearing various halogen sub-
stituents on the benzene ring has been designed for the
present study. The imidazole–dioxolane having an
unsubstituted benzene ring has also been incorporated
in this series. Including two other series of compounds
(the related imidazole–ketones and the corresponding
imidazole–alcohols) has further broadened the scope
of the investigation.

Scheme 1. General approach for the synthesis of imidazole–ketones, imidazo


and conditions: (a) anhyd K2CO3, MeOH, reflux, 16 h; (b) Br2, MeOH, rt, 2 h


reflux, 2 h; (e) NaBH4, MeOH, rt, 3 h; (f) 37% aq HCl, 2-propanol, rt.

Two different synthetic approaches to the targeted com-
pounds have been considered. The first multi-step reac-
tion sequence, illustrated in Scheme 1, was devised as a
general strategy granting access to imidazole–dioxolanes
variously substituted in the benzene ring, and debuts
with the preparation of 4-aryl-2-butanones 3 by way
of a base-catalyzed condensation of the appropriate
benzyl halides with 2,4-pentanedione,11 followed by
the bromination of these materials to afford the interme-
diate 1-bromoketones 4. The formation of the undesired
isomeric 3-bromoketones has been abated by the use of
methanol as a solvent instead of the usual halogenated
solvents.12 Alkylation of imidazole with the bromoke-
tones 4 provided easy access to the key intermediate
imidazole–ketones 5, which were subsequently con-
verted into either the corresponding imidazole–dioxol-
anes upon heating at refluxing temperature in ethylene
glycol–toluene in the presence of p-toluenesulfonic acid
and with continuous azeotropic removal of water, or
into the corresponding imidazole–alcohols by reduction
with sodium borohydride in methanol. Imidazole–
ketones 5 have been characterized as hydrochlorides 6,
whereas the imidazole–dioxolane hydrochlorides 7
and the imidazole–alcohol hydrochlorides 8 have been
made available for the biological evaluation from the
respective free bases.


The second synthetic pathway (Scheme 2) is based on
the methodology of Walker et al.,13 and was used for
the synthesis of imidazole–alcohols 8 only in the case
of the commercially available halogen-substituted ben-
zyl halides whose benzylic halogen atom is more reactive
than the halogen substituent in the aromatic ring. Treat-
ment of the Grignard reagents derived from either p-flu-
orobenzyl chloride or p-chlorobenzyl chloride with

le–dioxolanes, and imidazole–alcohols related to azalanstat. Reagents


; (c) imidazole, DMF, rt, 1 h; (d) ethylene glycol, p-TsOHÆH2O, toluene,







Scheme 2. Alternative synthesis of imidazole–alcohols related to azalanstat. Reagents and conditions: (a) Mg, anhyd diethyl ether, reflux, 15 min; (b)


(±)-epichlorohydrin, anhyd diethyl ether, reflux, 2 h; (c) imidazole, NaH, anhyd DMF, 70–80 �C, 4.5 h; (d) 37% aq HCl, 2-propanol, rt.
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racemic epichlorohydrin led to the intermediate opti-
cally inactive 1-chloro-2-butanols 9, which yielded the
imidazole–alcohols 10 as free bases through the N-alkyl-
ation of imidazole. The free bases led to the correspond-
ing hydrochlorides 8 upon treatment with hydrochloric
acid.


2.2. Biological evaluation


Three different series of compounds, namely imidazole–
ketones 6, imidazole–dioxolanes 7, and imidazole–alco-
hols 8, all as hydrochlorides, were evaluated for their
ability to inhibit HO using an in vitro assay for HO in
which heme was presented to the enzyme complexed
with albumin as described in Section 4. HO-1 was ob-
tained from rat spleen, and HO-2 was obtained from
rat brain in the microsomal fractions prepared by differ-
ential centrifugation. The dominance of HO-1 and HO-2
proteins in the rat spleen and brain, respectively, has
been documented.8,14–16 As shown in Table 1, all of
the compounds exhibited good potency as inhibitors of
HO-1 activity, but only imidazole–ketones 6 and imidaz-
ole–alcohols 8 inhibited HO-2 significantly. The selectiv-
ity indices given in Table 1, calculated as the ratio of
IC50 values determined for HO-2 and HO-1 in the case

Table 1. Inhibitory potency and selectivity of imidazole–ketones 6, imidazol


Compound IC50 (lM)


Rat spleen (HO-1) Rat brai


6a (X = H) 4.0 ± 1.8 11.3 ± 4.


6b (X = F) 2.7 ± 0.9 1.9 ± 0.2


6c (X = Br) 1.7 ± 0.7 9.5 ± 4.6


6d (X = I) 0.11 ± 0.06 1.8 ± 0.7


6e (X = Cl) 4.7 ± 0.5 43.1 ± 5.


7a (X = H) 0.7 ± 0.4 >100


7b (X = F) 3.8 ± 1.1 >100


7c (X = Br) 1.9 ± 0.2 >100


7d (X = I) 3.7 ± 0.9 >100


7e (X = Cl)10 4.3 ± 2.1 >100


8a (X = H) 6.2 ± 0.8 16.0 ± 8.


8b (X = F) 1.4 ± 1.1 17.9 ± 11


8c (X = Br) 0.14 ± 0.06 2.6 ± 0.5


8d (X = I) 0.06 ± 0.03 1.8 ± 1.5


8e (X = Cl) 0.5 ± 0.1 4.0 ± 0.6


1 (azalanstat) 5.3 ± 2 24.5 ± 2.


Data represent mean IC50 values ± standard deviation of replicate experime

of each compound, have been used to express quantita-
tively the selectivity of these inhibitors toward the HO
isozymes.


Imidazole–ketones 6 have been evaluated for the first
time for HO inhibitory activity, and all of them proved
to be excellent inhibitors of both HO-1 and HO-2. When
compared to azalanstat 1, the 4-chlorophenyl compound
6e had similar inhibitory potency for HO-1, but it was
the least potent HO-1 inhibitor in this series. The
dose–response curves for the iodo-substituted imid-
azole–ketone 6d, which exhibited the highest values for
the inhibition of both HO-1 and HO-2 while having
the best selectivity index in this series, are shown in Fig-
ure 2a. However, none of the imidazole–ketones 6
showed any marked selectivity toward any of the two
HO isozymes. At the lowest concentration used in the
study (0.1 lM), compounds 6a, 6b, and 6c showed al-
most no inhibition of HO-1, whereas compounds 6d
and 6e inhibited 44% and 27%, respectively, of the con-
trol activity of HO-1. However, a very slight inhibition
of HO-1 by compound 6d was noted upon a 10-fold de-
crease of its concentration. Even at the highest concen-
tration of the evaluated imidazole–ketones 6, the
greatest inhibition observed was approximately 80%.

e–dioxolanes 7, and imidazole–alcohols 8


Selectivity index IC50 (HO-2)/IC50 (HO-1)


n (HO-2)


7 2.8


1.4


9.2


5.6


4 16.4


>143


>26.3


>52.6


>27


>23.2


2 2.6


.8 12.8


18.6


30


8


1 4.6


nts.







Figure 2. Inhibition of HO-1 and HO-2 by imidazole–ketone 6d


(graph a) and imidazole–dioxolane 7d (graph b). All values of activity


(ordinate) are expressed as a percentage of the control with no


inhibitor present. The values on the abscissa represent the log of the


inhibitor concentration. Solid triangles (m), HO-1 (rat spleen micro-


somes) and open squares (h), HO-2 (rat brain microsomes).
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The results for the inhibition of HO-2 parallel those
recorded for HO-1, with compounds 6a and 6c being
almost devoid of any inhibition toward HO-2 at the low-
est concentration. Under the same conditions, the rest of
the imidazole–ketones 6 inhibited about 10% of the con-
trol activity of HO-2, and at the highest concentration
(100 lM) all of the compounds in this series inhibited
only 60–70% of the control activity of HO-2.


The development of an optimally selective HO inhibitor
still remains a problem. Metalloporphyrins show a mod-
est degree of selectivity toward HO-2,17 but there are
certain drawbacks that prevent their use in the charac-
terization of the physiological role of these enzymes.
Although all of the imidazole–dioxolanes 7 were potent
inhibitors of HO-1, none of these compounds inhibited
HO-2 activity significantly in the range of concentra-
tions used in the assay. These results confirm the initial
observation10 of isozyme-selective HO inhibition within
this class of compounds, and are consistent with the
working hypothesis that the presence of an imidazole
ring and a minimally substituted dioxolane moiety in
the structure of HO inhibitors enhanced selectivity

toward HO-1. The selectivity indices ranged from
more than 143 to at least 23 for compounds 7, and are
much higher than those determined for any azalanstat
analogs,9 but comparable with the indices recorded for
the methyl-terminated imidazole–dioxolanes 2 (R =
CH3).10 The dose–response curves (Fig. 2b) for the
iodo-substituted imidazole–dioxolane 7d illustrate the
difference in potency toward HO-1 and HO-2. All of
the imidazole–dioxolanes did not inhibit significantly
HO-1 or HO-2 at the lowest concentration (0.1 lM),
whereas the extent of HO-1 inhibition reached 80–85%
at the highest concentration of the inhibitor. On the
other hand, the inhibition of HO-2 by imidazole–dioxol-
anes 7 was less than 50% even at 100 lM. Surprisingly,
the iodo-substituted imidazole–dioxolane 7d was not the
best HO-1 inhibitor in this series.


Also under scrutiny for the first time as inhibitors of
HO, imidazole–alcohols 8 behaved similarly to the
structurally related imidazole–ketones 6 in this respect.
Compounds 8 inhibited both HO-1 and HO-2 almost
to the same extent, their selectivity indexes varying from
2.6 to 30. Again, the iodo-substituted imidazole–alcohol
8d was the most selective analog in this series, but the
bromo-substituted analog 8c, having an average HO-1
inhibition of 55% and 8% from control at 0.1 and
0.01 lM, respectively, was one of the most potent in this
group. HO-2 inhibition in this series ranges from 55%
for 8c to 90% for 8e at the highest concentration
(100 lM).


As far as the substitution pattern in the benzene ring is
concerned, no striking differences in potency were noted
in the three series of structurally related compounds. It
seems that the less electronegative and the bulkier the
para substituent, the greater the potency toward both
HO-1 and HO-2; compounds having a bulky bromo or
iodo substituent in the para position of the phenyl ring
had an improved inhibitory activity than their analogs
containing a less bulky atom in that position, and this
pattern is reflective also of the variation of the selectivity
index of these compounds. The observation18 that there
is a strong correlation between the hydrophilicity of the
substituent at the far end in a series of 4-(substituted
biphenyl)methylimidazoles and some unidentified resi-
dues at the end of the substrate binding loops of
P45017a allowed the hypothesis that the ability of the ter-
minal substituent to undergo polar–polar interaction
with a hydrogen-bonding group at the active site is
responsible for the enhanced inhibition of this enzyme
by the bromine-substituted inhibitors compared, for
example, with the one exhibited by the fluorine-substi-
tuted compounds.19 The same effect could be responsible
for the greater inhibitory action of the iodo- and bromo-
substituted compounds reported in this study. Even
though the current findings lead to the conclusion that
the replacement of chlorine with other halogens or with
hydrogen does not result in substantial changes in the
HO inhibitory activity of such imidazole-containing
compounds, one cannot preclude the possibility of a sig-
nificant increase or decrease in activity upon dramatic
changes in this part of the molecule. The results of the
biological evaluation of these compounds seem to
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indicate that the southwestern region of compounds 6,
7, and 8 is not actively involved in the binding of these
inhibitors to HO. Nevertheless, the modification of the
southwestern region may become important in the opti-
mization process of a selective inhibitor of HO.


It can be inferred, from the reports20 of antifungal drugs
exerting their action through the coordination of their
azole moiety with the protoporphyrin iron atom, that
the imidazole ring is essential for the expression of HO
inhibitory activity in compounds 6, 7, and 8. Further-
more, a comparative molecular-field analysis study21


has emphasized the importance of the hydrophobic
interactions of the N-1 moiety in these antifungal agents
with the active site of an enzyme. The limited up-to-date
knowledge on the inhibition of HO by azalanstat and its
structurally simpler analogs suggests that the presence of
at least one oxygen-containing function strategically
located on the hydrophobic backbone of the N-1 substi-
tuent is required for the materialization of the inhibitory
activity. The replacement of the oxygen atoms of com-
pound 7e with sulfur yielded an imidazole–dithiolane
having a slightly less effect on HO-1, but a significantly
less effect on HO-2;10 this observation is interpreted to
mean that the nature of the heteroatom in this five-mem-
bered ring on the hydrophobic backbone is relevant for
the enhancement of selectivity toward HO-1. The
presence of two oxygen atoms in the dioxolane moiety
and the bulkiness of the dioxolane ring compared to
the size of the carbonyl or hydroxyl functions in
compounds 6 or 8, respectively, may concurrently
contribute to the particularly selective inhibition of the
two HO isoforms by compounds 7.

3. Conclusions


Instigated by the discovery of imidazole–dioxolane ana-
logs of azalanstat as selective inhibitors of HO isoforms,
the design and synthesis of a series of 2-oxy-substituted
1-(1H-imidazol-1-yl)-4-phenylbutanes has been under-
taken with the view to explore simultaneously the effect
of the substitution pattern in the phenyl ring and the
outcome of the replacement of the dioxolane moiety
by a secondary alcohol or a carbonyl function on the
inhibition of HO. All of the compounds were effective
against HO-1, but only the imidazole–ketones and the
imidazole–alcohols were active toward HO-2. Thus,
the imidazole–dioxolanes were selective toward HO-1,
whereas the imidazole–ketones and the corresponding
imidazole–alcohols showed selectivity for HO-1 to a les-
ser degree. The substitution in the phenyl ring did not
seem to have a remarkable contribution to the HO inhi-
bition by these compounds; however, the electronegativ-
ity of the para substituent in the case of the bromo- and
iodo-substituted compounds may have improved their
effect against both isoforms in terms of potency com-
pared to the typically chloro-substituted analogs. Fur-
thermore, the significance of an oxygen-containing
backbone of the N-1 substituent of imidazole for the
hydrophobic interaction of an inhibitor with the binding
site of the enzyme is supported by the good activity of
the entire collection of compounds.

4. Experimental


All chemical reagents were obtained from Sigma–
Aldrich and were used without prior purification.
Column chromatography was performed on Silicycle
silica gel (230–400 mesh, 60 Å). Analytical thin-layer
chromatography was performed on glass- or alumi-
num-backed Silicycle precoated silica gel 60 F254


plates, and the compounds were visualized either by
UV illumination (254 nm), or by heating after spraying
with phosphomolybdic acid in ethanol. Melting points
were recorded on a Mel-Temp II apparatus and are
uncorrected. 1H NMR spectra were recorded on
Bruker Avance 300- and 400-MHz spectrometers.
The signals owing to residual protons in the deuterated
solvents were used as internal standards for the 1H
NMR spectra. The chemical shifts for the carbon
atoms are given relative to CDCl3 (d = 77.16 ppm) or
CD3OD (49.00 ppm). High-resolution mass spectra
were obtained on an Applied Biosystems/MDS Sciex
QSTAR XL spectrometer equipped with an Agilent
HP1100 Cap-LC system. The data for elemental anal-
ysis, determined at MHW Laboratories (Pheonix, AZ),
were within ±0.4% of theoretical values. 4-(4-Chlor-
ophenyl)-1-(1H-imidazol-1-yl)-2-butanone hydrochlo-
ride (6e)13 and 1-((2-(2-(4-chlorophenyl)ethyl)-1,
3-dioxolan-2-yl)methyl)-1H-imidazole hydrochloride
(7e)10 were prepared according to the reported
procedures.


4.1. General procedure for the synthesis of 4-aryl-2-butanones
3a–d


A mixture of 2,4-pentanedione (200 mg, 206 lL,
2 mmol), the 4-substituted benzyl halide (chloride in
the case of 3b, bromide in all other cases, 2 mmol),
and anhydrous potassium carbonate (276 mg, 2 mmol)
in methanol (10 mL) was heated at reflux temperature
for 16 h. The mixture was then cooled to room temper-
ature, methanol was removed under reduced pressure,
and the resulting residue was partitioned between ethyl
acetate (10 mL) and water (10 mL). The organic layer
was separated, and the aqueous layer was extracted fur-
ther with ethyl acetate (3· 10 mL). The combined organ-
ic phase was washed with water (10 mL), dried over
anhydrous Na2SO4, and then the solvent was removed
under pressure. The resulting oil was chromatographed
on a silica gel column using hexanes–ethyl acetate as
the mobile phase to give the title compounds.


4.1.1. 4-Phenyl-2-butanone (3a).22,23 Clear liquid
(169 mg, 57%), Rf = 0.63 (hexanes–ethyl acetate 3:1 v/
v); 1H NMR (300 MHz, CDCl3): d 2.14 (s, 3H), 2.76
(t, J = 7.2 Hz, 2H), 2.90 (t, J = 7.2 Hz, 2H), 7.15–7.23
(m, 3H), 7.26–7.32 (m, 2H); 13C NMR (75 MHz,
CDCl3): d 29.8, 30.1, 45.2, 126.2, 128.4, 128.6, 141.1,
208.0; HRMS (EI) Calcd for C10H12O: 148.0888 (M+).
Found: 148.0885.


4.1.2. 4-(4-Fluorophenyl)-2-butanone (3b).24 Clear liquid
(177 mg, 54%), Rf = 0.62 (hexanes–ethyl acetate 3:1
v/v); 1H NMR (400 MHz, CDCl3): d 2.14 (s, 3H), 2.74
(t, J = 7.2 Hz, 2H), 2.87 (t, J = 7.2 Hz, 2H), 6.92–7.00
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(m, 2H), 7.10–7.17 (m, 2H); 13C NMR (100 MHz,
CDCl3): d 29.0, 30.2, 45.3, 115.2 (d, J 2


C;F ¼ 21 Hz),
129.8 (d, J 3


C;F ¼ 8 Hz), 136.6 (d, J 4
C;F ¼ 3 Hz), 161.5 (d,


J 1
C;F ¼ 242 Hz), 208; 19F NMR (376 MHz, CDCl3): d
�118.3.


4.1.3. 4-(4-Bromophenyl)-2-butanone (3c).25 Clear liquid
(302 mg, 67%), Rf = 0.38 (hexanes–ethyl acetate 3:1
v/v); 1H NMR (400 MHz, CDCl3): d 2.15 (s, 3H), 2.75
(t, J = 7.2 Hz, 2H), 2.86 (t, J = 7.2 Hz, 2H), 7.07 (d,
J = 8 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d 29.2, 30.2, 44.9, 120.0, 130.2,
131.7, 140.2, 207.4; HRMS (ESI) Calcd for C10H11BrO-
Na: 248.9891 [M+Na+]. Found: 248.9880.


4.1.4. 4-(4-Iodophenyl)-2-butanone (3d). White solid
(318 mg, 58%), mp 75–76 �C, Rf = 0.60 (hexanes–ethyl
acetate 3:1 v/v); 1H NMR (300 MHz, CDCl3): d 2.13
(s, 3H), 2.73 (t, J = 7.2 Hz, 2H), 2.83 (t, J = 7.2 Hz,
2H), 6.94 (d, J = 7.8 Hz, 2H), 7.59 (d, J = 7.8 Hz, 2H);
13C NMR (75 MHz, CDCl3): d 29.2, 30.2, 44.9, 91.3,
130.6, 137.6, 140.8, 207.6; HRMS (EI) Calcd for
C10H11IO: 273.9855 (M+). Found: 273.9853.


4.2. General procedure for the bromination of ketones 3


To a solution of ketone 3 (1 mmol) in methanol (8 mL)
stirred at room temperature, a solution of bromine
(160 mg, 51.6 lL, 1 mmol) in methanol (1 mL) was
added in one portion. The orange reaction mixture
was then stirred at room temperature for 2 h, and, after
the ketone 3 had been consumed (TLC monitoring, hex-
anes–ethyl acetate 4:1 v/v), the reaction was quenched
by adding a 0.3 M sodium thiosulfate solution
(618 lL), and diluted with ethyl acetate (15 mL). The
resulting mixture was washed with water (15 mL), the
organic layer was separated, and the aqueous layer
was extracted further with ethyl acetate (3· 15 mL).
The combined organic phase was dried over anhydrous
Na2SO4 and concentrated under reduced pressure to
give a residue that was chromatographed on a silica
gel column using hexanes–ethyl acetate (15:1 v/v) as
the mobile phase to give the desired 1-bromo ketones 2.


4.2.1. 1-Bromo-4-phenyl-2-butanone (4a).26,27 White so-
lid (131 mg, 58%), mp 37–38 �C, Rf = 0.53 (hexanes–
ethyl acetate 4:1 v/v); 1H NMR (400 MHz, CDCl3): d
2.98 (t, J = 6.8 Hz, 2H), 3.02 (t, J = 6.8 Hz, 2H), 3.88
(s, 2H), 7.19–7.24 (m, 3H), 7.28–7.33 (m, 2H); 13C
NMR (100 MHz, CDCl3): d 30.0, 34.4, 41.6, 126.6,
128.6, 128.7, 140.5, 201.4; HRMS (EI) Calcd for
C10H11BrO: 225.9993 (M+). Found: 225.9997.


4.2.2. 1-Bromo-4-(4-fluorophenyl)-2-butanone (4b). White
solid (159 mg, 65%), Rf = 0.45 (hexanes–ethyl acetate
4:1 v/v); 1H NMR (400 MHz, CDCl3): d 2.95 (t,
J = 6.8 Hz, 2H), 2.99 (m, J = 6.8 Hz, 2H), 3.88 (s, 2H),
6.93–7.01 (m, 2H), 7.11–7.18 (m, 2H); 13C NMR
(100 MHz, CDCl3): d 29.1, 34.4, 41.5, 115.4 (d,
J 2


C;F ¼ 21 Hz), 129.9 (d, J 3
C;F ¼ 8 Hz), 136.1


(d, J 4
C;F ¼ 3 Hz), 161.6 (d, J 1


C;F ¼ 243 Hz), 201.1; 19F
NMR (376 MHz, CDCl3): d �117.8; HRMS (EI) Calcd
for C10H10BrFO: 243.9902 (M+). Found: 243.9899.

4.2.3. 1-Bromo-4-(4-bromophenyl)-2-butanone (4c).
White solid (193 mg, 63%), mp 63–64 �C, Rf = 0.42 (hex-
anes–ethyl acetate 4:1 v/v); 1H NMR (400 MHz,
CDCl3): d 2.89 (t, J = 6.8 Hz, 2H), 2.96 (t, J = 6.8 Hz,
2H), 3.84 (s, 2H), 7.07 (d, J = 8 Hz, 2H), 7.41 (d,
J = 8 Hz, 2H); 13C NMR (100 MHz, CDCl3): d 29.3,
34.3, 41.2, 120.2, 130.2, 131.7, 139.4, 201.0; HRMS
(EI) Calcd for C10H10Br2O: 303.9098 (M+). Found:
303.9090.


4.2.4. 1-Bromo-4-(4-iodophenyl)-2-butanone (4d). White
solid (208 mg, 59%), mp 76–77 �C, Rf = 0.50 (hexanes–
ethyl acetate 4:1 v/v); 1H NMR (400 MHz, CDCl3): d
2.88 (t, J = 7.2 Hz, 2H), 2.96 (t, J = 7.2 Hz, 2H), 3.84
(s, 2H), 6.94 (d, J = 8 Hz, 2H), 7.60 (d, J = 8 Hz, 2H);
13C NMR (100 MHz, CDCl3): d 29.4, 34.2, 41.1, 91.6,
130.6, 137.8, 140.1, 201.0; HRMS (EI) Calcd for
C10H10BrIO: 351.8960 (M+). Found: 351.8963.


4.3. General procedure for the preparation of imidazole–
ketones 5 and their hydrochlorides 6


A mixture of bromoketone 4 (0.5 mmol) and imidazole
(102 mg, 1.5 mmol) in dry N,N-dimethylformamide
(2 mL) was stirred at room temperature under a nitro-
gen atmosphere for 1 h. The mixture was then diluted
with ethyl acetate (15 mL), and the solution was washed
with water (4· 15 mL). The separated organic phase was
dried over anhydrous Na2SO4, and then the solvent was
removed under reduced pressure to afford a residue that
was chromatographed on a silica gel column using ethyl
acetate–methanol as the mobile phase to give the imid-
azole–ketones 5 as free bases. The free bases 5
(0.2 mmol) were turned into the corresponding hydro-
chlorides upon treatment with 37% aqueous HCl
(26 mg, 22 lL, 0.26 mmol) in 2-propanol (1 mL). The
mixture was then concentrated and dried under high
vacuum to afford a residue that was dissolved in the least
amount of hot 2-propanol. The solution was cooled at
room temperature, and then to �25 �C in a freezer prior
to gradual addition of diethyl ether to complete the pre-
cipitation of the hydrochlorides 6, which were collected
by filtration and washed with diethyl ether.


4.3.1. 1-(1H-Imidazol-1-yl)-4-phenyl-2-butanone (5a).28


White solid (64 mg, 60%), mp 71–72 �C, Rf = 0.44 (ethyl
acetate–methanol 8:1 v/v); 1H NMR (400 MHz, CDCl3):
d 2.74 (t, J = 7.2 Hz, 2H), 2.93 (t, J = 7.2 Hz, 2H), 4.61
(s, 2H), 6.78 (s, 1H), 7.06 (s, 1H), 7.15 (d, J = 7.6 Hz,
2H), 7.23 (d, J = 7.2 Hz, 1H), 7.28–7.33 (m, 3H); 13C
NMR (100 MHz, CDCl3): d 29.6, 41.1, 55.6, 120.0,
126.5, 128.4, 128.7, 129.6, 137.9, 140.1, 202.7; HRMS
(ESI) Calcd for C13H15N2O: 215.1184 [M+H]+. Found:
215.1195.


4.3.2. 1-(1H-Imidazol-1-yl)-4-phenyl-2-butanone hydro-
chloride (6a). White solid (43 mg, 86%), mp 170–
171 �C (lit.29 mp 171–173 �C), Rf = 0.0 (ethyl acetate);
1H NMR (400 MHz, D2O): d 2.96 (t, J = 6.8 Hz, 2H),
3.04 (t, J = 6.8 Hz, 2H), 5.27 (s, 2H), 7.27–7.33 (m,
4H), 7.34–7.41 (m, 2H), 7.48 (s, 1H), 8.59 (s, 1H); 13C
NMR (100 MHz, D2O): d 28.7, 40.6, 57.0, 119.5,
122.9, 126.6, 128.4, 128.8, 135.7, 140.5, 204.7; HRMS
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(ESI) Calcd for C13H15N2O: 215.1184 [M+H]+. Found:
215.1195. Anal. Calcd for C13H15ClN2O: C, 62.28; H,
6.03; N, 11.17. Found: C, 62.33; H, 5.85; N, 10.99.


4.3.3. 4-(4-Fluorophenyl)-1-(1H-imidazol-1-yl)-2-buta-
none (5b). White solid (76 mg, 66%), mp 69–70 �C,
Rf = 0.52 (ethyl acetate–methanol 8:1 v/v); 1H NMR
(400 MHz, CDCl3): d 2.71 (t, J = 7.2 Hz, 2H), 2.90
(t, J = 7.2 Hz, 2H), 4.66 (s, 2H), 6.83 (br s, 1H),
6.93–6.99 (m, 2H), 7.08–7.14 (m, 3H), 7.44 (br s,
1H); 13C NMR (100 MHz, CDCl3): d 28.7, 41.3,
55.8, 115.6 (d, J 2


C;F ¼ 21 Hz), 120.0, 129.7, 129.9 (d,
J 3


C;F ¼ 8 Hz), 135.8 (d, J 4
C;F ¼ 3 Hz), 137.9, 161.7


(d, J 1
C;F ¼ 243 Hz), 202.5; 19F NMR (376 MHz,


CDCl3): d �117.5; HRMS (EI) Calcd for C13H13


FN2O: 232.1012 (M+). Found: 232.1006.


4.3.4. 4-(4-Fluorophenyl)-1-(1H-imidazol-1-yl)-2-buta-
none hydrochloride (6b). White solid (43 mg, 80%),
mp 160–162 �C, Rf = 0.0 (ethyl acetate); 1H NMR
(400 MHz, D2O): d 2.90 (t, J = 7.2 Hz, 2H), 3.00 (t,
J = 7.2 Hz, 2H), 5.26 (s, 2H), 7.01–7.08 (m, 2H),
7.20–7.27 (m, 2H), 7.29 (s, 1H), 7.46 (s, 1H), 8.60 (s,
1H); 13C NMR (100 MHz, D2O): d 27.8, 40.6, 57.0,
115.2 (d, J 2


C;F ¼ 21 Hz), 119.4, 122.9, 129.9 (d,
J 3


C;F ¼ 8 Hz), 135.7, 136.2 (d, J 4
C;F ¼ 3 Hz), 161.2


(d, J 1
C;F ¼ 240 Hz), 204.5; 19F NMR (376 MHz,


D2O): d �118.5; HRMS (ESI) Calcd for C13H14FN2O:
233.1090 [M+H]+. Found: 233.1089. Anal. Calcd for
C13H14ClFN2O: C, 58.11; H, 5.25; N, 10.43. Found:
C, 58.25; H, 5.17; N, 10.61.


4.3.5. 4-(4-Bromophenyl)-1-(1H-imidazol-1-yl)-2-buta-
none (5c). White solid (111 mg, 76%), mp 79–80 �C,
Rf = 0.50 (ethyl acetate–methanol 4:1 v/v); 1H NMR
(400 MHz, CDCl3): d 2.70 (t, J = 7.2 Hz, 2H), 2.83
(t, J = 7.2 Hz, 2H), 4.65 (s, 2H), 6.81 (br s, 1H), 7.02
(d, J = 7.6 Hz, 2H), 7.09 (s, 1H), 7.37–7.40 (m, 3H);
13C NMR (100 MHz, CDCl3): d 28.6, 40.9, 55.7,
120.1, 120.4, 130.0, 131.8, 138.0, 139.1, 202.3; HRMS
(EI) Calcd for C13H13BrN2O: 292.0211 (M+). Found:
292.0219.


4.3.6. 4-(4-Bromophenyl)-1-(1H-imidazol-1-yl)-2-buta-
none hydrochloride (6c). White solid (51 mg, 77%), mp
174–175 �C, Rf = 0.0 (ethyl acetate); 1H NMR
(400 MHz, D2O): d 2.91 (t, J = 7.2 Hz, 2H), 3.01 (t,
J = 7.2 Hz, 2H), 5.27 (s, 2H), 7.18 (d, J = 8 Hz, 2H),
7.30 (s, 1H), 7.46–7.50 (m, 3H), 8.61 (s, 1H); 13C
NMR (100 MHz, CD3OD): d 29.4, 41.8, 57.9, 120.8,
121.0, 124.6, 131.5, 132.6, 137.7, 141.2, 201.7; HRMS
(ESI) Calcd for C13H14BrN2O: 293.0290 [M+H]+.
Found: 293.0279. Anal. Calcd for C13H14BrClN2O:
C, 47.37; H, 4.28; N, 8.50. Found: C, 47.60; H, 4.13;
N, 8.34.


4.3.7. 1-(1H-Imidazol-1-yl)-4-(4-iodophenyl)-2-butanone
(5d). Off-white solid (121 mg, 71%), mp 124–125 �C,
Rf = 0.19 (ethyl acetate); 1H NMR (400 MHz, CDCl3): d
2.71 (t, J = 7.6 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 4.65 (s,
2H), 6.81 (s, 1H), 6.90 (d, J = 8 Hz, 2H), 7.09 (s, 1H),
7.39 (s, 1H), 7.60 (d, J = 8 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d 29.0, 40.9, 55.7, 91.8, 120.0, 130.1,

130.6, 137.9, 138.0, 139.8, 202.3; HRMS (EI) Calcd for
C13H13IN2O: 340.0073 (M+). Found: 340.0074.


4.3.8. 1-(1H-Imidazol-1-yl)-4-(4-iodophenyl)-2-butanone
hydrochloride (6d). Off-white solid (46 mg, 61%), mp
202–203 �C, Rf = 0.0 (ethyl acetate); 1H NMR
(400 MHz, CD3OD): d 2.90 (t, J = 6.8 Hz, 2H), 2.96 (t,
J = 6.8 Hz, 2H), 5.31 (s, 2H), 7.04 (d, J = 8 Hz, 2H),
7.49 (s, 2H), 7.56–7.64 (m, 3H), 8.84 (s, 1H); 13C
NMR (100 MHz, CD3OD): d 29.4, 41.7, 57.9, 91.6,
120.5, 124.7, 131.7, 137.7, 138.7, 141.8, 201.7; HRMS
(ESI) Calcd for C13H14IN2O: 341.0151 [M+H]+. Found
341.0147. Anal. Calcd for C13H14ClIN2O: C, 41.46; H,
3.75; N, 7.44. Found: C, 41.59; H, 4.00; N, 7.37.


4.4. General procedure for the preparation of imidazole–
dioxolane hydrochlorides 7


A mixture of an imidazole–ketone 5 (0.5 mmol), ethyl-
ene glycol (62 mg, 58 lL, 1 mmol), and p-toluenesulfon-
ic acid monohydrate (190 mg, 1 mmol) in toluene
(20 mL) was heated at reflux temperature under nitrogen
until the Dean–Stark trap had filled (1 h). The trap was
then emptied, fresh toluene (10 mL) was added to the
reaction mixture, and heating at reflux temperature con-
tinued for another hour until the trap had refilled. The
reaction mixture was then cooled to room temperature,
diluted with ethyl acetate (15 mL), and washed sequen-
tially with saturated NaHCO3 solution (15 mL), water
(15 mL), and brine (15 mL). The organic layer was dried
over anhydrous Na2SO4 and then concentrated under
reduced pressure to give a residue that was chromato-
graphed on silica gel to afford the dioxolanes as free
bases. The hydrochlorides 7 were prepared starting from
the corresponding free bases and 37% aqueous HCl
(molar ratio 1:1.3) in 2-propanol (1–2 mL) in a manner
identical to the one described for the hydrochlorides of
the imidazole–ketones 5.


4.4.1. 1-((2-(2-Phenylethyl)-1,3-dioxolan-2-yl)methyl)-
1H-imidazole hydrochloride (7a). White solid (90 mg,
61%), mp 164–165 �C, Rf = 0.0 (ethyl acetate); 1H
NMR (400 MHz, D2O): d 2.00–2.06 (m, 2H), 2.72–
2.78 (m, 2H), 3.66 (t, J = 8 Hz, 2H), 4.02 (t,
J = 7.2 Hz, 2H), 4.43 (s, 2H), 7.26–7.31 (m, 3H),
7.34–7.40 (m, 2H), 7.48 (s, 1H), 7.49 (s, 1H), 8.72 (s,
1H); 13C NMR (100 MHz, D2O): d 28.6, 37.0, 53.4,
65.8, 108.0, 119.3, 123.4, 126.3, 128.4, 128.8, 135.7,
141.4; HRMS (ESI) Calcd for C15H19N2O2: 259.1446
[M+H]+. Found: 259.1441. Anal. Calcd for
C15H19ClN2O2ÆH2O: C, 57.60; H, 6.77; N, 8.96.
Found: C, 57.79; H, 6.53; N, 8.99.


4.4.2. 1-((2-(2-(4-Fluorophenyl)ethyl)-1,3-dioxolan-2-
yl)methyl)- 1H-imidazole hydrochloride (7b). White
solid (91 mg, 58%), mp 153–154 �C, Rf = 0.0 (ethyl
acetate); 1H NMR (400 MHz, D2O): d 1.99–2.04 (m,
2H), 2.69–2.75 (m, 2H), 3.64 (t, J = 6.4 Hz, 2H), 4.00
(t, J = 7.2 Hz, 2H), 4.43 (s, 2H), 7.02–7.09 (m, 2H),
7.22–7.27 (m, 2H), 7.46 (s, 1H), 7.48 (s, 1H), 8.71 (s,
1H); 13C NMR (100 MHz, D2O): d 27.8, 37.1, 53.4,
65.8, 108.0, 115.2 (d, J 2


C;F ¼ 21 Hz), 119.3, 123.4,
129.8 (d, J 3


C;F ¼ 8 Hz), 135.8, 137.1 (d, J 4
C;F ¼ 3 Hz),
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161.1 (d, J 1
C;F ¼ 240 Hz); 19F NMR (376 MHz, D2O): d


�118.9; HRMS (ESI) Calcd for C15H18FN2O2:
277.1352 [M+H]+. Found: 277.1340. Anal. Calcd for
C15H18ClFN2O2: C, 57.60; H, 5.80; N, 8.96. Found:
C, 57.86; H, 5.82; N, 8.98.


4.4.3. 1-((2-(2-(4-Bromophenyl)ethyl)-1,3-dioxolan-2-yl)
methyl)- 1H-imidazole hydrochloride (7c). White solid
(110 mg, 59%), mp 205–207 �C, Rf = 0.0 (ethyl acetate);
1H NMR (400 MHz, D2O): d 1.97–2.03 (m, 2H), 2.66–
2.72 (m, 2H), 3.60–3.65 (m, 2H), 3.96–4.01 (m, 2H), 4.42
(s, 2H), 7.16 (d, J = 8 Hz, 2H), 7.45–7.49 (m, 4H), 8.72
(s, 1H); 13C NMR (100 MHz, D2O): d 28.0, 36.7, 53.3,
65.8, 107.9, 119.2, 119.3, 123.4, 130.2, 131.4, 135.7,
140.5; HRMS (ESI) Calcd for C15H18


81BrN2O2:
339.0525 [M+H]+. Found: 339.0510. Anal. Calcd for
C15H18BrClN2O2: C, 48.21; H, 4.86; N, 7.50. Found: C,
48.40; H, 4.73; N, 7.43.


4.4.4. 1-((2-(2-(4-Iodophenyl)ethyl)-1,3-dioxolan-2-yl)
methyl)- 1H-imidazole hydrochloride (7d). White solid
(105 mg, 50%), mp 241–243 �C (dec), Rf = 0.0 (ethyl ace-
tate); 1H NMR (400 MHz, CD3OD): d 1.94–2.01 (m,
2H), 2.68–2.77 (m, 2H), 3.58–3.67 (m, 2H), 3.93–4.03
(m, 2H), 4.47 (s, 2H), 7.02 (d, J = 8.4 Hz, 2H), 7.56 (s,
1H), 7.59–7.64 (m, 3H), 8.93 (s, 1H); 13C NMR
(100 MHz, CD3OD): d 30.0, 38.7, 54.6, 66.9, 91.6,
109.0, 120.4, 125.2, 131.6, 137.8, 138.7, 142.5; HRMS
(ESI) Calcd for C15H18IN2O2: 385.0413 [M+H]+. Found:
385.0406. Anal. Calcd for C15H18ClIN2O2: C, 42.83; H,
4.31; N, 6.66. Found: C, 42.87; H, 4.38; N, 6.54.


4.5. General procedure for the preparation of imidazole–
alcohol hydrochlorides 8 through the reduction of ketones 5


A solution of an imidazole–ketone 5 (0.5 mmol) in
methanol (10 mL) was gradually treated with sodium
borohydride (57 mg, 1.5 mmol). After the reducing
agent had been added, the reaction mixture was further
stirred for 3 h, and then the solvent was removed in va-
cuo to give a solid residue that was partitioned between
ethyl acetate (10 mL) and water (10 mL). The aqueous
phase was extracted further with ethyl acetate (2·
10 mL), the combined organic phase was dried over
anhydrous Na2SO4, and then the solvent was removed
to give the desired alcohols as free bases. These com-
pounds were turned into the corresponding hydrochlo-
rides 8 upon treatment with 37% aqueous HCl (molar
ratio 1:1.3) in 2-propanol (1–2 mL) in a manner similar
to the one described for the preparation of the hydro-
chlorides of the imidazole–ketones 5.


4.5.1. (±)-1-(1H-Imidazol-1-yl)-4-phenyl-2-butanol hydro-
chloride (8a). White solid (102 mg, 81%), mp 56–57 �C,
Rf = 0.16 (ethyl acetate); 1H NMR (400 MHz, CD3OD):
d 1.66–1.80 (m, 1H), 1.82–1.93 (m, 1H), 2.71–2.81 (m,
1H), 2.84–2.94 (m, 1H), 3.86–3.95 (m, 1H), 4.19 (dd,
J = 8.0 and 14.0 Hz, 1H), 4.41 (dd, J = 3.0 and
13.8 Hz, 1H), 7.21–7.38 (m, 5H), 7.64 (s, 1H), 7.70 (s,
1H), 8.99 (s, 1H); 13C NMR (100 MHz, CD3OD): d
32.5, 37.4, 56.0, 69.9, 120.8, 124.0, 127.1, 129.6, 129.7,
137.0, 143.1; HRMS (ESI) Calcd for C13H17N2O:
217.1341 [M+H]+. Found: 217.1344. Anal. Calcd for

C13H17ClN2O: C, 61.78; H, 6.78; N, 11.08. Found: C,
61.68; H, 6.87; N, 10.95.


4.5.2. (±)-4-(4-Bromophenyl)-1-(1H-imidazol-1-yl)-2-
butanol hydrochloride (8c). White solid (111 mg, 67%),
mp 174–175 �C, Rf = 0.0 (ethyl acetate); 1H NMR
(400 MHz, CD3OD): d 1.65–1.76 (m, 1H), 1.78–189
(m, 1H), 2.64–2.74 (m, 1H), 2.77–2.88 (m, 1H), 3.81–
3.89 (m, 1H), 4.17 (dd, J = 8.4 and 13.6 Hz, 1H), 4.36
(dd, J = 3.0 and 13.8 Hz, 1H), 7.16 (d, J = 8.0 Hz,
1H), 7.42 (d, J = 8.4 Hz, 1H), 7.56 (s, 1H), 7.63 (s,
1H), 8.90 (s, 1H); 13C NMR (100 MHz, CD3OD): d
31.9, 37.07, 56.2, 70.0, 120.6, 124.1, 131.5, 132.5,
136.9, 142.1; HRMS (ESI) Calcd for C13H16BrN2O:
295.0446 [M+H]+. Found: 295.0432. Anal. Calcd for
C13H16BrClN2O: C, 47.08; H, 4.86; N, 8.45. Found: C,
47.19; H, 5.00; N, 8.56.


4.5.3. (±)-1-(1H-Imidazol-1-yl)-4-(4-iodophenyl)-2-buta-
nol hydrochloride (8d). White solid (136 mg, 72%), mp
196–197 �C, Rf = 0.0 (ethyl acetate); 1H NMR
(400 MHz, D2O): d 1.64–1.75 (m, 1H), 1.78–1.88 (m,
1H), 2.63–2.73 (m, 1H), 2.75–2.85 (m, 1H), 3.81–3.89
(m, 1H), 4.13 (dd, J = 8.4 and 14.6 Hz, 1H), 4.36 (d,
J = 14 Hz, 1H), 7.03 (d, J = 8 Hz, 2H), 7.56 (s, 1H),
7.58–7.65 (m, 3H), 8.92 (s, 1H); 13C NMR (100 MHz,
D2O): 32.0, 37.0, 56.3, 70.0, 91.6, 120.7, 124.1, 131.8,
136.9, 138.7, 142.7; HRMS (ESI) Calcd for
C13H16IN2O: 343.0307 [M+H]+. Found: 343.0319. Anal.
Calcd for C13H16ClIN2O: C, 41.24; H, 4.26; N, 7.40.
Found: C, 41.20; H, 4.44; N, 7.32.


4.6. General procedure for the preparation of alcohols 9


To a suspension of magnesium turnings (168 mg,
6.92 mmol) in diethyl ether (3 mL), stirred under a nitro-
gen atmosphere, was added a small portion (0.15 mL) of
a solution of 4-halobenzyl chloride (6.92 mmol) in
diethyl ether (2 mL), followed by a crystal of iodine.
The remaining solution of 4-halobenzyl chloride was
then added over a period of 15 min, and then the mix-
ture was heated at reflux temperature for 15 min. The
resulting Grignard reagent was then cooled to room
temperature, and added dropwise, using a syringe, to a
solution of (±)-epichlorohydrin (640 mg, 541 lL,
6.92 mmol) in diethyl ether (3 mL) over a period of
10 min. The reaction mixture was then stirred at room
temperature for 30 min, then heated at reflux tempera-
ture for 2 h, and diluted with water (10 mL) and ethyl
acetate (10 mL). Hydrochloric acid (10 mL, 1.0 M) was
then added dropwise until all of the solids dissolved.
The organic layer was then separated, and the aqueous
layer extracted with ethyl acetate (3· 10 mL). The com-
bined organic phase was then washed with water
(10 mL), dried over anhydrous Na2SO4, and concen-
trated. The resulting oil was chromatographed on a col-
umn of silica gel using hexanes–ethyl acetate as the
mobile phase to give the title compounds.


4.6.1. (±)-1-Chloro-4-(4-fluorophenyl)-2-butanol (9b).
Clear oil (964 mg, 69%), Rf = 0.68 (hexanes–ethyl ace-
tate 1:1 v/v); 1H NMR (400 MHz, CDCl3): d 1.83 (m,
2H), 2.70–2.75 (m, 1H), 2.80–2.83 (m, 1H), 3.51 (dd,
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J = 7.1 and 11.1 Hz, 1H), 3.65 (dd, J = 3.2 and 7.8 Hz,
1H), 3.81 (m, 2H), 7.00 (t, J = 8.6 Hz, 2H), 7.18 (t,
J = 5.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d 30.9,
35.9, 50.5, 70.4, 115.2 (d, J 2


C;F ¼ 21:2 Hz), 129.8 (d,
J 3


C;F ¼ 7:8 Hz), 161.4 (d, J 1
C;F ¼ 243:8); HRMS (EI)


Calcd for C10H12ClFO: 202.0561 (M+). Found:
202.0566.


4.6.2. (±)-1-Chloro-4-(4-chlorophenyl)-2-butanol (9e).13


Golden oil (860 mg, 57%), Rf = 0.18 (hexanes–ethyl ace-
tate 9:1 v/v); 1H NMR (400 MHz, CDCl3): d 1.73–1.90
(m, 2H), 2.20 (br s, 1 H), 2.63–2.73 (m, 1H), 2.76–2.87
(m, 1H), 3.49 (dd, J = 7.0 and 11.0 Hz, 1H), 3.62 (dd,
J = 3.2 and 11.2 Hz, 1H), 3.74–3.83 (m, 1H), 7.13 (d,
J = 8.0 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d 31.2, 35.8, 50.6, 70.6, 128.8,
129.9, 132.0, 139.9; HRMS (EI) Calcd for C10H12Cl2O:
218.0265 (M+). Found 218.0260.


4.7. General procedure for the preparation of imidazole–
alcohol hydrochlorides 8 through the N-alkylation of imidaz-
ole with alcohols 9


A dispersion of 60% sodium hydride in mineral oil
(960 mg, 24 mmol) was washed twice with hexanes un-
der a nitrogen atmosphere, the solid suspended in dry
DMF (5 mL), and added portionwise to a cooled stirred
solution of imidazole (1.7 g, 25 mmol) in dry DMF
(5 mL). The mixture was brought to room temperature
and stirred until the evolution of hydrogen ceased, then
warmed at 70–80 �C. A solution of compound 9
(5 mmol) in DMF (5 mL) was then added dropwise,
using a syringe, and the reaction mixture was further
stirred at 70–80 �C for 4.5 h, then cooled to room tem-
perature. (±)-4-(4-Fluorophenyl)-1-(1H-imidazol-1-yl)-
2-butanol was isolated by pouring the mixture onto ice
(50 g), followed by extraction with ethyl acetate
(50 mL). The organic phase was washed with brine (3·
50 mL), dried over anhydrous Na2SO4, then the solvent
was removed to give a residue from which the desired
compound was separated by chromatography on silica
gel using ethyl acetate–methanol (4:1 v/v) as the mobile
phase. Alternatively, (±)-4-(4-chlorophenyl)-1-(1H-imi-
dazol-1-yl)-2-butanol was isolated from the reaction
mixture by addition of hexanes (10 mL), followed by
addition of ice-cold water until a precipitate started to
form. This mixture was then poured in small portions
onto ice–water, the separated solid was removed by fil-
tration, washed thoroughly, sequentially with cold
water, cold hexanes, and finally with cold water again
to give the desired imidazole–alcohol as a free base. In
order to prepare the corresponding hydrochlorides 9a
and 9e, the free bases of imidazole–alcohols were treated
with 37% aqueous HCl (molar ratio 1:1.3) in 2-propanol
(5–7 mL) in a manner similar to the one described for
the preparation of the hydrochlorides of the imidaz-
ole–ketones 5.


4.7.1. (±)-4-(4-Fluorophenyl)-1-(1H-imidazol-1-yl)-2-
butanol hydrochloride (8b). Colorless solid (839 mg,
62%), mp 86–87 �C, Rf = 0.0 (ethyl acetate); 1H
NMR (400 MHz, D2O): d 1.65–1.78 (m, 1H), 1.82–
1.92 (m, 1H), 2.64–2.75 (m, 1H), 2.77–2.87 (m, 1H),

3.86–3.96 (m, 1H), 4.13 (dd, J = 8.1 and 14.2 Hz,
1H), 4.32 (dd, J = 2.9 and 14.2 Hz, 1H), 7.06 (t,
J = 8.9 Hz, 2H), 7.24–7.32 (m, 2H), 7.43 (s, 2H), 8.66
(s, 1H); 13C NMR (100 MHz, D2O): d 30.0, 34.9,
54.6, 68.6, 115.1 (d, J 2


C;F ¼ 21:2 Hz), 119.6, 122.3,
130.0 (d, J 3


C;F ¼ 8:0 Hz), 137.2 (d, J 4
C;F ¼ 3:0 Hz),


161.1 (d, J 1
C;F ¼ 241:2); 19F NMR (376 MHz, D2O): d


-119.0; HRMS (ESI) Calcd for C13H16FN2O:
235.1247 [M+H]+. Found: 235.1247. Anal. Calcd for
C13H16ClFN2O: C, 57.67; H, 5.96; N, 10.35. Found:
C, 57.75; H, 5.94; N, 10.49.


4.7.2. (±)-4-(4-Chlorophenyl)-1-(1H-imidazol-1-yl)-2-
butanol hydrochloride (8e). Colorless solid (775 mg,
54%), mp 138–140 �C, Rf = 0.0 (ethyl acetate); 1H
NMR (400 MHz, D2O): d 1.70–1.78 (m, 1H), 1.82–
1.91 (m, 1H), 2.67–2.74 (m, 1H), 2.78–2.86 (m, 1H),
3.88–3.94 (m, 1H), 4.15 (dd, J = 8.0 and 14.0 Hz,
1H), 4.34 (dd, J = 3.0 and 14.2 Hz, 1H), 7.25 (d,
J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 7.45 (s,
1H), 7.46 (s, 1H), 8.68 (s, 1H); 13C NMR (100 MHz,
D2O): d 30.5, 35.0, 54.9, 69.0, 120.0, 122.6, 128.8,
130.4, 131.4, 135.3, 140.5; HRMS (ESI) Calcd for
C13H16ClN2O: 251.0945 [M+H]+. Found: 251.0949.
Anal. Calcd for C13H16Cl2N2O: C, 54.37; H, 5.62; N,
9.75. Found: C, 54.56; H, 5.72; N, 9.18.


4.8. Biological evaluation


HO activity in rat spleen and brain microsomal fractions
was determined by the quantitation of CO formed from
the degradation of methemalbumin (heme complexed
with albumin).30,31 Spleen and brain (Sprague–Dawley
rats) microsomal fractions were prepared according to
the procedure outlined by Appleton et al.32 Protein con-
centration of microsomal fractions was determined by a
modification of the biuret method.31 Incubations for
HO activity analysis were done under conditions for
which the rate of CO formation (pmol CO · min�1 · mg
protein�1) was linear with respect to time and micro-
somal protein concentration. Briefly, reaction mixtures
(150 lL) consisting of 100 mM phosphate buffer (pH
7.4), 50 lM methemalbumin, and 1 mg/mL protein were
pre-incubated with the inhibitors at final concentrations
ranging from 0.1 to 100 lM for 10 min at 37 �C. Reac-
tions were initiated by adding NADPH at a final con-
centration of 1 mM and incubations were performed
for an additional 15 min at 37 �C. Reactions were
stopped by instantly freezing the reaction mixture on
dry ice, and CO formation was monitored by gas chro-
matography according to the method described by Vre-
man and Stevenson.30


The data resulting from the above experiments were
plotted as non-linear regression (sigmoidal dose–re-
sponse) curves using the GraphPad Prism (version 3)
computer program. The values on the abscissa represent
the logarithm of the inhibitor’s concentration (in lM),
whereas the values of the activity on the ordinate are ex-
pressed as a percentage of the control experiments with-
out inhibitor. From these curves, the value of the
concentration (EC50) of the inhibitor at which the
enzyme’s activity is halfway between the bottom and
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top plateau of the curve, as well as the top and the bot-
tom plateau values of the curves, have been retrieved
using the same program, and input in the following for-
mula to give the calculated values of the concentration
(IC50) of the compound under evaluation for which
the activity of the enzyme was inhibited by 50% com-
pared to the control.


IC50 ¼
EC50


bottom�top


50�top
� 1


The IC50 value reported for each compound is the
average of the values recorded in replicate experiments,
and for each of these replicate experiments (consisting
of two separate assays) an individual IC50 value was
calculated in the manner described. The IC50 values
for the replicate experiments were employed to generate
the reported standard deviation value.
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Abstract—A wide range of activities are induced by Lys when introduced at C-terminus of the d-opioid Dmt-Tic pharmacophore
through the a-amine group, including: improved d-antagonism, l-agonism and l-antagonism. Here we report the synthesis of a new
series of compounds with the general formula H-Dmt-Tic-NH-(CH2)4-CH(R)-R 0 (R = -NH2, -NH-Ac, -NH-Z; R 0 = CO-NH-Ph,
-CO-NH-CH2-Ph, -Bid) in which Lys is linked to Dmt-Tic through its side-chain amine group. All new compounds (1–9) displayed
potent and selective d-antagonism (MVD, pA2 = 7.81–8.27), which was independent of the functionalized a-amine and carboxylic
groups of C-terminal Lys. This behaviour suggests a direct application as a prototype intermediate, such as Boc-Dmt-Tic-e-Lys(Z)-
OMe, which could be successfully applied in the synthesis (after Z or methyl ester removal) of unique designed multiple ligands con-
taining the pharmacophore of the quintessential d-antagonist Dmt-Tic and another opioid or biologically active non-opioid ligand.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Extensive structure–activity studies on the prototype
d-opioid receptor antagonist, H-Dmt-Tic-OH,�,1 revealed
that even minor chemical modifications changed its phar-
macological profile,2 including enhanced d-antagonism,3


the reversal to d-agonism,4 the appearance of mixed
l-agonism/d-agonism,5 as well as formation of mixed
l-agonism/d-antagonism,5 l-agonism6 and -antagonism.6


Each pharmacological profile indicated interesting poten-
tial for therapeutic applications, such as analgesia with
low tolerance and dependence,5 antidepressant activity,7,8
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neuroprotection and neurogenesis,9 regulation of food in-
take10 and in the treatment of alcoholism.11


Recently, we demonstrated that the substitution of C-ter-
minal amino acids in tri- and tetrapeptides containing the
Dmt-Tic pharmacophore with side-chain protected Lys
improved d-antagonist potency.12,13 On the basis of these
results, we extended the substitution of the side-chain pro-
tected or unprotected Lys to other biologically active
compounds previously developed by us [H-Dmt-Tic-
NH-CH(CH2-COOH)-Bid (Bid = 1H-benzimidazole-
2-yl) a d-agonist; H-Dmt-Tic-Gly-NH-Ph a l-agonist/
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d-agonist and H-Dmt-Tic-Gly-NH-CH2-Ph a l-agonist/
d-antagonist] with a quite surprising array of interesting
results. Lysine, when introduced in place of the C-termi-
nal amino acid in the above reference compounds, did
not produce a simple improvement in the original phar-
macological activities but provided opioid ligands which
exhibited mixed properties ranging from d-antagonism,
l-agonism and interestingly, l-antagonism.6 Considering
the variety of biological effects induced by Lys in tripep-
tides and pseudotripeptides of the general formula
H-Dmt-Tic-Lys(R)-R 0, the studies described herein ex-
tend our initial investigations on the synthesis and biolog-
ical evaluation of a new series of constitutional isomers
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Scheme 1. Synthesis of compounds 1–6.

developed on the framework of H-Dmt-Tic-e-Lys(R)-
R 0, where Lys is linked to the Dmt-Tic dipeptide through
the e-amine group, in order to further evaluate the impor-
tant influence of Lys on opioid receptor interactions and
functional bioactivities to produce opioid ligands for
potential translation into human health initiatives.

2. Chemistry


Peptides (1–6) and pseudopeptides (7–9) were prepared
stepwise by solution peptide synthetic methods, as out-
lined in Schemes 1 and 2, respectively. Boc-Tic-OH was
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condensed with commercially available Z-Lys-OMe or
Ac-Lys-OMe via WSC/HOBt obtaining the correspond-
ing Boc-Tic-e-Lys(Z)-OMe or Boc-Tic-e-Lys(Ac)-OMe.
C-Terminal methyl ester protecting groups were removed
by hydrolysis with 1 N NaOH and then each pseudodi-
peptide was condensed with benzylamine or aniline via
WSC/HOBt. N-terminal Boc-protected pseudodipeptide
amides were treated with TFA and condensed with Boc-
Dmt-OH via WSC/HOBt. Final N-terminal Boc depro-
tection with TFA gave compounds 1, 2, 4 and 5 (Scheme
1). Catalytic hydrogenation (10% Pd/C) and TFA treat-
ment of Boc-Dmt-Tic-e-Lys(Z)-amides gave the final
products 3 and 6 (Scheme 1). Pseudopeptides (7–9), con-
taining C-terminal 1H-benzimidazol-2-yl (Bid), were syn-
thesized in a similar manner (Scheme 2). Mixed carbonic
anhydride coupling of Boc-Tic-e-Lys(Z)-OH or Boc-Tic-
e-Lys(Ac)-OH with o-phenylendiamine gave the corre-
sponding crude intermediate monoamides, which were

converted without purification to the desired heteroaro-
matic derivatives by cyclization and dehydration in acetic
acid. As detailed in Scheme 1, after Na deprotection with
TFA, each derivative was condensed with Boc-Dmt-OH
via WSC/HOBt. Final N-terminal Boc deprotection with
TFA gave compounds 7, 8 (Scheme 2). Catalytic hydroge-
nation (10% Pd/C) and TFA treatment of Boc-Dmt-Tic-
NH-(CH2)4-CH(NH-Z)-Bid provided the product 9
(Scheme 2). Final compounds (1–9) were purified by pre-
parative HPLC as described in Experimental Section.

3. Results and discussion


3.1. Receptor affinity analysis


Receptor binding and functional bioactivities are re-
ported in Table 1. All the compounds (1–9) exhibited







Table 1. Receptor binding affinities and functional bioactivities of compounds 1–9


Compound Structure Receptor affinitya (nM) Selectivity Functional bioactivity


Kd
i Kl


i MVD pA2
c GPI IC50


b (nM)


H-Dmt-Tic-NH2
d 1.22 277 227 7.2 >10,000


1 H-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph 0.53 ± 0.08 (4) 3.15 ± 0.39 (4) 5.9 8.27 1451 ± 200


2 H-Dmt-Tic-e-Lys(Ac)-NH-CH2-Ph 0.21 ± 0.01 (3) 3.43 ± 0.54 (4) 16.3 8.07 1990 ± 674


3 H-Dmt-Tic-e-Lys-NH-CH2-Ph 1.00 ± 0.02 (4) 0.60 ± 0.11 (4) 1.7* 7.81 553 ± 173


4 H-Dmt-Tic-e-Lys(Z)-NH-Ph 0.47 ± 0.04 (4) 2.67 ± 0.41 (4) 5.7 8.23 711 ± 194


5 H-Dmt-Tic-e-Lys(Ac)-NH-Ph 0.22 ± 0.005 (3) 2.57 ± 0.34 (4) 11.7 8.18 486 ± 63


6 H-Dmt-Tic-e-Lys-NH-Ph 2.02 ± 0.20 (4) 0.89 ± 0.12 (4) 2.3* 7.92 515 ± 73


7 H-Dmt-Tic-NH-(CH2)4-CH(NH-Z)-Bid 0.86 ± 0.06 (3) 2.78 ± 0.27 (4) 3.2 7.82 618 ± 140


8 H-Dmt-Tic-NH-(CH2)4-CH(NH-Ac)-Bid 0.21 ± 0.01 (3) 0.99 ± 0.06 (4) 4.7 8.12 610 ± 185


9 H-Dmt-Tic-NH-(CH2)4-CH(NH2)-Bid 2.64 ± 0.18 (3) 1.02 ± 0.08 (3) 2.6* 8.09 434 ± 26


a The Ki values (nM) were determined according to Cheng and Prusoff.24 The means ± SE with n repetitions in parentheses is based on independent


duplicate binding assays with 5–8 peptide doses using several different synaptosomal preparations.
b Agonist activity was expressed as IC50 obtained from dose–response curves. These values represent means ± SE for at least 5–6 fresh tissue samples.


Deltorphin II and endomorphin-2 were the internal standards for MVD (d-opioid receptor bioactivity) and GPI (l-opioid receptor bioactivity)


tissue preparation, respectively.
c The pA2 values of opioid antagonists against the agonist deltorphin II were determined by the method of Kosterlitz and Watt.25


d Data taken from Salvadori et al.1


* l-Opioid receptor selectivity Kd
i =Kl


i .
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nanomolar affinity for d-opioid receptors ðKd
i ¼


0:21–2:64 nMÞ. As expected, the lack of a free carboxylic
function in molecules containing the Dmt-Tic pharma-
cophore induces a substantial increase in l-opioid recep-
tor affinity (Kl


i ¼ 0:60–3:43 nM).12,4 Compounds (1, 2,
4, 5, 7, 8) containing a Lys residue protected at the
a-amine function (Z, Ac) had weak d-opioid receptor
selectivity (Kl


i =Kd
i ¼ 16:3–3:2); the acetyl protecting


group confers marginally better selectivity than the Z
group. Removal of the a-amine protecting group of
Lys (3, 6, 9) shifted the d-opioid selectivity to a very
weak l-selective ligands essentially attributable to the
presence of the additional positive charge.14 The same
general behaviour was observed previously in the series
of Dmt-Tic containing peptides with Lys in the third
position.6


3.2. Functional bioactivity


Compounds 1–9 were tested in the electrically stimu-
lated MVD and GPI assays for intrinsic functional bio-
activity (Table 1). We and other investigators have
previously discussed the discrepancy in the correlation
between receptor binding affinities and functional bioac-
tivity. Unfortunately, we have neither definitive nor
comprehensive explanations for these observations.12,6


In comparison to the Dmt-Tic peptides containing a
protected or unprotected Lys residue at the C-terminus6


all the analogues are inactive as d-opioid agonists in the
MVD assay (Table 1). Furthermore, they exhibited a
weak or very weak l-agonism in the GPI assay (GPI,
IC50 434–1990 nM), which is in quite good agreement
with the previous studies, except analogues containing
Bid at C-terminus.6 When Lys was linked to Dmt-Tic
through the a-amine group and its carboxylic function
transformed into Bid, the pseudopeptides predominately
had selective l-agonism. On the other hand, when Lys
was linked to Dmt-Tic through the e-amine group and
its carboxylic function once again transformed into

Bid, no interesting l-agonism activity was observed.
Interestingly, all these compounds (1–9) had about the
same order of magnitude of d-antagonism (MVD, pA2


7.82–8.27), which was independent of the substitutions
and modifications made on the a amine and carboxylic
functions of Lys, but in quite good agreement with the
reference dipeptide H-Dmt-Tic-NH2.1

4. Conclusions


Considering the new derivatives (1–9) as analogues of the
published reference compounds [H-Dmt-Tic-NH-CH2-
Bid d-agonist, H-Dmt-Tic-NH-CH(CH2-COOH)-Bid
d-agonist, H-Dmt-Tic-Gly-NH-Ph l-agonist/d-agonist
and H-Dmt-Tic-Gly-NH-CH2-Ph l-agonist/d-antago-
nist] the introduction of Lys (linked through its e amine
group to the Dmt-Tic pharmacophore) in place of the
C-terminal amino acid failed to maintain the original
pharmacological activity, as previously reported for
the corresponding isomers containing Lys linked
through its a-amine group.6 While isomers containing
the C-terminal a-Lys revealed a variety of opioid effects
(d-antagonism, l-agonism and l-antagonism),6 the iso-
mers containing C-terminal e-Lys demonstrated a un-
ique d-opioid antagonism of about the same order of
magnitude, and independent of the substituents linked
on the a position. Without taking into considerations
the different behaviour of Lys when coupled to the
Dmt-Tic pharmacophore through its a- or e-amine
group, it is of notable significance to utilize these new
isomers as potential precursors in the synthesis of ‘de-
signed multiple ligands’, where one of the two pharma-
cophores is represented by the d-selective antagonist
dipeptide Dmt-Tic.15,16 The four methylene groups of
Lys side chain can be considered the spacer linked to
the first pharmacophore (Dmt-Tic) and, as reported by
Neumeyer et al., its length generally does not influence
the biological activity of either pharmacophores.17,18
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The second pharmacophore, required to complete the
potential designed multiple ligands, preferentially
should be selected among the compounds in the opioid
field, but other pharmacophores endowed with activity
for other receptors would be readily inserted as well.16,19


More importantly, the second pharmacophore can be
conveniently inserted using the deprotected a-amino or
carboxylic function depending on the required final bio-
active product. Furthermore, very similar compounds
were obtained when using fluorescent chromophores in
place of the second pharmacophore.20,21 Recently, Oka-
da et al. reported the synthesis of similar compounds
with the general formula H-Dmt-Tic-NH-(CH2)6-NH-
R (where R = Dmt, Phe, Tic and Tic-Dmt) in which
all the opioids displayed increased d antagonism attrib-
utable to the additional aromatic amino acids.22 How-
ever, the same enhancement in d-antagonist activity
could be derived, at least in part, by the presence of
the spacer as reported here and in preceding studies.20,21


In summary, we suggest the possibility to use a unique
intermediate [for example Boc-Dmt-Tic-e-Lys(Z)-OMe]
for the synthesis of designed multiple ligands containing:
(a) the d-antagonist pharmacophore Dmt-Tic, (b) a
spacer of defined length and (c) two different protected
functionalities (amine and carboxylic functions) for the
linkage to a variety of second pharmacophores. As fur-
ther explorations of this proposal, the synthesis of multi-
ple ligands derived from the coupling of the selectively
deprotected d-antagonist intermediate Boc-Dmt-Tic-e-
Lys(Z)-OMe with salvinorin A23a (j-agonist); and the
synthesis of H-Dmt-Tic-e-Lys(4-Fluorobenzoyl)-OH as
a potential pharmacological tool for PET imaging of d
receptors,23b,c are currently in progress in our
laboratory.

5. Experimental


5.1. Chemistry


5.1.1. General methods. Crude peptides and pseudopep-
tides were purified by preparative reversed-phase HPLC
[Waters Delta Prep 4000 system with Waters Prep LC
40 mm Assembly column C18 (30 · 4 cm, 15 lm parti-
cle)] and eluted at a flow rate of 25 mL/min with mobile
phase solvent A (10% acetonitrile + 0.1% TFA in H2O,
v/v), and a linear gradient from 25% to 75% B (60%, ace-
tonitrile + 0.1% TFA in H2O, v/v) in 25 min. Analytical
HPLC analyses were performed with a Beckman System
Gold (Beckman ultrasphere ODS column,
250 · 4.6 mm, 5 lm particle). Analytical determinations
and capacity factor (K 0) of the products used HPLC
in solvents A and B programmed at flow rate of
1 mL/min with linear gradients from 0% to 100% B in
25 min. Analogues had less than 1% impurities at 220
and 254 nm.


TLC was performed on precoated plates of silica gel
F254 (Merck, Darmstadt, Germany): (A) 1-butanol/
AcOH/H2O (3:1:1, v/v/v); (B) CH2Cl2/toluene/methanol
(17:1:2). Ninhydrin (1% ethanol, Merck), fluorescamine
(Hoffman-La Roche) and chlorine spray reagents. Melt-

ing points were determined on a Kofler apparatus and
are uncorrected. Optical rotations were assessed at
10 mg/mL in methanol with a Perkin-Elmer 241 polar-
imeter in a 10 cm water-jacketed cell. Molecular weights
of the compounds were determined by a MALDI-TOF
analysis (Hewlett Packard G2025A LD-TOF system
mass spectrometer) and a-cyano-4-hydroxycinnamic
acid as a matrix. 1H NMR (d) spectra were measured,
when not specified, in DMSO-d6 solution using a Bruker
AC-200 spectrometer, and peak positions are given in
parts per million downfield from tetramethylsilane as
internal standard.


5.2. Peptide synthesis


5.2.1. Boc-Tic-e-Lys(Z)-OMe. To a solution of Boc-Tic-
OH (0.9 g, 3.24 mmol) and HClÆZ-Lys-OMe (0.95 g,
3.24 mmol) in DMF (10 mL) at 0 �C, NMM (0.35 mL,
3.24 mmol), HOBt (0.54 g, 3.56 mmol) and WSC
(0.68 g, 3.56 mmol) were added. The reaction mixture
was stirred for 3 h at 0 �C and 24 h at room temperature.
After DMF was evaporated, the residue was dissolved in
EtOAc and washed with citric acid (10% in H2O), NaH-
CO3 (5% in H2O) and brine. The organic phase was
dried (Na2SO4) and evaporated to dryness. The residue
was precipitated from Et2O/Pe (1:9, v/v): yield 1.4 g
(78%); Rf (B) 0.89; HPLC K 0 5.43; mp 101–103 �C;
½a�20


D �20.1; m/z 554 (M+H)+; 1H NMR (DMSO-d6) d
1.29–1.90 (m, 15H), 3.05–3.67 (m, 7H), 4.22–4.42 (m,
3H), 4.92–5.34 (m, 3H), 6.96–7.19 (m, 9H).


5.2.2. Boc-Tic-e-Lys(Z)-OH. To a solution of Boc-Tic-e-
Lys(Z)-OMe (1.4 g, 2.53 mmol) in MeOH (10 mL) was
added 1 N NaOH (2.8 mL). The reaction mixture was
stirred for 24 h at room temperature. After solvent evap-
oration, the residue was dissolved in EtOAc and washed
with citric acid (10% in H2O) and brine. The organic
phase was dried (Na2SO4) and evaporated to dryness.
The residue was precipitated from Et2O/Pe (1:1, v/v):
yield 1.1 g (81%); Rf (B) 0.42; HPLC K 0 3.71; mp 120–
122 �C; ½a�20


D �21.2; m/z 540 (M+H)+.


5.2.3. Boc-Tic-e-Lys(Z)-NH-CH2-Ph. To a solution of
Boc-Tic-e-Lys(Z)-OH (0.52 g, 0.96 mmol) and benzyl-
amine (0.1 mL, 0.96 mmol) in DMF (10 mL) at
0 �C, HOBt (0.16 g, 1.06 mmol) and WSC (0.2 g,
1.06 mmol) were added. The reaction mixture was
stirred for 3 h at 0 �C and 24 h at room temperature.
After DMF was evaporated, the residue was dis-
solved in EtOAc and washed with citric acid (10%
in H2O), NaHCO3 (5% in H2O) and brine. The or-
ganic phase was dried (Na2SO4) and evaporated to
dryness. The residue was precipitated from Et2O/Pe
(1:9, v/v): yield 0.53 g (88%); Rf (B) 0.85; HPLC K 0


5.37; mp 102–104 �C; ½a�20


D �17.7; m/z 629 (M+H)+;
1H NMR (DMSO-d6) d 1.29–1.79 (m, 15H), 3.05–
3.20 (m, 4H), 4.22–4.53 (m, 5H), 4.92–5.34 (m, 3H),
6.96–7.14 (m, 14H).


5.2.4. TFAÆH-Tic-e-Lys(Z)-NH-CH2-Ph. Boc-Tic-e-
Lys(Z)-NH-CH2-Ph (0.47 g, 0.75 mmol) was treated
with TFA (2 mL) for 0.5 h at room temperature. Et2O/
Pe (1:1, v/v) were added to the solution until the product
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precipitated: yield 0.34 g (87%); Rf (A) 0.51; HPLC
K 0 4.3; mp 115–117 �C; ½a�20


D �19.8; m/z 529 (M+H)+.


5.2.5. Boc-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph. To a solution
of Boc-Dmt-OH (0.075 g, 0.24 mmol) and TFAÆH-Tic-e-
Lys(Z)-NH-CH2-Ph (0.15 g, 0.24 mmol) in DMF
(10 mL) at 0 �C, NMM (0.03 mL, 0.24 mmol), HOBt
(0.04 g, 0.26 mmol) and WSC (0.05 g, 0.26 mmol) were
added. The reaction mixture was stirred for 3 h at 0 �C
and 24 h at room temperature. After DMF was evapo-
rated, the residue was dissolved in EtOAc and washed
with citric acid (10% in H2O), NaHCO3 (5% in H2O)
and brine. The organic phase was dried (Na2SO4) and
evaporated to dryness. The residue was precipitated
from Et2O/Pe (1:9, v/v): yield 0.17 g (87%); Rf (B)
0.81; HPLC K 0 5.23; mp 129–131 �C; ½a�20


D �16.6; m/z
820 (M+H)+; 1H NMR (DMSO-d6) d 1.29–1.79 (m,
15H), 2.35 (s, 6H), 3.05–3.20 (m, 6H), 4.46–4.53 (m,
5H), 4.92–5.34 (m, 4H), 6.29 (s, 2H), 6.96–7.19 (m,
14H).


5.2.6. TFAÆH-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph (1). Boc-
Dmt-Tic-e-Lys(Z)-NH-CH2-Ph (0.11 g, 0.13 mmol)
was treated with TFA (1 mL) for 0.5 h at room tem-
perature. Et2O/Pe (1:1, v/v) were added to the solu-
tion until the product precipitated: yield 0.09 g
(96%); Rf (A) 0.47; HPLC K 0 3.63; mp 125–127 �C;
½a�20


D �14.6; m/z 721 (M+H)+; 1H NMR (DMSO-d6)
d 1.29–1.79 (m, 6H), 2.35 (s, 6H), 3.05–3.20 (m,
6H), 3.95–4.53 (m, 6H), 4.92–5.34 (m, 3H), 6.29 (s,
2H), 6.96–7.19 (m, 14H). Anal. Calcd for
C44H50F3N5O8: C, 63.37; H, 6.04; N, 8.40. Found:
C, 63.22; H, 5.98; N, 8.21.


5.2.7. Boc-Tic-e-Lys(Ac)-OMe. This intermediate was
obtained by condensation of Boc-Tic-OH with
HClÆAc-Lys-OMe via WSC/HOBt, as reported for
Boc-Tic-e-Lys(Z)-OMe: yield 1.6 g (82%); Rf (B) 0.77;
HPLC K 0 5.32; mp 127–129 �C; ½a�20


D �20.5; m/z 463
(M+H)+; 1H NMR (DMSO-d6) d 1.29–1.90 (m, 15H),
2.02 (s, 3H), 2.92–3.67 (m, 7H), 4.17–4.92 (m, 4H),
6.96–7.02 (m, 4H).


5.2.8. Boc-Tic-e-Lys(Ac)-OH. This intermediate was ob-
tained by hydrolysis of Boc-Tic-e-Lys(Ac)-OMe as re-
ported for Boc-Tic-e-Lys(Z)-OH: yield 1.26 g (82%); Rf


(B) 0.45; HPLC K 0 5.18; mp 135–137 �C; ½a�20


D �22.3;
m/z 449 (M+H)+.


5.2.9. Boc-Tic-e-Lys(Ac)-NH-CH2-Ph. This intermedi-
ate was obtained by condensation of Boc-Tic-e-Ly-
s(Ac)-OH with benzylamine via WSC/HOBt as
reported for Boc-Tic-e-Lys(Z)-NH-CH2-Ph: yield
0.33 g (81%); Rf (B) 0.79; HPLC K 0 5.32; mp 108–
110 �C; ½a�20


D �18.6; m/z 537 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.79 (m, 15H), 2.02 (s, 3H), 2.92–
3.20 (m, 4H), 4.17–4.92 (m, 6H), 6.96–7.14 (m, 9H).


5.2.10. TFAÆH-Tic-e-Lys(Ac)-NH-CH2-Ph. Boc-Tic-e-
Lys(Ac)-NH-CH2-Ph was treated with TFA as reported
for TFAÆH-Tic-e-Lys(Z)-NH-CH2-Ph: yield 0.21 g
(97%); Rf (A) 0.48; HPLC K 0 3.92; mp 121–123 �C;
½a�20


D �20.7; m/z 437 (M+H)+.

5.2.11. Boc-Dmt-Tic-e-Lys(Ac)-NH-CH2-Ph. This inter-
mediate was obtained by condensation of Boc-Dmt-
OH with TFAÆH-Tic-e-Lys(Ac)-NH-CH2-Ph via WSC/
HOBt as reported for Boc-Dmt-Tic-e-Lys(Z)-NH-CH2-
Ph: yield 0.14 g (83%); Rf (B) 0.75; HPLC K 0 4.92; mp
135–137 �C; ½a�20


D �17.5; m/z 729 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.79 (m, 15H), 2.02 (s, 3H), 2.35 (s,
6H), 2.92–3.20 (m, 6H), 4.41–4.92 (m, 7H), 6.29 (s,
2H), 6.96–7.14 (m, 9H).


5.2.12. TFAÆH-Dmt-Tic-e-Lys(Ac)-NH-CH2-Ph (2).
Boc-Dmt-Tic-e-Lys(Ac)-NH-CH2-Ph was treated with
TFA as reported for TFAÆH-Dmt-Tic-e-Lys(Z)-NH-
CH2-Ph: yield 0.08 g (96%); Rf (A) 0.45; HPLC K 0


3.21; mp 131-133 �C; ½a�20


D �15.5; m/z 629 (M+H)+; 1H
NMR (DMSO-d6) d 1.29–1.79 (m, 6H), 2.02 (s, 3H),
2.35 (s, 6H), 2.92–3.20 (m, 6H), 3.95–4.92 (m, 7H),
6.29 (s, 2H), 6.96–7.14 (m, 9H). Anal Calcd for
C38H46F3N5O7: C, 61.53; H, 6.25; N, 9.44. Found: C,
61.77; H, 6.39; N, 9.15.


5.2.13. Boc-Dmt-Tic-e-Lys-NH-CH2-Ph. To a solution
of Boc-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph (0.1 g, 0.12
mmol) in methanol (30 mL) was added Pd/C (10%,
0.07 g), and H2 was bubbled for 1 h at room tempera-
ture. After filtration, the solution was evaporated to
dryness. The residue was precipitated from Et2O/Pe
(1:9, v/v): yield 0.07 g (85%); Rf (B) 0.58; HPLC K 0


4.98; mp 144–145 �C; ½a�20


D �18.7; m/z 687 (M+H)+.


5.2.14. 2TFAÆH-Dmt-Tic-e-Lys-NH-CH2-Ph (3). Boc-
Dmt-Tic-e-Lys-NH-CH2-Ph was treated with TFA as
reported for TFAÆH-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph:
yield 0.07 g (95%); Rf (A) 0.39; HPLC K 0 3.32; mp
148–150 �C; ½a�20


D �16.2; m/z 587 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.79 (m, 6H), 2.35 (s, 6H), 2.92–
3.20 (m, 6H), 3.56–4.92 (m, 7H), 6.29 (s, 2H), 6.96–
7.14 (m, 9H). Anal Calcd for C38H45F6N5O8: C, 56.08;
H, 5.57; N, 8.61. Found: C, 56.30; H, 5.68; N, 8.70.


5.2.15. Boc-Tic-e-Lys(Z)-NH-Ph. This intermediate was
obtained by condensation of Boc-Tic-e-Lys(Z)-OH with
aniline via WSC/HOBt as reported for Boc-Tic-e-
Lys(Z)-NH-CH2-Ph: yield 0.52 g (88%); Rf (B) 0.81;
HPLC K 0 5.61; mp 94–96 �C; ½a�20


D �19.4; m/z 615
(M+H)+; 1H NMR (DMSO-d6) d 1.29–1.89 (m, 15H),
2.92–3.20 (m, 4H), 4.17–5.34 (m, 6H), 6.96–7.64 (m, 14H).


5.2.16. TFAÆH-Tic-e-Lys(Z)-NH-Ph. Boc-Tic-e-Lys(Z)-
NH-Ph was treated with TFA as reported for TFAÆH-
Tic-e-Lys(Z)-NH-CH2-Ph: yield 0.37 g (95%); Rf (A)
0.46; HPLC K 0 4.32; mp 111–113 �C; ½a�20


D �19.9; m/z
515 (M+H)+.


5.2.17. Boc-Dmt-Tic-e-Lys(Z)-NH-Ph. This intermedi-
ate was obtained by condensation of Boc-Dmt-OH with
TFAÆH-Tic-e-Lys(Z)-NH-Ph via WSC/HOBt as re-
ported for Boc-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph: yield
0.17 g (87%); Rf (B) 0.76; HPLC K 0 5.73; mp 124–
126 �C; ½a�20


D �15.9; m/z 807 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.89 (m, 15H), 2.35 (s, 6H), 2.92–
3.20 (m, 6H), 4.41–5.34 (m, 7H), 6.29 (s, 2H), 6.96–
7.64 (m, 14H).
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5.2.18. TFAÆH-Dmt-Tic-e-Lys(Z)-NH-Ph (4). Boc-Dmt-
Tic-e-Lys(Z)-NH-Ph was treated with TFA as re-
ported for TFAÆH-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph:
yield 0.09 g (90%); Rf (A) 0.40; HPLC K 0 3.70; mp
133–135 �C; ½a�20


D �13.9; m/z 707 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.89 (m, 6H), 2.35 (s, 6H),
2.92–3.20 (m, 6H), 3.95–5.34 (m, 7H), 6.29 (s, 2H),
6.96–7.64 (m, 14H). Anal Calcd for C43H48F3N5O8:
C, 62.99; H, 5.90; N, 8.54. Found: C, 62.95; H,
5.76; N, 8.41.


5.2.19. Boc-Tic-e-Lys(Ac)-NH-Ph. This intermediate
was obtained by condensation of Boc-Tic-e-Lys(Ac)-
OH with aniline via WSC/HOBt as reported for Boc-
Tic-e-Lys(Z)-NH-CH2-Ph: yield 0.32 g (81%); Rf (B)
0.74; HPLC K 0 4.21; mp 100–102 �C; ½a�20


D �19.9; m/z
524 (M+H)+; 1H NMR (DMSO-d6) d 1.29–1.89 (m,
15H), 2.02 (s, 3H), 2.92–3.20 (m, 4H), 4.17–4.92 (m,
4H), 6.96–7.64 (m, 9H).


5.2.20. TFAÆH-Tic-e-Lys(Ac)-NH-Ph. Boc-Tic-e-Ly-
s(Ac)-NH-Ph was treated with TFA as reported for
TFAÆH-Tic-e-Lys(Z)-NH-CH2-Ph: yield 0.27 g (96%);
Rf (A) 0.43; HPLC K 0 3.47; mp 117–119 �C; ½a�20


D


�20.8; m/z 424 (M+H)+.


5.2.21. Boc-Dmt-Tic-e-Lys(Ac)-NH-Ph. This intermedi-
ate was obtained by condensation of Boc-Dmt-OH with
TFAÆH-Tic-e-Lys(Ac)-NH-Ph via WSC/HOBt as re-
ported for Boc-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph: yield
0.15 g (88%); Rf (B) 0.71; HPLC K 0 5.21; mp 130–
132 �C; ½a�20


D �16.8; m/z 715 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.89 (m, 15H), 2.02 (s, 3H), 2.35 (s,
6H), 2.92–3.20 (m, 6H), 4.41–4.92 (m, 5H), 6.29 (s,
2H), 6.96–7.64 (m, 9H).


5.2.22. TFAÆH-Dmt-Tic-e-Lys(Ac)-NH-Ph (5). Boc-
Dmt-Tic-e-Lys(Ac)-NH-Ph was treated with TFA as re-
ported for TFAÆH-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph: yield
0.08 g (98%); Rf (A) 0.37; HPLC K 0 2.89; mp 127–
129 �C; ½a�20


D �14.8; m/z 615 (M+H)+; 1H NMR
(DMSO-d6) d 1.29–1.89 (m, 6H), 2.02 (s, 3H), 2.35 (s,
6H), 2.92–3.20 (m, 6H), 3.95–4.92 (m, 5H), 6.29 (s,
2H), 6.96–7.64 (m, 9H). Anal Calcd for C37H44F3N5O7:
C, 61.06; H, 6.09; N, 9.62. Found: C, 60.96; H, 6.03; N,
9.48.


5.2.23. Boc-Dmt-Tic-e-Lys-NH-Ph. Boc-Dmt-Tic-e-
Lys(Z)-NH-Ph was dissolved in methanol and treated
with Pd/C (10%) and H2 as reported for Boc-Dmt-Tic-
e-Lys-NH-CH2-Ph: yield 0.08 g (87%); Rf (B) 0.55;
HPLC K 0 5.12; mp 146–148 �C; ½a�20


D �19.1; m/z 673
(M+H)+.


5.2.24. 2TFAÆH-Dmt-Tic-e-Lys-NH-Ph (6). Boc-Dmt-
Tic-e-Lys-NH-Ph was treated with TFA as reported
for TFAÆH-Dmt-Tic-e-Lys(Z)-NH-CH2-Ph: yield 0.04 g
(95%); Rf (A) 0.37; HPLC K 0 2.58; mp 147–149 �C;
½a�20


D �14.8; m/z 573 (M+H)+; 1H NMR (DMSO-d6) d
1.29–1.89 (m, 6H), 2.35 (s, 6H), 2.92–3.20 (m, 6H),
3.56–4.92 (m, 5H), 6.29 (s, 2H), 6.96–7.64 (m, 9H). Anal
Calcd for C37H43F6N5O8: C, 55.57; H, 5.42; N, 8.76.
Found: C, 55.82; H, 5.53; N, 8.47.

5.2.25. Boc-Tic-NH-(CH2)4-CH(NH-Z)-Bid. A solution
of Boc-Tic-e-Lys(Z)-OH (0.5 g, 0.93 mmol) and NMM
(0.1 mL, 0.93 mmol) in DMF(10 mL) was treated at
�20 �C with IBCF (0.12 mL, 0.93 mmol). After 10 min
at �20 �C, o-phenylendiamine (0.1 g, 0.93 mmol) was
added. The reaction mixture was allowed to stir while
slowly warming to room temperature (1 h) and was then
stirred for an additional 3 h. The solvent was evaporated
and the residue was partitioned between EtOAc and
H2O. The EtOAc layer was washed with NaHCO3 (5%
in H2O) and brine and dried over Na2SO4. The solution
was filtered, the solvent evaporated, and the residual so-
lid was dissolved in glacial acetic acid (10 mL). The solu-
tion was heated at 65 �C for 1 h. After the solvent was
evaporated, the residue was precipitated from Et2O/Pe
(1:9, v/v): yield 0.47 g (82%); Rf (B) 0.66; HPLC K 0


4.92; mp 134–136 �C; ½a�20


D �12.8; m/z 613 (M+H)+; 1H
NMR (DMSO-d6) d 1.29–1.84 (m, 15H), 2.92–3.20 (m,
4H), 4.17–5.34 (m, 6H), 6.96–7.70 (m, 13H).


5.2.26. 2TFAÆH-Tic-NH-(CH2)4-CH(NH-Z)-Bid. Boc-
Tic-NH-(CH2)4-CH(NH-Z)-Bid was treated with TFA
as reported for TFAÆH-Tic-e-Lys(Z)-NH-CH2-Ph: yield
0.33 g (96%); Rf (A) 0.41; HPLC K 0 3.57; mp 137–
139 �C; ½a�20


D �14.1; m/z 513 (M+H)+.


5.2.27. Boc-Dmt-Tic-NH-(CH2)4-CH(NH-Z)-Bid. To a
solution of Boc-Dmt-OH (0.075 g, 0.24 mmol) and
2TFA ÆH-Tic-NH-(CH2)4-CH(NH-Z)-Bid (0.18 g,
0.24 mmol) in DMF (10 mL) at 0 �C, NMM (0.05 mL,
0.48 mmol), HOBt (0.04 g, 0.26 mmol) and WSC
(0.05 g, 0.26 mmol) were added. The reaction mixture
was stirred for 3 h at 0 �C and 24 h at room temperature.
After DMF was evaporated, the residue was dissolved in
EtOAc and washed with NaHCO3 (5% in H2O) and
brine. The organic phase was dried (Na2SO4) and
evaporated to dryness. The residue was precipitated
from Et2O/Pe (1:9, v/v): yield 0.16 g (85%); Rf (B)
0.66; HPLC K 0 4.93; mp 137–139 �C; ½a�20


D �14.3; m/z
804 (M+H)+; 1H NMR (DMSO-d6) d 1.29–1.84 (m,
15 H), 2.35 (s, 6H), 2.92–3.20 (m, 6H), 4.41–5.34 (m,
7H), 6.29 (s, 2H), 6.96–7.70 (m, 13H).


5.2.28. 2TFAÆH-Dmt-Tic-NH-(CH2)4-CH(NH-Z)-Bid
(7). Boc-Dmt-Tic-NH-(CH2)4-CH(NH-Z)-Bid was trea-
ted with TFA as reported for TFAÆH-Dmt-Tic-e-Lys(Z)-
NH-CH2-Ph: yield 0.05 g (94%); Rf (A) 0.33; HPLC
K 0 2.95; mp 143–145 �C; ½a�20


D �17.8; m/z 704 (M+H)+;
1H NMR (DMSO-d6) d 1.29–1.84 (m, 6H), 2.35
(s, 6H), 2.92–3.20 (m, 6H), 3.95–5.34 (m, 7H), 6.29
(s, 2H), 6.96–7.70 (m, 13H). Anal Calcd for
C45H48F6N6O9: C, 58.06; H, 5.20; N, 9.06. Found: C,
57.97; H, 5.16; N, 8.89.


5.2.29. Boc-Tic-NH-(CH2)4-CH(NH-Ac)-Bid. This inter-
mediate was obtained by condensation of Boc-Tic-e-Ly-
s(Ac)-OH with o-phenylendiamine via mixed anhydrides
(IBCF) as reported for Boc-Tic-NH-(CH2)4-CH(NH-
Z)-Bid: yield 0.34 g (88%); Rf (B) 0.60; HPLC K 0 4.31;
mp 140–142 �C; ½a�20


D �13.7; m/z 521 (M+H)+; 1H
NMR (DMSO-d6) d 1.29–1.84 (m, 15H), 2.02 (s, 3H),
2.92–3.20 (m, 4H), 4.17–4.92 (m, 4H), 6.96–7.70 (m,
8H).
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5.2.30. 2TFAÆH-Tic-NH-(CH2)4-CH(NH-Ac)-Bid. Boc-
Tic-NH-(CH2)4-CH(NH-Ac)-Bid was treated with
TFA as reported for TFAÆH-Tic-e-Lys(Z)-NH-CH2-
Ph: yield 0.20 g (90%); Rf (A) 0.44; HPLC K 0 3.21; mp
143–145 �C; ½a�20


D �15.0; m/z 421 (M+H)+.


5.2.31. Boc-Dmt-Tic-NH-(CH2)4-CH(NH-Ac)-Bid. This
intermediate was obtained by condensation of
Boc-Dmt-OH with 2TFAÆH-Tic-NH-(CH2)4-CH(NH-
Ac)-Bid via WSC/HOBt as reported for Boc-Dmt-Tic-
NH-(CH2)4-CH(NH-Z)-Bid: yield 0.14 g (85%); Rf (B)
0.60; HPLC K 0 4.21; mp 132–134 �C; ½a�20


D �15.2; m/z
712 (M+H)+; 1H NMR (DMSO-d6) d 1.29–1.84 (m,
15H), 2.02 (s, 3H), 2.35 (s, 6H), 2.92–3.20 (m, 6H),
4.41–4.92 (m, 5H), 6.29 (s, 2H), 6.96–7.70 (m, 8H).


5.2.32. 2TFAÆH-Dmt-Tic-NH-(CH2)4-CH(NH-Ac)-Bid
(8). Boc-Dmt-Tic-NH-(CH2)4-CH(NH-Ac)-Bid was
treated with TFA as reported for TFAÆH-Dmt-Tic-e-
Lys(Z)-NH-CH2-Ph: yield 0.08 g (98%); Rf (A) 0.30;
HPLC K 0 2.63; mp 149–151 �C; ½a�20


D �18.7; m/z 612
(M+H)+; 1H NMR (DMSO-d6) d 1.29–1.84 (m, 6H),
2.02 (s, 3H), 2.35 (s, 6H), 2.92–3.20 (m, 6H), 3.95–4.92
(m, 5H), 6.29 (s, 2H), 6.96–7.70 (m, 8H). Anal Calcd
for C39H44F6N6O8: C, 55.84; H, 5.29; N, 10.02. Found:
C, 56.01; H, 5.38; N, 10.12.


5.2.33. Boc-Dmt-Tic-NH-(CH2)4-CH(NH2)-Bid. Boc-
Dmt-Tic-NH-(CH2)4-CH(NH-Z)-Bid was dissolved in
methanol and treated with Pd/C (10%) and H2 as
reported for Boc-Dmt-Tic-e-Lys-NH-CH2-Ph: yield
0.08 g (86%); Rf (B) 0.51; HPLC K 0 3.56; mp 140–
142 �C; ½a�20


D �19.3; m/z 670 (M+H)+.


5.2.34. 3TFAÆH-Dmt-Tic-NH-(CH2)4-CH(NH2)-Bid (9).
Boc-Dmt-Tic-NH-(CH2)4-CH(NH2)-Bid was treated
with TFA as reported for TFAÆH-Dmt-Tic-e-Lys(Z)-
NH-CH2-Ph: yield 0.06 g (95%); Rf (A) 0.29; HPLC K 0


2.86; mp 154–156 �C; ½a�20


D �19.9; m/z 570 (M+H)+; 1H
NMR (DMSO-d6) d 1.29–1.84 (m, 6H), 2.35 (s, 6H),
2.92–3.20 (m, 6H), 3.90–4.92 (m, 5H), 6.29 (s, 2H),
6.96–7.70 (m, 8H). Anal Calcd for C39H43F9N6O9: C,
51.43; H, 4.76; N, 9.23. Found: C, 51.32; H, 4.62; N, 9.12.


5.3. Pharmacology


5.3.1. Radioreceptor binding assays. Opioid receptor
affinity was determined under equilibrium conditions
[2.5 h at room temperature (23 �C)] in a competition as-
say using brain P2 synaptosomal membranes prepared
from Sprague–Dawley rats.26,27 Synaptosomes were pre-
incubated to remove endogenous opioid peptides and
stored at �80 �C in buffered 20% glycerol.26,28 Each
analogue was analyzed in duplicate assays using 5–8
dosages and 3–5 independent repetitions with different
synaptosomal preparations (n values are listed in Table
1 in parentheses and results are means ± SE). Unlabelled
peptide (2 lM) was used to determine non-specific bind-
ing in the presence of 1.9 nM [3H]deltorphin II (45.0 Ci/
mmol, Perkin-Elmer, Boston, MA; KD = 1.4 nM) for
d-opioid receptors and 3.5 nM [3H]DAMGO (50.0 Ci/
mmol, Amersham Bioscience, Buckinghamshire, UK;
KD = 1.5 nM) for l-opioid receptors. Glass fibre filters

(Whatman GFC) were soaked in 0.1% polyethylenimine
in order to enhance the signal-to-noise ratio of the
bound radiolabelled-synaptosome complex, and the fil-
ters were washed thrice in ice-cold buffered BSA.26


The affinity constants (Ki) were calculated according to
Cheng and Prusoff.24


5.3.2. Biological activity in isolated tissue preparations.
The myenteric plexus longitudinal muscle preparations
(2–3 cm segments) from the small intestine of male Hart-
ley strain guinea pigs (GPI) measured l-opioid receptor
agonism, and a single mouse vas deferens (MVD) was
used to determine d-opioid receptor agonism as
described previously.6,29 The isolated tissues were sus-
pended in organ baths containing balanced salt solu-
tions in a physiological buffer, pH 7.5. Agonists were
tested for the inhibition of electrically evoked contrac-
tion and expressed as IC50 (nM) obtained from the
dose–response curves. The IC50 values represent mean-
s ± SE of five or six separate assays. d-antagonist poten-
cies in the MVD assay were determined against the
d-agonist deltorphin II and are expressed as pA2 deter-
mined using the Schild Plot.30
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Abstract—Brain efflux systems export such conjugated metabolites as glutathione (GSH) and glucuronate conjugates, generated by
the detoxification process, from the brain and serve to protect the brain from harmful metabolites. The intracerebral injection of a
radiolabeled conjugate is a useful technique to assess brain efflux systems; however, this technique is not applicable to humans.
Hence, we devised a novel noninvasive approach for assessing GSH-conjugate efflux systems using positron emission tomography.
Here, we investigated whether or not a designed proprobe can deliver its GSH conjugate into the brain. Radiolabeled 6-chloro-7-
methylpurine (7m6CP) was designed as the proprobe, and [14C]7m6CP was prepared by the reaction of 6-chloropurine with
[14C]CH3I as a model of [11C]CH3I. The radiochemical yield and purity of [14C]7m6CP were 10–20% and greater than 99%, respec-
tively. High brain uptake (0.8% ID/g) at 1 min was observed, followed by gradual radioactivity clearance from the brain for
5–60 min after the injection of [14C]7m6CP into rats. Analysis of metabolites confirmed confirmed that the presence of
[14C]7m6CP was hardly observed, and 80% of the radioactivity was identical to its GSH conjugate for 15–60 min. The brain radio-
activity was single-exponentially decreased during the period of 15–60 min post-injection of [14C]7m6CP, and the first-order efflux
rate constant of the conjugate, estimated from the slope, was 0.0253 min�1. These results showed that (1) [14C]7m6CP readily
entered the brain, (2) it efficiently and specifically transformed to the GSH conjugate within the brain, and (3) after [14C]7m6CP
disappearance, the clearance of radioactivity represented the only efflux of GSH conjugate. We conclude that 7m6CP can deliver
the GSH conjugate into the brain and would be useful for assessing GSH-conjugate efflux systems noninvasively.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


There are active efflux transporters at the blood–brain
barrier (BBB) and/or blood–cerebrospinal fluid barrier,
and they can export potentially harmful metabolites
and xenobiotics from the brain.1,2 Hydrophilic conju-
gated metabolites such as glutathione (GSH) and glucu-
ronate conjugates, generated by detoxification of
xenobiotics, are also eliminated from the brain via efflux
systems.3 Currently, these conjugates are known to be
good substrates for the multidrug resistance-associated
protein (MRP) family involved in brain efflux systems.4,5


Sultana and Butterfield observed a slight increase in
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MRP1 protein expression and adducts MRP1 bound
to 4-hydroxy-2-transnonenal (a lipid peroxidation prod-
uct) in frozen hippocampal samples from Alzheimer’s
patients versus age-matched control subjects.6 Several
therapeutic drugs such as probenecid and indomethacin
are known to be a MRP1 inhibitor.7,8 A noninvasive
assessment of brain efflux systems in human studies will
be useful for elucidating pathological conditions of neu-
rodegenerative disorders, and directly evaluating the
pharmacological effect of therapeutic drug on brain
efflux systems. The efflux rate constant, reflecting brain
efflux systems, can be calculated from a time course
measurement of brain concentration following the intra-
cerebral injection of a conjugate. Indeed, using the con-
jugate of radiolabeled 17b-estradiol-DD-17b-glucuronide
(E217bG), efflux systems involved in the transport of
E217bG across the BBB were investigated.9 The intrace-
rebral injection of a radiolabeled conjugate is a useful
technique to study mechanisms of brain-to-blood efflux;



mailto:t_irie@nirs.go.jp





3128 T. Okamura et al. / Bioorg. Med. Chem. 15 (2007) 3127–3133

however, this invasive method is not applicable to
human study. We therefore devised a novel method,
referred to as the Metabolite Extrusion Method
(MEM), for the noninvasive assessment of GSH-conju-
gate efflux systems in living human brains using positron
emission tomography (PET). Positron emitters are not
convenient to perform basic experiments because of a
very short half-life. Here, we studied whether or not
proprobes designed according to MEM can noninva-
sively deliver their GSH conjugate into the brain using
rats and 14C nuclide (half-life: 5730 yr) in place of 11C
nuclide for PET (half-life: 20.4 min).

2. Results and discussion


2.1. Design and chemistry


The rationale for MEM is illustrated in Figure 1a and b.
A radiolabeled lipophilic compound, a proprobe, is
administered intravenously. After injection, the prop-
robe enters the brain across the BBB by simple diffusion
(K1). While a portion of the incorporated proprobe dif-
fuses back into the blood (k2), the rest is rapidly
converted to the probe, GSH conjugate (k3). If the con-
version in the peripheral tissues is also rapid, the prop-
robe no longer exists in either the blood or the brain
with a short lag time after the injection, in which case
the situation of Figure 1a changes to that of Figure
1b. If passive transport of the GSH conjugate across
the BBB is negligible, the efflux rate of the GSH conju-
gate (keff) can be estimated noninvasively. MEM also
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Figure 1. Diagrammatic representation of the Metabolite Extrusion Method


proprobe can penetrate the BBB and transform to a probe of GSH conjugat


from the brain to the blood. After the proprobe is completely converted to


situation of Fig. 1a changes to that of Fig. 1b, similar to the state obtained b


transport of the proprobe across the BBB by diffusion, while k3 and keff are th


probe by efflux systems, respectively. A proprobe designed to deliver the radio


the methylation of 6-chloropurine, 6-chloro-7-methylpurine is shown in the

provides an accurate keff because of the simple parame-
ter estimation of the single exponential curve, as cerebral
blood flow can be measured by the accurate estimation
of the clearance rate of brain radioactivity following
the administration of radioactive xenon.10,11 MEM has
the merit that keff can be estimated without the need
for arterial blood sampling, which requires considerable
technical expertise.


Our goal is to deliver a GSH conjugate into the brain
for the noninvasive assessment of GSH-conjugate efflux
systems. To achieve this, the proprobe must possess
three properties: high BBB permeability and efficient
conversion into the single probe (permeability, effi-
ciency, and specificity). The probe should not penetrate
the BBB by simple diffusion. Furthermore, it is desir-
able that the proprobe platform can be easily modified
for the introduction of a lipophilic group and radiola-
beling. 6-Chloropurine is reported to be converted to
S-(6-purinyl)glutathione by hepatic and renal glutathi-
one S-transferase (GST) in vivo.12 The rat brain has
a GSH concentration of approximately 2 mM, and
GST is markedly expressed in the brain.13,14 The adap-
tation of purine as a proprobe platform allows easy
chemical modification. Given these aspects, we selected
6-chloropurine as the basic skeleton of the proprobe.
The methylation of 6-chloropurine with [14C]CH3I as
a model for [11C]CH3I was performed to increase
lipophilicity and introduce radioactivity. As a consequence,
two potential proprobes for the delivery of a GSH conju-
gate into the brain were generated: 6-chloro-9-[14C]meth-
ylpurine ([14C]9m6CP) and 6-chloro-7-[14C]methylpurine
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([14C]7m6CP) (Fig. 1c). Radiochemical yield and purity of
[14C]9m6CP were 50% and 99%, respectively. Those of
[14C]7m6CP were 10–20% and 99%, respectively. The
production rate for isomers is similar to an early report
that the alkylation of 6-chloropurine with alkyl halide
formed major products (9-isomers) and minor products
(7-isomers).15 The steric hindrance between chlorine atom
and methyl group probably leads to the reduction of
[14C]7m6CP formation.


2.2. Verification of requirements (permeability, efficiency,
and specificity)


For reliable estimation of keff, each proprobe should
possess physiochemical properties required for MEM:
permeability, efficiency, and specificity. Figure 2a shows
brain uptake curves following the intravenous injection
of [14C]7m6CP and [14C]9m6CP into rats. They exhibit
a similar high uptake (0.7–0.8% ID/g) at 1 min after
injection, and then a gradual decrease in brain radioac-
tivity from 5 min. In general, the delivery of a low
molecular substance into the brain is not so difficult as
long as that substance is a lipophilic one. Indeed, these
proprobes showed a similar high uptake at 1 min after
injection, which is comparable to the 1 min uptake of
a clinically used radiopharmaceutical,16 and they had
the high BBB permeability. However, the two proprobes
showed quite different kinetics thereafter: while
[14C]9m6CP exhibited a gradual elimination of radioac-
tivity, [14C]7m6CP displayed clearance after temporary
accumulation. This is likely due to the enzymatic con-
version rates of two proprobes to GSH conjugates via
GST in the brain, that is, k3 in Figure 1a. In order to
examine this, the reaction rates were determined in rat
brain homogenates.


Figure 3a shows the first-order rate constant (in vitro k3)
at a unit concentration of brain tissue. The rates of
[14C]7m6CP and [14C]9m6CP were estimated as
0.33 ± 0.01 and 0.0057 ± 0.0002 (min�1 g�1 mL�1),
respectively. To confirm that proprobes are metabolized
in the brain according to the in vitro k3, the fraction of
each unchanged form in the brain was analyzed 15 min
after intravenous injection using thin layer chromatog-
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Figure 2. Time–radioactivity curves in the rat brain (a) and blood (b) after i


circles), and [35S]7mPSG (closed squares). Data are given as means ± the s


corrected for the vascular volume of 3%, based on the radioactivity of the w

raphy (TLC). The radioactivity corresponding to the un-
changed form almost completely disappeared at 15 min
post-injection of [14C]7m6CP, while for [14C]9m6CP,
approximately 80% of radioactivity remained in the un-
changed form (Fig. 3b). The in vivo results could be rea-
sonably explained by differences in the in vitro k3


between [14C]7m6CP and [14C]9m6CP. [14C]9m6CP
would mostly diffuse back into the blood without reac-
tion with GSH because of its slower reaction rate. In
contrast, [14C]7m6CP (high in vitro k3) appears to be
rapidly converted to a radioactive metabolite, which is
subsequently extruded from the brain to the blood. In
other words, the decrease in radioactivity following the
injection of [14C]9m6CP implies mainly the washout of
the intact proprobe from the brain, whereas that of
[14C]7m6CP means the washout of the radioactive
metabolite. As [14C]9m6CP cannot sufficiently deliver
the GSH conjugate into the brain, it is abandoned as a
proprobe for MEM in this study.


[14C]7m6CP readily entered the brain, and it was rapidly
metabolized within the brain. Further analysis of the
chemical form was performed by HPLC at 15 and
60 min after injection as shown in Figure 4. HPLC
analysis shows that approximately 80% of radioactivity
was identified as S-[6-(7-methylpurinyl)]glutathione
(7mPSG) (retention time of authentic sample,
15.3 min) both at 15 and 60 min post-injection. The
peak height corresponding to 7m6CP (17.3 min) was
very low at 15 min post-injection. Brain radioactivity
principally existed in the form of [14C]7mPSG during
the period of 15–60 min after [14C]7m6CP injection,
although some unknown peaks slightly increased with
time, which might be metabolites formed from the
GSH conjugate by metabolic enzymes such as c-glutam-
yltranspeptidase.17 In addition to the efficiency of rapid
conversion into the GSH conjugate, [14C]7m6CP pos-
sessed specificity that means the production of the single
probe within the brain.


The proprobe is essential for the delivery of radioactiv-
ity into the brain; however, it should be cleared from the
blood as shown in Figure 1b. HPLC and TLC analyses
of chemical form demonstrated that the amount of
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Figure 3. (a) The reaction rate of proprobes with GSH in rat brain homogenate. Data are given as means ± standard deviation. (b) Analysis of the


chemical form in the rat brain by TLC at 15 min after the intravenous injection of [14C]7m6CP (left) and [14C]9m6CP (right). White and black areas


denote the fraction of each proprobe and metabolite, respectively. Data are shown from a single experiment on each compound.
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[14C]7m6CP in the brain was negligible from 15 min
after the injection (Figs 3b and 4), implying that there
is no additional delivery of [14C]7m6CP into the brain
from blood. This rapid clearance would be attributed
to the metabolism by GSH/GST in the blood or periph-
eral tissues.


To confirm that 7mPSG cannot move into and out of
the brain by simple diffusion, brain uptake was mea-
sured following the intravenous injection of [35S]7mPSG
into rats (Fig. 2a). The brain radioactivity of
[35S]7mPSG was much lower than that of the proprobe,
[14C]7m6CP, during the period of 1–60 min. This result
verified that 7mPSG could not penetrate the BBB by
simple diffusion. Nevertheless, it was eliminated from
the brain, indicating that the carrier-mediated transport
is involved in the extrusion.


Various transporters probably contribute to the 7mPSG
efflux from the brain; however, GSH conjugates are well
known to be good substrates for MRP1 that is involved
in brain efflux systems.4,5 The possibility for the involve-
ment of MRP1 in the 7mPSG efflux was examined by a
rapid filtration technique using membrane vesicles

containing human MRP1 and MRP1-defective vesicles
as controls. As shown in Figure 5, membrane vesicles
containing MRP1 showed a significant time- and ATP-
dependent uptake of [35S]7mPSG; uptake of the
compound into control vesicles was very low in both
the absence and presence of ATP. This result suggested
that MRP1 participated in the 7mPSG efflux from the
brain. Although 7mPSG is a good substrate for
MRP1, we cannot exclude possibilities that other efflux
transporters such as MRP isoforms and P-glycoprotein
contribute to the transport of 7mPSG. Moreover, the
coordination of uptake transporters such as organic an-
ion transporters and efflux transporters seems to be
involved in the elimination of 7mPSG from the site with-
in the brain to the blood, similar to the efflux transport
of E217bG (a glucuronate conjugate).9 Since MRP1 is
also expressed at the choroid plexus,3 7mPSG is possibly
extruded via the blood–cerebrospinal fluid barrier. Here,
brain kinetics and chemical form analysis showed that
the GSH conjugate (7mPSG) was extruded from the
brain during the period of 15–60 min after the proprobe
injection. Uptake values during that period were plotted
in a semilog scale. As a result, the semilog plot exhibited
linearity (multiple correlation coefficient: R = 0.99),
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indicating that 7mPSG was single-exponentially ex-
truded from the brain. The first-order efflux rate con-
stant (min�1) of 7mPSG, estimated from the slope,
was 0.025 ± 0.0013 (means ± standard error). Interest-
ingly, this efflux rate estimated by MEM using Wistar
rats is similar to the E217bG efflux rate (0.028 min�1)
estimated by intracerebral injection using Sprague–
Dawley rats,9 implying that the same efflux systems
might contribute to the 7mPSG efflux at the BBB. To
investigate the involvement of efflux pathways and other
transporters, further studies will be needed.


In conclusion, 7m6CP was newly designed as the
proprobe to deliver its GSH conjugate, based on the
concept of MEM. 7m6CP could successfully deliver
the conjugate into the brain and appears useful for the
noninvasive assessment of brain GSH-conjugate efflux
systems.

3. Material and methods


3.1. General


All commercially available starting materials and sol-
vents were of reagent grade or better and were used
without further purification. [14C]Methyl iodide (specific
activity: 2.15 GBq/mmol) and [35S]GSH (35.4 TBq/
mmol) were purchased from Amersham Biosciences
Corp. (Piscataway, NJ, USA) and PerkinElmer Life Sci-
ences, Inc. (Boston, MA, USA), respectively. Thin layer
chromatography (TLC) plates were purchased from
Merck Ltd (Tokyo, Japan). Membrane vesicles contain-
ing human MRP1, or MRP1-defective vesicles as a con-
trol, were purchased from SOLVO Biotechnology, Inc.
(Budapest, Hungary). Proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy was performed on a
JEOL JNM-ALPHA 500 FT-NMR (JEOL Ltd, Tokyo,
Japan) with chemical shifts reported in units of parts per
million (ppm). Fast atom bombardment mass spectrom-
etry (FAB-MS) was performed using a JEOL JMS-HX-
110A mass spectrometer (JEOL Ltd, Tokyo, Japan).
Radioactivity was measured using a liquid scintillation
counter (LS 6000; Beckman Instruments, Fullerton,
CA, USA), and the relative radioactivity of compounds
on TLC was quantified using an imaging phosphor
plates system (BAS 1800 system; Fuji Photo Film Co.,
Tokyo, Japan).


3.2. Synthesis


3.2.1. 6-Chloro-9-methylpurine (9m6CP) and 6-chloro-7-
methylpurine (7m6CP). Methyl iodide (1.7 g) was added
to a solution of 6-chloropurine (930 mg) and potassium
carbonate (830 mg) dissolved in 30 mL of dimethylsulf-
oxide (DMSO). After the reaction mixture was stirred
at room temperature for 24 h, DMSO was evaporated
in vacuo, and then the residue was purified by column
chromatography (silica gel C-200, ethyl acetate/ethanol,
9:1, v/v). In addition, products were recrystallized from
benzene to give 9m6CP (35%, white solid) and 7m6CP
(6.2%, light yellow solid). Each compound was identified
by TLC and comparison of NMR data using an authen-

tic sample purchased from Toronto Research Chemicals
Inc. (North York, Ontario, Canada).


3.2.2. 6-Chloro-9-methylpurine. 1H-NMR (d, CDCl3):
3.89 (3H, s, NCH3), 8.06 (1H, s, H-8), 8.68 (1H, s, H-
2); FAB-MS, m/z: 169 (M+H)+. Found: 169; mp: 138–
142 �C (lit.,18 143–144 �C).


3.2.3. 6-Chloro-7-methylpurine. 1H-NMR (d, DMSO-
d6): 4.07 (3H, s, NCH3), 8.73 (1H, s, H-8), 8.77 (1H, s,
H-2); FAB-MS, m/z: 169 (M+H)+. Found: 169; mp:
196–197 �C (lit.,19 198–199 �C).


3.2.4. S-[6-(7-methylpurinyl)]glutathione (7mPSG). This
compound was prepared by slight modification of the
method as described previously.20 6-Chloro-7-methylpu-
rine (26 mg) and GSH (105 mg) were dissolved in
760 lL each of 1 N NaOH solution and ethanol. After
the mixture was heated for 4 h at 50 �C in a water bath,
the solvent was evaporated, and ethanol was completely
removed. Then, the concentrated residue was purified by
column chromatography (Cosmosil 75 C18–OPN, 1%
aqueous AcOH) to give 7mPSG as a colorless solid
(yield: 66%). 1H-NMR (d, D2O): 1.93 (2H, m, Glu-c-
CH2), 2.27 (2H, m, Glu-b-CH2), 3.47 (1H, dd, J = 8.1,
14.2 Hz, Cys-b-CH2), 3.54 (1H, d, J = 17.1 Hz, Gly-
CH2), 3.57 (1H, d, J = 6.7 Hz, Glu-a-CH2), 3.61 (1H,
d, J = 17.1 Hz, Gly-CH2), 3.82 (1H, dd, J = 4.6,
14.2 Hz, Cys-b-CH2), 3.87 (3H, s, NCH3), 4.70 (1H,
dd, J = 4.6, 8.1 Hz, Cys-a-CH2), 8.09 (1H, s, H-8),
8.46 (1H, s, H-2); FAB-MS, m/z: 440 (M+H)+. Found:
440; mp: 157–165 �C (dec).


3.2.5. Radiochemical synthesis. 6-Chloro-9-[14C]methylp-
urine ([14C]9m6CP) and 6-chloro-7-[14C]methylpurine


([14C]7m6CP) were prepared by N-methylation using


[14C]methyl iodide. To a mixture of 6-chloropurine
(9.3 mg) and potassium carbonate (9.7 mg), a solution
of 9.25 MBq of [14C]methyl iodide in 1 mL of acetone
was added. In a sealed vial, the mixture was heated in
a water bath at 55 �C for approximately 30 min, and
then acetone was removed in a stream of nitrogen.
The residue was dissolved in 200 lL acetone and applied
to TLC with a silica-gel plate. The developing solvents,
[14C]9m6CP and [14C]7m6CP, were a mixture of
chloroform/ethanol (9:1; v/v) and ethyl acetate/ethanol
(9:1; v/v), respectively. The radioactive zone with an Rf


value corresponding to the authentic compound was
scratched, collected, and extracted with acetone. Radio-
chemical yields of [14C]9m6CP and [14C]7m6CP were
50% and 10–20%, respectively. Radiochemical purities
(99%) were determined by TLC using the solvent
systems as described above.


3.2.6. [35S]S-[6-(7-methylpurinyl)]glutathione ([35S]7mPSG).
[35S]7mPSG was synthesized enzymatically by the conjuga-
tion of 7m6CP with [35S]GSH using glutathione S-trans-
ferase (GST) from equine liver (purchased from Sigma).
[35S]GSH (3.7 MBq) was dissolved in 150 lL of phosphate
buffer (0.1 M, pH 7.4), and the solution was extracted with
ethyl acetate to remove excess dithiothreitol. A mixture of
7m6CP (3 mg) and GST (0.3 mg) dissolved in 100 lL
of the phosphate buffer was added to the solution of







3132 T. Okamura et al. / Bioorg. Med. Chem. 15 (2007) 3127–3133

[35S]GSH, and the solution was incubated at 37 �C for 1 h.
After incubation, the solution was concentrated to a final
volume of ca. 100 lL under a stream of nitrogen, and the
solution to which 50 lL of ethanol was further added was
applied to a TLC plate (RP-18 F254s). The TLC plate was
developed using water/acetonitrile/AcOH (9:1:0.1, v/v/v) as
an eluent. After visualization by autoradiography,
[35S]7mPSG was scraped from the plate and extracted
from C18 with 50% ethanol in water. The extracted solu-
tion was filtered through a 0.45 lm filter, and analyzed
by HPLC under the conditions described below. Radio-
chemical yield was 50%, and radiochemical purity (97%)
was calculated from the radioactivity in the eluate fraction
corresponding to the authentic sample and the total radio-
activity injected into HPLC.


Since these compounds ([14C]7m6CP, [14C]9m6CP, and
[35S]7mPSG) were prepared without adding carriers,
each specific activity may be considered to be equal to
that of the original radioactive compound, 14CH3I or
[35S]GSH.


3.2.7. Animal studies. Wistar rats weighing 185–205 g
(male, 8 weeks old) were purchased from Japan SLC
Inc. (Shizuoka, Japan). In the present study, they were
treated and handled according to the ‘Recommenda-
tions for Handling of Laboratory Animals for Biomed-
ical Research’, compiled by the Committee on Safety
and Ethical Handling Regulations for Laboratory
Animal Experiment, NIRS.


3.2.8. Reaction rates of purine derivatives with GSH in
tissue homogenate. Rats were anesthetized with ether
and decapitated. The cortex was removed and homoge-
nized in phosphate buffer (0.1 M, pH 7.4). The homog-
enate (250 lL) supplemented with 2 mM GSH was
placed in tubes and preincubated at 37 �C for 30 min.
Each [14C]-purine solution (111 kBq in 20 lL buffer)
was added to each tube to initiate the reaction. At des-
ignated intervals, 25 lL of the homogenate was immedi-
ately added to 50 lL of the stop solution, ethanol
containing excess diethyl maleate (ca. 50 mM), and then
centrifuged. The supernatant (5 lL) was applied to TLC
with a silica-gel plate, and developed with ethyl acetate/
ethanol (9:1; v/v). Then, the air-dried TLC plate was
covered with a 5 lm thick lumilar membrane and placed
in a cassette in contact with an imaging phosphor plate
for several hours. Radioactivity corresponding to the Rf


value of the unchanged purines was quantified using
BAS. The first-order rate constants were calculated by
plotting the change in the log of the radioactivity of
[14C]-purine derivatives against time, and corrected for
the concentration of the homogenate to obtain the reac-
tion rates (min�1 g�1 mL�1). All determinations were
made in triplicate.


3.2.9. Time–radioactivity curves. Each labeled com-
pound dissolved in saline (111 kBq/200 lL) was injected
via a lateral tail vein. Rats, anesthetized with ether
immediately before decapitation, were decapitated at
1, 5, 15, 30, and 60 min after the injection (n = 3 per
time). Blood samples were collected and weighed.
Protosol (1 mL) (Packard Bioscience, Groningen, The

Netherlands) was added to blood samples, and then
hydrogen peroxide was added for bleaching. Cerebral
cortexes were dissected, weighed, and then Soluene-350
(Packard Bioscience) was added to dissolve the tissue
at 60 �C, after which radioactivity was measured using
a liquid scintillation counter. The tissue uptake of 14C


or 35S activity was expressed as the percentage of in-
jected dose per gram tissue (% ID/g tissue).


3.2.10. Analysis of the chemical form in rat brain. For
TLC analysis, rats were decapitated 15 min after
[14C]9m6CP or [14C]7m6CP (ca. 2.2 MBq) injection.
The head was quickly dipped in liquid nitrogen and
the brain was removed. The brain was homogenized in
50% ethanol in water and then centrifuged. The super-
natant was applied to a silica-gel TLC plate and devel-
oped using ethyl acetate/ethanol (9:1; v/v). Then, the
radioactivity on TLC was quantified using BAS. For
HPLC analysis, rats were decapitated at 15 and 60 min
after [14C]7m6CP injection. The brain was treated and
homogenized as described above, and one half-volume
of ethanol was added to the homogenate to be centri-
fuged. The supernatant was concentrated in a stream
of nitrogen, followed by centrifugation and filtration
through a 0.45 lm filter. The concentrated sample was
analyzed by HPLC under the conditions described
below. Both the recovery of radioactivity in HPLC
elutions and the extraction efficiency of that to the
supernatant were more than 95%.


3.2.11. Vesicular transport assay. Transport studies were
performed using the rapid filtration technique based on
the assay protocol of SOLVO Biotechnology, Inc. with a
slight modification. Briefly, 73.5 lL of transport med-
ium [40 mM MOPS–Tris, 50 mM KCl, 6 mM MgCl2,
10 lL of membrane vesicle suspension (50 lg of pro-
tein), [35S]7mPSG (3.7 kBq), 50 lM 7mPSG, and
2 mM GSH] was preincubated at 37 �C for 5 min, and
then a transport assay was initiated by the addition of
1.5 lL of Mg–ATP (0.2 M) or Mg–AMP. The transport
reaction was stopped by the addition of 1 mL ice-cold
buffer containing 40 mM MOPS–Tris and 70 mM KCl.
The stopped reaction mixture was filtered through a
GF/F glass fiber filter (Whatman, Maidstone, England)
and then washed twice with 5 mL of the ice-cold buffer.
Radioactivity retained on the filters was determined
using a liquid scintillation counter.


3.2.12. Estimation of efflux rate constant (keff). Rats were
decapitated 15, 30, and 60 min after the intravenous
injection of [14C]7m6CP, and then cerebral cortexes were
dissected and weighed. The radioactivity in the tissue
was measured as described above. Nine data corrected
for vascular volume (n = 3, each point) were fitted to
the exponential function by the least-square method to
obtain the efflux rate constant (min�1).


3.2.13. HPLC analysis. Unlabeled compounds were
analyzed using an HPLC system consisting of a model
L-7100 pump (Hitachi, Tokyo, Japan), a model
L-7450/L-7400 UV absorbance detector set at 288 nm
(Hitachi, Tokyo, Japan), and a cosmosil 5C18-AR-II
column (4.6 I.D. · 250 mm) (Nacalai Tesque, Kyoto,
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Japan). The column was eluted with mobile phase (ace-
tonitrile and water containing 0.1% trifluoroacetic acid)
at a flow rate of 1.0 mL/min. The acetonitrile gradient
was changed from 0% to 10% over 10 min, kept
constant at 10% for 5 min, and increased to 20% over
5 min. [35S]7mPSG and brain chemical form were
analyzed under the same HPLC systems, and eluate
from the column was collected in 1 mL fractions.
Radioactivity in the fractions was measured by a liquid
scintillation counter.
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Abstract—Efficient syntheses of new DHEA analogues, and their apoptotic and necrotic effects on Leydig cells and TM4 Sertoli cells
are described. The key step in the synthetic strategy of 7-amino-DHEA derivatives involves a bromination on C-7 position to give an
epimeric mixture of bromides which were substituted by azides and reduced to give 7a- and 7b-amino-3b-hydroxyandrost-5-en-17-
ones. No cytotoxic effect induced by apoptosis mechanism was observed on Leydig and TM4 Sertoli cells by treatment with these
amino-DHEA analogues. A necrotic effect was induced only in TM4 Sertoli cells. The best activity was obtained with 7a,b-amino-
androst-5-en-3b-ol and 7b-amino-3b-hydroxy-androst-5-en-17-one.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Dehydroepiandrosterone (3b-hydroxy-androst-5-en-17-
one or DHEA) is produced in the adrenals and brain.1


It is the most abundant steroid in human plasma.2 Plas-
ma concentrations of this steroid reach maximum levels
during adolescence and decline with age.3 Studies have
shown that DHEA exerts physiological effects that are
supposed to play a beneficial role in diseases/disorders
as cancers,4 diabetes,5 atherosclerosis,6 cardiovascular
disease,7 depression,8 immune function,9 acquired im-
mune deficiency syndrome (AIDS),10 aging,11 obesity,12


memory,13 and Alzheimer’s disease.14 Beneficial effect of
additional DHEA treatment in the elderly population is
currently under study and seems to prevent these
disorders.15


On the other hand, DHEA is an intermediate in the pro-
duction of both androgens and estrogens in the periph-
eral tissues. Effects of DHEA could be either estrogenic
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or androgenic. The direct effect of DHEA is to act as a
weak androgen and that more pronounced androgenic-
ity/estrogenicity are secondary effects due to metabolic
conversion into testosterone/estradiol and derivatives.
Controlling estrogenic and androgenic steroid concen-
trations by inhibiting steroidogenic enzymes is a good
way to prevent and potentially cure breast and prostate
hormone-dependent cancers.16


These previous studies showed clearly the essential role
of DHEA in various biological mechanisms. However,
the broad effect of DHEA itself limits its therapeutic
use. To circumvent the side effects of DHEA, one of
the promising ways is to develop DHEA derivatives
with a greater specificity. With this goal, we are
researching on DHEA analogues having targeted prop-
erties including cytotoxicity towards testicular cells and
we present herein the first promising results obtained
with new amino-DHEA derivatives.


It can be noticed that few DHEA analogues have been
synthesized to our knowledge. 7-Oxygenated DHEA
including DHEA metabolites have been mainly devel-
oped and their activities have been widely studied.17–19


However, DHEA and its androgenous metabolites (7-
oxo-DHEA, 7a- and 7b-hydroxyDHEA) have side
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effects that may limit their use in humans.20–24 Several
monohydroxylated derivatives of DHEA (4a, 5a, 7a,
7b, 11b, 16a) and androst-5-ene-3b,17b-diol have been
synthesized and evaluated on the induction of the
thermogenic enzymes. Only 7-oxygenated derivatives
induced thermogenic enzymes.25 In this pathway, and
in our studies related to the synthesis of amino and
polyaminosterols,26–29 we now report the synthesis of
7-aminosteroids as new DHEA analogues (Scheme 1).
A first preliminary study consists to evaluate their
biological activities on purified Leydig cells and TM4
Sertoli cell lines.

2. Results and discussion


2.1. Chemistry


7a- and 7b-amino-3b-hydroxy-androst-5-en-17-ones (I
and II) were prepared from dehydroepiandrosterone.
As depicted in Scheme 2, the hydroxyl group of DHEA
was acetylated with acetic anhydride in pyridine to give
the acetate 1 (95%) and ketone functionality was pro-
tected using ethylene glycol and p-toluene sulfonic acid
(PTSA) in refluxing toluene to give compound 2
(80%). The exact catalytic quantities (0.5%) of PTSA
are necessary to obtain a good yield of ketal. Allylic bro-
mination was accomplished with 1,3-dibromo-5,5-dim-
ethylhydantoin (dibromantin) and sodium bicarbonate
in n-hexane at 60 �C to afford 7a/b bromides. The liter-
ature reported the bromination in situ of cholesteryl
3b-acetate with dibromantin followed by dehydrobro-
mination to give cholesta-4,6-dien-3b-ol.30 This syn-
thetic way has been applied to a variety of cholesterol
derivatives relevant to the synthesis of the human
metabolites of vitamin D3.31 In our case, we have
described the intermediate 7-bromosteroid because its
formation in the reaction must be confirmed. In
addition, this intermediate could be transformed by
dehydrobromination to undesired 3b-acetoxy-17,17-
ethylenedioxy-androst-5,7-diene (3a) observed in a small
amount (10–15%) and confirmed by NMR and MS
spectra. Moreover, 3b-acetoxy-17,17-ethylenedioxy-

androst-5-en-7a,b-ol (3b) could be formed when anhy-
drous conditions were not respected (Scheme 3). The
structure and 7a/7b bromides ratio were established by
1H NMR spectra. Due to the relative instability of the
bromide product, the crude product was used in next step
without further purification. 7-Bromo derivatives 3
substituted by sodium azide gave 7a- and 7b-azido-and-
rost-5-ene (compounds 4 and 5) easily separable by col-
umn chromatography on silica gel. The stereochemistry
of each azido epimer was established by 1H NMR spectra.


However, direct azidation on allylic position was at-
tempted using trimethylsilyl azide and lead(IV) acetate
in Zbiral conditions (Scheme 4).32 In this case, 7a,b-azi-
dosteroid mixture was not separable in classical chroma-
tography conditions.


The reduction of azides to afford primary amines is an
important synthetic operation. A number of reagents
described in the literature have been used for this reduc-
tive process including Staudinger reaction,33 borohy-
drides,34 samarium diiodide35 and lithium aluminium
hydride.36 But most of these reagents have some
disadvantages in relation to their general applicability.
7-Aminosteroids have been obtained in low yields (0–
25%). On the other hand, unfortunately, reduction of
azides 4 and 5 using recent methods such as either Sm/
NiCl2Æ6H2O37 or Fe/AlCl3 in aqueous ethanol38 failed
to yield the desired product. Moreover, catalytic hydro-
genation could not be used because it has been limited
for being applied to unsaturated compounds. We at-
tempted a reduction of azides 4 and 5 using a high excess
of lithium aluminium hydride in presence of nickel(II)
chloride hexahydrate. Amines 6 and 7 were, respectively,
successfully obtained but with serious purification prob-
lems. These problems have been known in the literature
for purification of aminosteroids such as aminobrassi-
nosteroids.39 Finally, the ketal was removed with
hydrochloric acid in tetrahydrofuran to give aminoster-
oids I and II.


As outlined in Scheme 5, 7a,b-amino-3b-hydroxy-
androst-5-enes (III) were prepared in the same way.
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Scheme 2. Synthesis of 7a- and 7b-amino-3b-hydroxy-androst-5-en-17-one (I and II). Reagents and conditions: (i) Ac2O, pyridine, rt, 12 h, 95%; (ii)


ethylene glycol, PTSA, toluene, reflux, 8 h, 80%; (iii) dibromantin, NaHCO3, n-hexane, 60 �C, 45 min; (iv) NaN3, DMF, rt, 18 h, 45% (35% 7a and


65% 7b); (v) LiAlH4, NiCl2Æ6H2O, THF, reflux, 45 min, 39–70%; (vi) 5% aqueous HCl, THF, rt, 18–24 h, 92–95%.
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Scheme 3. Allylic bromination of 3b-acetoxy-17,17-ethylenedioxy-androst-5-ene with formation of secondary compounds.
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Scheme 4. Azidation in Zbiral conditions. Reagents and conditions:


(AcO)4Pb, Me3SiN3, CH2Cl2, rt, 3 h, 70%.
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Scheme 5. Synthesis of 7a,b-amino-3b-hydroxy-androst-5-enes (III). Reagen


24 h, 74%; (ii) Ac2O, pyridine, rt, 12 h, 88%; (iii) dibromantin, NaHCO3, n-h


7b); (v) LiAlH4, NiCl2Æ6H2O, THF, reflux, 45 min, 31%.
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Dehydroepiandrosterone was deoxygenated in Wolff–
Kishner modified conditions following the procedure
described by Huang-Minlon40 in a good yield (9). The
hydroxyl group was acetylated and allylic bromination
was accomplished by dibromantin/sodium bicarbonate.
The epimeric allylic bromides 11 were substituted by so-
dium azide to give 7a,b-azido-androst-5-ene epimers
(12) inseparable in this case in classical chromatography
conditions. The aminosteroids mixture III was obtained
after reduction of azide and ester.

AcO Br


OH NH2


10 11


iii


III (7α/β : 85/15)


ts and conditions: (i) hydrazine hydrate, KOH, ethylene glycol, reflux,


exane, 60 �C, 45 min; (iv) NaN3, DMF, rt, 18 h, 75% (85% 7a and 15%







Table 1. Cell viability percentage after 24 h treatment with either DHEA or DHEA analogues (DAPI test for determination of cell apoptosis


percentage)


Cell viability % (mean ± SD)


Control I II III DHEA


Dose Untreated (0 lM) 35 lM 70 lM 35 lM 70 lM 35 lM 70 lM 35 lM 70 lM


Leydig cells 95 ± 5 92 ± 3 93 ± 4 92 ± 3 89 ± 5 92 ± 3 94 ± 4 95 ± 5 95 ± 5


TM4 Sertoli 90 ± 3 87 ± 5 86 ± 4 82 ± 3 79 ± 3* 88 ± 3 77 ± 1* 90 ± 3 90 ± 3


*p < 0.05, compared to untreated cells.


Table 2. Cell viability percentage after 24 h treatment with either DHEA or DHEA analogues (Trypan blue test for determination of cell necrosis


percentage)


Cell viability % (mean ± SD)


Control I II III DHEA


Dose Untreated 35 lM 70 lM 35 lM 70 lM 35 lM 70 lM 35 lM 70 lM


Leydig cells 95 ± 5 85 ± 5 78 ± 6 93 ± 1 85 ± 4 82 ± 2 45 ± 6** 86 ± 6 76 ± 4*


TM4 Sertoli 92 ± 6 88 ± 8 18 ± 3*** 64 ± 3** 0 43 ± 6** 0 92 ± 6 92 ± 6


*p < 0.05, **p < 0.01 and ***p < 0.001, compared to untreated cells.
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2.2. Biology


DHEA analogues (I, II and III) were tested on two types
of testicular cells (rat Leydig cells and mouse TM4
immortalized Sertoli cell line). Leydig cells were isolated
from testis of mature Sprague–Dawley rats and charac-
terized as previously described.41 TM4 Sertoli cell line
derived from testis of immature BALB/c mice provides
an ideal system for the in vitro analysis of function
and responsiveness to biochemical and hormonal
factors.42


The cytotoxicity was studied via two separated pro-
cesses: apoptosis or necrosis.


To assess drug-induced apoptotic cell death, apoptosis
was measured by morphological and quantitative evalu-
ation of DNA stained with 4 0,6-diamidino-2-phenylin-
dole (DAPI) by fluorescence microscopy.


Necrosis process was determined using Trypan blue
exclusion assays.


To evaluate viability of cells treated or not by DHEA or
DHEA analogues, the percentage of viable and non-via-
ble cells was determined (Tables 1 and 2). Cells were
incubated for 24 h with or without DHEA and DHEA
analogues at two different concentrations (35 and
70 lM). Preliminary tests showed that lower doses did
not affect cell viability. Viability and total number of
cells were determined, and the percentage of cell viabil-
ity was calculated by the formula (Fig. 1).

cell viability  =
number of viable cells


total number of control cells
x 100


Figure 1.

These results indicate that viability of purified Leydig
cells was not affected via apoptosis or necrosis pro-
cess after 24 h treatment with DHEA analogues I
and II. But, 35 and 70 lM of DHEA analogues II
and III significantly increased the percentage of
necrotic cells.


No TM4 cells’ death induced by apoptosis after treat-
ment with 35 lM of DHEA analogues was observed.
With increasing dose of DHEA analogue I (70 lM),
no significant effect was observed. But with 70 lM of
DHEA analogues II and III, the percentage of apoptotic
cells was increased. In contrast, DHEA analogues in-
duced more death by necrosis. When cells were exposed
to 35 lM, II and III appeared to induce necrosis death
on TM4 Sertoli cells. Increasing concentration to
70 lM, a high and significant necrosis was obtained by
III or by II exposures, less by I.


Finally, these results were then compared to those of
DHEA. DHEA did not appear to induce either apopto-
sis or necrosis of Leydig or Sertoli cells (except for
necrosis induced by a dose of 70 lM in Leydig cells).

3. Conclusion


7-Amino-DHEA derivatives constitute new analogues
of DHEA. 7a- and 7b-amino-3b-hydroxy-androst-5-
en-17-one and 7a,b-amino-3b-hydroxy-androst-5-enes
were successfully prepared as new analogues of DHEA.
The key step in the synthetic strategy involves an allylic
bromination to give an epimeric mixture of 7a,b-bro-
mosteroids which were substituted by an azide function.
3b-Acetoxy-7a,b-azido-17,17-ethylenedioxy-androst-5-
enes were easily separated by classical chromatography.
In contrast, the intermediate epimer mixture 3b-acetoxy-
7a,b-azido-androst-5-ene and 3b-acetoxy-7a,b-azido-
androst-5-en-17-one was inseparable in the same
conditions. It seems that the presence of ketal was
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probably essential for the success of azide epimers’ sep-
aration. The azides were then reduced to amines.


In this preliminary study, no cytotoxic effect induced by
apoptosis or necrosis mechanism was observed on puri-
fied Leydig cells by treatment with DHEA analogues
(except with the highest dose of III that induced necrosis
in Leydig cells).


DHEA analogues’ exposure to TM4 cells induced necro-
sis but no apoptosis (except with the highest dose of II
and III that induced apoptosis). A significant effect
was obtained by III and II, less by I. These results
showed that 7b-epimer (II) has a more cytotoxic effect
than 7a-epimer (I) at a concentration value of 70 lM.
It is clear that these results showed structure depen-
dent-cytotoxic effects on purified Leydig and immortal-
ized TM4 Sertoli cells via necrosis process. Further
investigation in other cell lines and the assessement of
androgenic and other effects will be developed.

4. Experimental


4.1. Chemistry


4.1.1. General remarks. All solvents were distilled and
dried prior to use. Reagents and materials were obtained
from commercial suppliers and were used without fur-
ther purification. The reactions were monitored by
TLC on Kieselgel-G (Merck Si 254 F) layers (0.25 mm
thick). The spots were detected by spraying sulfuric
acid/ethanol (2:8) on TLC and heating. Column chro-
matography was carried out using silica gel 60 (0.063–
0.2 mm) (Merck). Melting points were determined on a
Kofler block and are uncorrected. IR spectra were
recorded on a Perkin-Elmer 1600 FT-IR spectrometer.
Specific rotation was measured in methanol with a
Perkin-Elmer 353 polarimeter. EI mass spectra were
recorded on a Jeol-GCmate (GC–MS system) spectrom-
eter with ionisation energy from 30 to 40 eV. 1H NMR
and 13C NMR spectra were recorded using CDCl3 or
CD3OD, respectively, at 400 MHz (Jeol Lambda 400
spectrometer) and at 100 MHz. Chemical shifts are
reported relative to TMS; J values are given in Hertz.
13C NMR spectra are 1H-decoupled. Elemental analyses
were performed at the ‘Institut de Recherche en Chimie
Organique Fine’ (Rouen).


4.1.2. 3b-Acetoxy-androst-5-en-17-one (1). Acetic anhy-
dride (26 mL, 277 mmol) was added dropwise to a solu-
tion of dehydroepiandrosterone (10 g, 35 mmol) in
pyridine (25 mL). The solution was stirred at room tem-
perature and under argon for 12 h. Ice water (20 mL)
was poured into the mixture. The white precipitate
formed was dissolved in CH2Cl2 (200 mL). The organic
layer was washed with 1 M HCl (3· 20 mL), 5% NaH-
CO3 (1· 30 mL), brine (1· 30 mL) and water (1·
30 mL), dried over anhydrous sodium sulfate and evap-
orated under reduced pressure. The crude product was
recrystallized from acetone to give 1 (10.9 g, 95%) as a
white powder. Mp 172 �C (lit.43 169–171 �C); Rf = 0.28
(cyclohexane/ethyl acetate, 80:20). IR (KBr): m(cm�1):

1740 (C@O ester), 1725 (C@O ketone). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.89 (s, 3H, 18-Me),
1.05 (s, 3H, 19-Me), 2.04 (s, 3H, 3-CH3COO), 4.60 (m,
1H, 3-H), 5.41 (d, 3J6-7b = 5.0 Hz, 1H, 6-H) ppm. 13C
NMR (100 MHz, CDCl3, 25 �C): d = 13.5 (C-18), 19.3
(C-19), 20.2, 21.3 (3-OCOCH3), 21.8, 27.6, 30.7, 31.3,
31.4, 35.7, 36.6, 36.8, 38.0, 47.4, 50.0, 51.6, 73.6 (C-3),
121.8 (C-6), 139.8 (C-5), 170.4 (3-OCOCH3), 220.9 (C-
17) ppm. MS (30 eV, EI): m/z (%) = 270 (100)
[M+�AcOH], 255 (46), 121 (75). Anal. Calcd for
C21H30O3 (330.47): C, 76.33; H, 9.15. Found: C, 76.22;
H, 9.06.


4.1.3. 3b-Acetoxy-17,17-ethylenedioxy-androst-5-ene (2).
p-Toluene sulfonic acid (0.029 g, 0.15 mmol) and ethyl-
ene glycol (25 mL, 454 mmol) were added to a solution
of compound 1 (10 g, 30 mmol) in toluene (120 mL) un-
der argon atmosphere. The solution was refluxed for 8 h
with azeotropic distillation of water. After cooling, the
reaction mixture was made alkaline with saturated aque-
ous NaHCO3 and extracted with ethyl acetate (4·
30 mL). The organic layer was washed with brine, dried
over anhydrous sodium sulfate and evaporated. Recrys-
tallization from a methanol/ethanol mixture (1:1) affor-
ded 2 as a white powder (9.1 g, 80%). Mp 140 �C (lit.44


140–141 �C); Rf = 0.38 (cyclohexane/ethyl acetate,
80:20). IR (KBr): m(cm�1): 1732 (C@O ester). 1H
NMR (400 MHz, CDCl3, 25 �C): d = 0.86 (s, 3H, 18-
Me), 1.03 (s, 3H, 19-Me), 2.04 (s, 3H, 3-CH3COO),
3.86–3.94 (m, 4H, –O(CH2)2O–), 4.61 (m, 1H, 3-H),
5.38 (d, 3J6-7b = 4.9 Hz, 1H, 6-H) ppm. 13C NMR
(100 MHz, CDCl3, 25 �C): d = 14.2 (C-18), 19.3 (C-19),
20.4, 21.4 (3-OCOCH3), 22.7, 27.7, 30.5, 31.2, 32.0,
35.1, 36.5, 36.9, 38.0, 45.6, 49.8, 50.5, 64.5 and 65.1
(–O(CH2)2O–), 73.8 (C-3), 119.4 (C-17), 122.4 (C-6),
139.5 (C-5), 170.5 (3-OCOCH3) ppm. MS (30 eV, EI):
m/z (%) = 314 (51) [M+�AcOH], 252 (95), 226 (59), 99
(100). Anal. Calcd for C23H35O4 (374.53): C, 73.76; H,
9.15. Found: C, 73.72; H, 9.53.


4.1.4. 3b-Acetoxy-7a,b-bromo-17,17-ethylenedioxy-and-
rost-5-ene (3). Sodium bicarbonate (6.1 g, 72 mmol) was
added to a solution of compound 2 (5 g, 13 mmol) and
1,3-dibromo-5,5-dimethylhydantoin (2.30 g, 8 mmol) in
n-hexane (50 mL). The mixture was refluxed for 40 min
under argon atmosphere. The solution was cooled, fil-
tered and evaporated. The crude product was used in next
step without purification. IR and 1H NMR spectra
have been carried out for characterization. IR (KBr)
m(cm�1): 2971–2832 (C–H alkane), 1729 (C@O ester),
560 (C–Br). 1H NMR (CDCl3, 400 MHz, 25 �C),
d = 0.90 (s, 3H, 18-Me), 1.06 (s, 3H, 19-Me), 2.05 (s, 3H,
CH3COO–), 3.82–3.97 (m, 4H, –O(CH2)2O–), 4.60 (m,
1H, 3-H), 4.66 (dd, 3J7a-8 = 8.0 Hz, 3J7a-6 = 2.1 Hz,
0.4H, 7a-H of b epimer), 4.69 (dd, 3J7b-8 = 5.0 Hz,
J


7b-6 = 5.0 Hz, 0.6H, 7b-H of a epimer), 5.41(d,
3J6-7a = 2.1 Hz, 0.4H, 6-H of b epimer), 5.77 (d,
3J6-7b = 5.2 Hz, 0.6H, 6-H of a epimer).


4.1.5. 3b-Acetoxy-7a-azido-17,17-ethylenedioxy-androst-
5-ene (4) and 3b-acetoxy-7b-azido-17,17-ethylenedioxy-
androst-5-ene (5). The crude product 3 was dissolved in
DMF (15 mL) and sodium azide (8.7 g, 133 mmol) was
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added to the mixture that was stirred for 18 h at room
temperature under argon atmosphere. The reaction mix-
ture was poured into water (50 mL) and extracted with
diethyl ether (4· 50 mL). The combined organic layers
were dried over anhydrous sodium sulfate and evapo-
rated. The crude product was purified by column chro-
matography (silica gel, cyclohexane/ethyl acetate, 98:2)
to give two separated epimers as white amorphous solids
7a (16%) and 7b (29%).


4.1.5.1. Compound 4. Rf = 0.35 (cyclohexane/ethyl
acetate, 80:20). [a]D �86� (c 0.1 in methanol). IR
(KBr): m(cm�1): 2098 (N3), 1726 (C@O ester). 1H
NMR (400 MHz, CDCl3, 25 �C): d = 0.85 (s, 3H, 18-
Me), 1.04 (s, 3H, 19-Me), 2.05 (s, 3H, 3-CH3COO),
3.60 (m, 1H, 7b-H), 3.85–3.95 (m, 4H, –O(CH2)2O–),
4.67 (m, 1H, 3-H), 5.37 (d, 3J6-7b = 4.8 Hz, 1H, 6-H)
ppm. 13C NMR (100 MHz, CDCl3, 25 �C): d = 14.3
(C-18), 19.2 (C-19), 20.5, 21.4 (3-OCOCH3), 24.1, 27.6,
29.9, 35.2, 36.4, 36.6, 37.0, 37.6, 46.2, 48.5, 49.8, 63.9,
64.5 and 65.3 (–O(CH2)2O–), 73.1 (C-3), 118.8 (C-17),
121.2 (C-6), 145.2 (C-5), 170.5 (3-OCOCH3) ppm. MS
(30 eV, EI): m/z (%) = 373 (15) [M+�N3


�], 314 (37),
255 (51), 226 (27), 99 (100). HRMS-EI (20 eV):
m/z [M+] Calcd for C23H33N3O4: 415.2471. Found:
415.2455.


4.1.5.2. Compound 5. Rf = 0.32 (cyclohexane/ethyl
acetate, 80:20). [a]D +86� (c 0.1 in methanol). IR
(KBr): m(cm�1): 2100 (N3), 1732 (C@O ester). 1H
NMR (400 MHz, CDCl3, 25 �C): d = 0.89 (s, 3H, 18-
Me), 1.07 (s, 3H, 19-Me), 2.05 (s, 3H, 3-CH3COO),
3.40 (m, 1H, 7a-H), 3.83–3.96 (m, 4H, –O(CH2)2O–),
4.61 (m, 1H, 3-H), 5.35 (s, 1H, 6-H) ppm. 13C NMR
(100 MHz, CDCl3, 25 �C): d = 14.3 (C-18), 19.2 (C-19),
20.5, 21.3 (3-OCOCH3), 24.1, 27.6, 30.0, 35.2, 36.5,
36.6, 37.0, 37.6, 46.2, 48.4, 49.8, 63.8, 64.5 and 65.2
(–O(CH2)2O–), 73.1 (C-3), 118.8 (C-17), 121.2 (C-6),
145.2 (C-5), 170.4 (3-OCOCH3) ppm. MS (30 eV, EI):
m/z (%) = 373 (15) [M+�N3


�], 372 (30) [M+�CH3CO�],
314 (24), 255 (100), 240 (63), 99 (86). ESI-MS:
m/z = 438.2 [M+Na]+.


4.1.6. 7a-Amino-17,17-ethylenedioxy-androst-5-en-3b-ol
(6). Azide 4 (0.40 g, 0.96 mmol) and nickel(II) chloride
hexahydrate (0.23 g, 0.96 mmol) were dissolved in
anhydrous THF (40 mL) under argon atmosphere. The
solution was stirred at room temperature for 30 min.
Lithium aluminium hydride (0.37 g, 9.6 mmol) was
then added to the solution and the mixture was refluxed
for 6 h, cooled and quenched by dropwise addition of
water (20 mL). The product was diluted with 2 M
aqueous sodium hydroxide solution (100 mL) and
extracted with dichloromethane (4· 50 mL). The
combined dichloromethane extracts were washed with
water (2· 30 mL), dried over calcium chloride and
magnesium sulfate and filtered. Removal of the solvent
in vacuo and purification by chromatography (silica
gel, dichloromethane/methanol, 90:10 then 80:20)
afforded a pure product 6 (0.13 g, 39%) as a beige solid.
Mp > 260 �C; Rf = 0.22 (dichloromethane/methanol,
90:10). [a]D �193� (c 0.1 in methanol). IR (KBr):
m(cm�1): 3386 and 3295 (O–H and N–H). 1H NMR

(400 MHz, CDCl3, 25 �C): d = 0.88 (s, 3H, 18-Me),
1.01 (s, 3H, 19-Me), 3.09 (ddd, 3J7b-8 = 4.8 Hz,
3J7b-6 = 4.8 Hz, 5J7b-4 = 2.0 Hz, 1H, 7b-H), 3.55 (m,
1H, 3-H), 3.84–3.96 (m, 4H, –O(CH2)2O–), 5.54 (dd,
3J6-7b = 5.1 Hz, 4J6-4 = 1.5 Hz, 1H, 6-H) ppm. 13C
NMR (100 MHz, CD3OD, 25 �C): d = 14.5 (C-18),
19.2 (C-19), 21.2, 23.7, 31.3, 32.1, 35.0, 38.3, 38.4,
38.6, 42.9, 43.0, 45.1, 46.8, 47.7, 65.6 and 66.2
(–O(CH2)2O–), 72.1 (C-3), 120.4 (C-17), 125.6 (C-6),
145.5 (C-5) ppm. MS (30 eV, EI): m/z (%) = 357 (2)
[M+], 235 (5), 100 (84), 85 (100). HRMS-EI (20 eV):
m/z [M+] Calcd for C21H33NO3: 347.2460. Found:
347.2464.


4.1.7. 7b-Amino-17,17-ethylenedioxy-androst-5-en-3b-ol
(7). Azide 5 (0.8 g, 1.93 mmol) was reduced as described
for compound 6 to yield 7 (0.47 g, 70%) as beige crystals.
Mp 176 �C; Rf = 0.20 (dichloromethane/methanol, 90:10
then 80:20). [a]D +189� (c 0.1 in methanol). IR (KBr):
m(cm�1): 3386 and 3310 (O–H and N–H). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.84 (s, 3H, 18-Me),
0.98 (s, 3H, 19-Me), 3.09 (d, 3J7a-8 = 8.0 Hz, 1H, 7a-
H), 3.47 (m, 1H, 3-H), 3.80–3.92 (m, 4H, –O(CH2)2O–),
5.11 (s, 1H, 6-H) ppm. 13C NMR (100 MHz, CDCl3,
25 �C): d = 14.3 (C-18), 19.3 (C-19), 20.5, 25.2, 30.1,
31.5, 35.2, 36.1, 37.0, 41.8, 42.0, 46.3, 49.0, 50.2, 53.8,
64.4 and 65.1 (–O(CH2)2O–), 70.9 (C-3), 118.6 (C-17),
126.4 (C-6), 142.1 (C-5) ppm. MS (40 eV, EI): m/z
(%) = 357 (14) [M+], 315 (11), 235 (24), 99 (100).
HRMS-EI (20 eV): m/z [M+] Calcd for C21H33NO3:
347.2460. Found: 347.2449.


4.1.8. 7a-Amino-3b-hydroxy-androst-5-en-17-one (I). Five
percent aqueous HCl solution (5 mL) was added to a solu-
tion of compound 6 (0.05 g, 0.13 mmol) in THF (5 mL).
The mixture was stirred for 24 h at room temperature.
The solution was cooled to 0 �C and treated with 10%
NaHCO3 (10 mL) and extracted with chloroform (4·
10 mL). The organic layer was washed with brine, dried
over anhydrous sodium sulfate and evaporated. The
crude product was purified by chromatography (silica
gel, dichloromethane/methanol/triethylamine, 80:18:2)
to afford 0.048 g (95%) of I as an amorphous solid.
Rf = 0.21 (dichloromethane/methanol, 80:20). [a]D
�193� (c 0.1 in methanol). IR (KBr): v(cm�1): 3380 and
3154 (O–H and N–H), 1738 (C@O ketone). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.89 (s, 3H, 18-Me), 1.02
(s, 3H, 19-Me), 3.19 (s, 1H, 7b-H), 3.55 (m, 1H, 3-H),
5.54 (d, 3J6-7b = 5.4 Hz, 1H, 6-H) ppm. 13C NMR
(100 MHz, CDCl3, 25 �C): d = 13.3 (C-18), 18.6 (C-19),
20.0, 22.1, 31.1, 31.4, 35.6, 36.6, 37.2, 37.5, 42.0, 42.1,
45.4, 46.0, 47.1, 71.3 (C-3), 125.3 (C-6), 142.8 (C-5),
220.4 (C-17) ppm. MS (30 eV, EI): m/z (%) = 303 (57)
[M+], 286 (57), 150 (80), 83 (100). HRMS-EI (20 eV): m/
z [M+] Calcd for C19H29NO2: 303.2198. Found: 303.2185.


4.1.9. 7b-Amino-3b-hydroxy-androst-5-en-17-one (II).
Compound 7 (0.35 g, 1 mmol) was deprotected in the
same manner as 6 to yield product II (0.28 g, 92%) as
an amorphous solid. Rf = 0.20 (dichloromethane/metha-
nol, 80:20). [a]D +191� (c 0.1 in methanol). IR (KBr):
m(cm�1): 3385 and 3256 (O–H and N–H), 1742 (C@O
ketone). 1H NMR (400 MHz, CDCl3, 25 �C): d = 0.84
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(s, 3H, 18-Me), 1.00 (s, 3H, 19-Me), 3.20 (m, 1H, 7a-H),
3.46 (m, 1H, 3-H), 5.16 (s, 1H, 6-H) ppm. 13C NMR
(100 MHz, CDCl3, 25 �C): d = 13.6 (C-18), 19.1 (C-19),
20.5, 20.9, 24.0, 29.6, 31.2, 31.2, 35.8, 36.3, 36.9, 41.6,
48.0, 51.3, 60.4, 70.8 (C-3), 125.3 (C-5), 142.8 (C-6),
220.4 (C-17) ppm. MS (30 eV, EI): m/z (%) = 303 (17)
[M+], 270 (31), 99 (85), 83 (100). HRMS-EI (20 eV):
m/z [M+] Calcd for C19H29NO2: 303.2198. Found:
303.2213.


4.1.10. 3b-Acetoxy-7a,b-azido-androst-5-en-17-one (8).
Trimethylsilyl azide (8.0 mL, 60.5 mmol) was added
dropwise to a solution of 1 (2 g, 6.1 mmol) and lead(IV)
acetate (5.37 g, 12.1 mmol) in methylene chloride
(20 mL). The mixture was stirred for 2 h at room tem-
perature. The solution was diluted with water and the
lead(II) azide precipitate was removed by filtration and
decomposed with sodium nitrite/dilute hydrochloric
acid. The organic layer was dried over sodium sulfate
and evaporated. The crude product was purified by
chromatography (cyclohexane/ethyl acetate, 8:2) to give
1.6 g (70% of epimeric mixture: a epimer 70% and b epi-
mer 30%) of 8 as a white amorphous solid. IR: m: 2095
(N3), 1738 (C@O ester), 1725 (C@O ketone). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.86 (s, 3H, 18-Me),
1.02 (s, 3H, 19-Me), 2.16 (s, 3H, 3-CH3COO), 3.59 (d,
3J7a-8 = 9.4 Hz, 0.3H, 7a-H of azide b epimer), 3.73
(m, 0.7H, 7b-H of azide a epimer), 4.65 (m, 1H, 3-H),
5.35 (s, 0.3H, 6-H of azide b epimer), 5.55 (dd, 3J6-7b =
5.1 Hz and 3J6-4 = 1.4 Hz, 0.7H, 6-H of azide a epimer)
ppm.


4.1.11. Androst-5-en-3b-ol (9). Hydrazine hydrate
(2.16 mL, 69 mmol) was added to a solution of dehydro-
epiandrosterone (2 g, 7 mmol) in ethylene glycol
(20 mL) and heated to 100 �C for 2 h. Potassium
hydroxide (4.2 g, 75 mmol) was added to the stirred
solution and stirring was continued with no external
heating over 24 h. The solution was cooled to 0 �C.
The precipitate was filtered and dissolved in chloroform
(30 mL). The organic phase was washed with 1 M HCl
(3· 15 mL), 10% NaHCO3 (1· 15 mL), brine and dried
over calcium chloride and magnesium sulfate. The solu-
tion was evaporated and the crude product was purified
by chromatography (silica gel, cyclohexane/ethyl ace-
tate, 80:20) to afford compound 9 as a white solid
(1.39 g, 74%). Mp 136 �C (lit.45 133–134 �C); Rf = 0.23
(cyclohexane/ethyl acetate, 70:30). IR (KBr): m(cm�1):
3246 (O–H). 1H NMR (400 MHz, CDCl3, 25 �C):
d = 0.72 (s, 3H, 18-Me), 1.02 (s, 3H, 19-Me), 3.53 (m,
1H, 3-H), 5.36 (d, 3J6-7b = 6.6 Hz, 1H, 6-H) ppm. 13C
NMR (100 MHz, CDCl3, 25 �C): d = 17.2 (C-18), 19.4
(C-19), 20.5, 21.1, 25.6, 31.7, 32.1, 32.1, 36.6, 37.3,
38.7, 40.3, 40.6, 42.3, 50.4, 54.8, 71.8 (C-3), 121.7 (C-
6), 140.7 (C-5) ppm. MS (30 eV, EI): m/z (%) = 274
(100) [M+], 256 (63), 241 (74), 189 (64), 163 (65). Anal.
Calcd for C19H30O (274.45): C, 83.15; H, 11.02. Found:
C, 83.37; H, 11.16.


4.1.12. 3b-Acetoxy-androst-5-ene (10). Using the same
method described for compound 1, compound 9 (1.3 g,
4.7 mmol) was converted to 10 (1.14 g, 88%) as a white
powder. Mp 98 �C; Rf = 0.64 (cyclohexane/ethyl acetate,

70:30). IR (KBr): m(cm�1): 1732 (C@O ester). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.72 (s, 3H, 18-Me), 1.03
(s, 3H, 19-Me), 2.04 (s, 3H, 3-CH3COO), 4.60 (m, 1H, 3-
H), 5.38 (d, 3J6-7b = 4.9 Hz, 1H, 6-H) ppm. 13C NMR
(100 MHz, CDCl3, 25 �C): d = 17.2 (C-18), 19.3 (C-19),
20.5, 21.1 (3-OCOCH3), 21.4, 25.6, 27.8, 32.1, 32.2,
36.7, 37.1, 38.1, 38.6, 40.2, 40.6, 50.3, 54.8, 73.9 (C-3),
122.6 (C-6), 139.6 (C-5), 170.5 (3-OCOCH3) ppm. MS
(30 eV, EI): m/z (%) = 316 (1) [M+], 256 (100)
[M+�AcOH], 241 (16), 148 (23), 135 (21). Anal. Calcd
for C21H32O2 (316.49): C, 79.70; H, 10.19. Found: C,
79.98; H, 10.33.


4.1.13. 3b-Acetoxy-7a,b-azido-androst-5-ene (12). Com-
pound 12 was obtained from compound 10 (0.5 g,
1.6 mmol) via 11 as described for the preparation of
compounds 4 and 5 to yield (0.42 g, 75%) azide epimers
mixture (7a/b: 15/85 ratio, respectively) inseparable by
chromatography (silica gel, cyclohexane/ethyl acetate,
95:5) as a colourless oil. Rf = 0.60 (cyclohexane/ethyl
acetate, 70:30). IR (KBr): m(cm�1): 2094 (N3), 1735
(C@O ester). 1H NMR (400 MHz, CDCl3, 25 �C):
d = 0.71 (s, 3H, 18-Me), 1.08 (s, 3H, 19-Me), 2.04 (s,
3H, 3-CH3COO), 3.37 (d, 3J7a-8 = 9.0 Hz, 0.85H, 7a-
H), 3.61 (m, 0.15H, 7b-H), 4.61 (m, 1H, 3-H), 5.36
(s, 0.85H, 6-H of azide b epimer), 5.57 (d, 3


J6-7b = 5.1 Hz, 0.15H, 6-H of azide a epimer) ppm. 13C
NMR (100 MHz, CDCl3, 25 �C): d = 16.9, 17.3, 18.5,
19.2 (C-18 and C-19), 20.5, 20.8, 21.1 and 21.3
(CH3COO), 25.3, 25.9, 26.8, 27.1, 27.4, 27.6, 30.1,
30.4, 32.8, 33.2, 36.6, 36.7, 37.0, 37.2, 37.5, 37.6, 37.9,
38.3, 40.4, 41.1, 48.6 and 48.8 (C-7), 53.9, 58.5, 64.1,
64.2, 73.1 and 73.6 (C-3), 119.1 and 121.3 (C-6), 145.2
and 147.3 (C-5), 170.3 and 170.4 (3-CH3COO) ppm.
MS (30 eV, EI): m/z (%) = 269 (9) [M+�AcOH, –N2],
255 (56) [M+�AcOH, –N3


�], 186 (7), 159 (18), 133
(36), 108 (85), 95 (67), 82 (100). ESI-MS: m/z = 480.4
[M+Na]+.


4.1.14. 7a,b-Amino-androst-5-en-3b-ol (III). Epimeric
azide mixture 12 (0.38 g, 1.1 mmol) was reduced in the
same manner as compound 6 to yield III (0.12 g, 31%)
after purification by chromatography (silica gel, dichlo-
romethane/methanol, 90:10) as an amorphous solid.
Rf = 0.19 (dichloromethane/methanol, 90:10). IR
(KBr): m: 3362 and 3280 (O–H and N–H). 1H NMR
(400 MHz, CDCl3, 25 �C): d = 0.73 (s, 3H, 18-Me),
1.03 (s, 3H, 19-Me), 3.01 (ddd, 3J7a-8 = 7.8 Hz,
3J7a-6 = 2.1 Hz, 5J7a-4 < 1 Hz, 0.55H, 7a-H), 3.10 (ddd,
3J7b-8 = 5.1 Hz, 3J7b-6 = 5.0 Hz, 5J7b-4 = 1.5 Hz, 0.45H,
7b-H), 3.53 (m, 1H, 3-H), 5.18 (dd, 3J6-7a = 2.1 Hz,
4J6-4 < 1 Hz, 0.55H, 6-H of amine b epimer), 5.52 (dd,
3J6-7b = 5.0 Hz, 4J6-4 < 1 Hz, 0.45H, 6-H of amine a epi-
mer) ppm. 13C NMR (100 MHz, CDCl3, 25 �C):
d = 17.0, 17.4, 18.7, 19.4 (C-18 and C-19), 20.5, 20.8,
25.9, 27.1, 27.6, 27.9, 30.1, 30.6, 31.4, 31.7, 36.3, 37.2,
37.4, 37.5, 38.2, 38.7, 39.7, 40.1, 40.5, 41.4, 42.0, 42.1,
42.2, 42.5, 47.4 and 48.1 (C-7), 54.1, 54.4, 71.3 and
71.4 (C-3), 125.9 and 126.9 (C-6), 141.9 and 143.1 (C-
5) ppm. MS (30 eV, EI): m/z (%) = 289 (48) [M+], 272
(27) [M+�NH3], 177 (100), 136 (38). HRMS-EI
(20 eV): m/z [M+] Calcd for C19H31NO: 289.2406.
Found: 289.2402.
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4.2. Biology


4.2.1. Animals. Seventy-day-old male Sprague–Dawley
rats, obtained from our own colony, were maintained
on a 12 h light/dark cycle at 20–22 �C. Food and water
were provided ad libitum.


4.2.2. Isolation and purification of Leydig cells. Rats were
killed and the testes removed, decapsuled and placed in
DMEM/Ham F12 medium (1:1; v/v). The crude intersti-
tial cells were isolated following a collagenase/dispase
(0.05%) treatment in the presence of soybean trypsin
inhibitor (STI) (0.005%) and DNase (0.001%). The
interstitial cells were separated from the seminiferous
tubular pellet by filtration through a nylon mesh. The
Leydig cells were purified on discontinuous (20–80%)
Percoll gradients as described previously.41 Leydig cell
fractions were collected, washed with medium and their
purity was analyzed by histochemical staining for the
specific 3b-hydroxysteroid dehydrogenase (3b-HSD po-
sitive cells).46 Leydig cells’ viability was evaluated by
Trypan blue test. Purity and cell viability were, respec-
tively, around 90% and 95%.


4.2.3. Treatment of Leydig cells. Cells were incubated
for 24 h at a density of 3 · 105 cells/mL of medium under
an atmosphere of 95% air-5% CO2. DHEA and DHEA
analogues were dissolved in ethanol before being added
to cell culture media. Then, the Leydig cells were treated
during 24 h with 0, 35 and 70 lM of DHEA or DHEA
analogues (0.007% ethanol in culture media).


4.2.4. Culture and treatment of TM4 cells. Cells were
incubated for 24 h at a density of 105 cells/mL of
DMEM/Ham F12 medium (1:1; v/v) with horse serum
(5%), foetal calf serum (2.5%) and glutamine (0.2%) un-
der an atmosphere of 95% air-5% CO2. Then, TM4 cells
were treated during 24 h with 0, 35 and 70 lM of DHEA
or DHEA analogues.


4.2.5. In situ analysis of viability
4.2.5.1. Trypan blue test. At the end of the culture,


cells were incubated for 5 min in presence of 10 lL of
0.5% Trypan blue. Presence of holes in the cell mem-
brane of necrotic cells allows penetration of the colour-
ing (Apoptotic cells have membrane integrity, so Trypan
blue cannot penetrate inside). Observation of blue cells
with a microscope revealed necrotic cells and percentage
of necrosis.


4.2.5.2. DAPI test. At the end of the incubation, the
medium was removed and cells were fixed in absolute
ethanol/chloroform/acetic acid (6:3:1; v/v/v) for one
day at �20 �C. Each well was washed with phosphate-
buffered saline (PBS, pH 7.4) and incubated with 1 lg/
mL of DAPI solution. The morphology of the cells’ nu-
clei was observed using a fluorescence microscope at
350 nm excitation wavelength. Labelled DNA of viable
cells scattered throughout the nucleus. Apoptotic nuclei
can be identified by the condensed chromatin gathering
at the periphery of the nuclear membrane or a total frag-
mented morphology of nuclear bodies. The percentage
of cells with apoptotic nuclei was determined.

4.2.6. Statistical analysis. Data are presented as
means ± SD of triplicate determinations performed in
three different experiments. Student’s t-test was used to
compare the effects of DHEA or DHEA analogues on
viability of Leydig cells or TM4 Sertoli cell line. Signif-
icance was assumed at p < 0.05 (*) p < 0.01 (**) or
p < 0.001 (***).
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Abstract—A series of 2-(2,6-dihalophenyl)-3-(substituted pyrimidinyl)-1,3-thiazolidin-4-ones were designed on the prediction of
quantitative structure–activity relationship (QSAR) studies, synthesized, and evaluated as HIV-1 reverse transcriptase inhibitors.
Our attempts in correlating the identified molecular surface features related properties for modeling the HIV-1 RT inhibitory activ-
ity resulted in some statistically significant QSAR models with good predictive ability. The results showed that compounds 4m and
4n were highly active in inhibiting HIV-1 replication with EC50 values in the range of 22–28 nM in MT-4 as well as in CEM cells with
selectivity indexes of >10,000. The derived models collectively suggest that the compounds should be compact without bulky sub-
stitution on its peripheries for better HIV-1 RT inhibitory activity. These models also indicate a preference for hydrophobic com-
pounds to obtain good HIV-1 RT inhibitory activity.
� 2007 Published by Elsevier Ltd.

Figure 1. Structures of TBZ1 and TBZ2 (I) and 2-(2,6-dihalophenyl)-


3-pyrimidinyl-1,3-thiazolidin-4-one derivatives (II).

1. Introduction


Non-nucleoside reverse transcriptase (RT) inhibitors
(NNRTIs) of HIV-1 RT are an important part of cur-
rently available anti-HIV therapies because of their
diversity and specificity in targeting this enzyme.1 How-
ever, the efficacy of NNRTIs is seriously hampered by
the emergence of mutant viral strains.2,3 Therefore, it
is imperative to look for new chemical entities having
broad-spectrum activity against a variety of clinically
relevant mutant RT enzymes with minimal cytotoxicity.
Recently, Berraca et al. and our group reported
thiazolobenzimidazole (TBZ) derived 2,3-(diaryl-substi-
tuted)-1,3-thiazolidin-4-one scaffold as selective HIV-1
NNRTIs (Fig. 1).4–8 Subsequently, a systematic QSAR
effort was made by our group and others to rationalize
the biological activity and to define the biophoric space
around the 4-thiazolidinone skeleton, indicating the
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importance of overall hydrophobicity of the analogues,
and steric and electronic features of meta-/para-substit-
uents of N-3-aryl moiety.9–11 It was also suggested that
a heteroaryl system would be a preferred one for the
3-aryl moiety for better HIV-1 RT inhibitory activity.
The studies carried out with the topological descriptors
of these compounds suggested that less extended or
compact saturated structural templates would be better
for the activity. Therefore, the compounds having high
hydrophobicity at N-3-aryl moiety were designed, syn-
thesized, and evaluated for RT inhibitory activity and
the results are presented in this paper.
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Scheme 1. Synthesis of 2-aminopyrimidines and 2-(2,6-dihalophenyl)-3-pyrimidinyl-1,3-thiazolidin-4-ones. Reagents and conditions: (a) EtOH,


reflux, 8 h, 55–80% yields; (b) 2,6-dihalo-substituted benzaldehyde (1.5 equiv), mercaptoacetic acid (2 equiv), toluene reflux at 120 �C, 24 h, 28–56%.
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2. Results and discussion


2.1. Method


2.1.1. Chemistry. To synthesize the di- and tri-substi-
tuted 2-aminopyrimidine compounds (3a–e), free base
guanidine (2) solution in ethanol was refluxed with dif-
ferent 1,3-dicarbonyl compounds (1a–e) for 8 h to yield
the corresponding 2-aminopyrimidine (3a–e) as shown
in Scheme 1.12 The synthesis of 4-amino-2,6-dimethyl-
pyrimidine (6) was carried out, according to reported
procedure (Scheme 2),13 by heating the mixture of aceto-
nitrile and NaOMe for 14 h at 150 �C in a glass sealed
tube. The obtained product was isolated by conven-
tional workup in satisfactory yield. The synthesis of
new 2-(2,6-dihalophenyl)-3-(substituted pyrimidin-2-yl)-
1,3-thiazolidin-4-ones (4a–o and 7a–c) was carried out
according to the reported procedure,5 by reacting a suit-
ably substituted 2-aminopyrimidine (3a–e, 6) with 2,6-
dihalo-substituted benzaldehyde in the presence of an
excess of mercaptoacetic acid in reflux toluene for 24 h
(Schemes 1 and 2). After completion of the reaction, de-
sired final products were obtained by conventional
workup procedure followed by flash column chromatog-
raphy purification on silica-gel (230–400 mesh size) in
moderate to excellent yields. All the synthesized com-
pounds were well characterized by spectroscopic meth-
ods and elemental analysis.


2.1.2. Anti-HIV activity evaluation
2.1.2.1. In vitro HIV-RT kit assay.14 The HIV-RT


inhibition assay was performed by using an RT assay

Scheme 2. Synthesis of 4-amino-2,6-dimethylpyrimidine and 2-(2,6-


dihalophenyl)-3-(2,6-dimethylpyrimidin-4-yl)-1,3-thiazolidin-4-ones.


Reagents and conditions: (a) MeONa, reflux at 150 �C, 14 h, 90%


yield; (b) 2,6-dihalo-substituted benzaldehyde (1.5 equiv), mercap-


toacetic acid (2 equiv), toluene reflux at 120 �C, 24 h, 38–54% yields.

kit (Roche), and the procedure for assaying RT inhibi-
tion was performed as described in the kit protocol
(Roche Kit). Briefly, the reaction mixture consists of
template/primer complex, 2 0-deoxy-nucleotide-5 0-tri-
phosphates (dNTPs), and reverse transcriptase (RT)
enzyme in the lysis buffer with or without inhibitors.
After 1-h incubation at 37 �C, the reaction mix was
transferred to streptavidine-coated microtiter plate
(MTP). The biotin labeled dNTPs that are incorporated
in the template due to activity of RT were bound to
streptavidine. The unbound dNTPs were washed using
wash buffer and anti-digoxigenin–peroxidase (DIG–
POD) was added in MTP. The DIG-labeled dNTPs
incorporated in the template were bound to anti-DIG–
POD antibody. The unbound anti-DIG–POD was
washed and the peroxide substrate (ABST) was added
to the MTP. A colored reaction product was produced
during the cleavage of the substrate catalyzed by a
peroxide enzyme. The absorbance of the sample was
determined at OD 405 nM using microtiter plate ELISA
reader. The resulting color intensity is directly
proportional to the actual RT activity. The percentage
inhibitory activity of RT inhibitors was calculated by
comparing to a sample that does not contain an
inhibitor. The percentage inhibition was calculated by
the formula given below


% Inhibition ¼ 100


� OD 405 nm with inhibitor


OD 405 nm without inhibitor
� 100


� �

2.1.2.2. In vitro anti-HIV assay. The methodology of
the anti-HIV assays has been previously described.15


Briefly, MT-4 or CEM cells were infected with HIV-1IIIB


and HIV-2ROD at 100 times the CCID50 (50% cell cul-
ture infective dose) per milliliter of cell suspension.
Then, 100 ll of the infected cell suspension was trans-
ferred to microtiter plate wells, mixed with 100 ll of
the appropriate dilutions of test compounds, and further
incubated at 37 �C. In CEM cells, after 4 days of incuba-
tion, HIV-1-induced syncytium formation was recorded.
The 50% effective concentration (EC50) was defined as
the compound concentration required to inhibit virus-
induced syncytium formation by 50%.16 After 5 days
of incubation of MT-4 cells, the number of viable cells
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was determined. The 50% effective concentration (EC50)
was defined as the concentration of compound required
to reduce 50% cell viability in MT-4 cells. The cytotoxic
concentration CC50 was determined as the concentra-
tions of compound to inhibit by 50% the number of via-
ble cells in mock-infected MT-4 and CEM cell cultures.


2.2. Biological activity


All compounds (4a–o and 7a–c) were evaluated for HIV-
1 RT inhibitory activity by determining their percentage
inhibition of HIV-1 RT activity in HIV-1 RT kit.14 The
HIV-1 RT inhibition assay gave data in agreement with
the in vitro anti-HIV activity in MT-4 and CEM cell
line.15,16 Those compounds showing inhibitory activity
against RT in HIV-1 RT kit also showed anti-HIV-1
activity in both cell lines (Tables 1 and 2). The cytotox-
icity of compounds was also measured in MT-4 and
CEM cells in parallel with the HIV RT-inhibitory
activity15,16 (Tables 1 and 2).


As predicted by the molecular modeling studies,9–11


the overall hydrophobicity of the analogues, and steric
and electronic features of meta-/para-substituents of 3-
hetero-aryl moiety led to a substantial increase in
antiviral activity. In terms of the structure–activity

Table 1. Anti-HIV-1 activity, cytotoxicity, and selectivity index in MT-4 cel


N
O


N
NR1


R2 R3


R


Compound R1 R2 R3 R4 R5 Yield (%)


EC


4a Me H CF3 Cl Cl 50 1.0


4b Me H CF3 Cl F 47 1.3


4c Me H CF3 F F 38 5.0


4d Me H Ph Cl Cl 48 6.1


4e Me H Ph Cl F 41 3.9


4f Me H Ph F F 37 6.4


4g Ph H CF3 Cl Cl 46 >8


4h Ph H CF3 Cl F 42 >1


4i Ph H CF3 F F 32 >1


4j Ph H Ph Cl Cl 38 >1


4k Ph H Ph Cl F 30 >2


4l Ph H Ph F F 28 >1


4m Me Me Me Cl Cl 56 0.0


4n Me Me Me Cl F 50 0.0


4o Me Me Me F F 45 0.4


7a 2,6-Dimethyl-


pyrimidin-4-yl


Cl Cl 54 4.3


7b 2,6-Dimethyl-


pyrimidin-4-yl


Cl F 49 4.3


7c 2,6-Dimethyl-


pyrimidin-4-yl


F F 38 25


TBZ-1 — 0.3


TBZ-2 — 0.6


a Concentration required to reduce HIV-1-induced cytopathic effect by 50%
b Concentration required to reduce MT-4 cell viability by 50%.
c Selectivity index or ratio of CC50 to EC50.

relationships (SARs), introducing a 2-pyrimidinyl sub-
stituent at the N-3 atom of the thiazolidinone ring led
to enhanced anti-HIV activity. In particular, the 2,6-
dihalophenyl substituted compounds 4m and 4n were
more active than the other analogues including the
lead compounds TBZs (TBZ1 and TBZ2). Considering
the effect of the substituents on the pyrimidine ring at
N-3, introduction of 4-methyl-6-trifluoromethylpyrimi-
din-2-yl moiety (4a–c) led to moderate activity. Intro-
duction of the 4-methyl-6-phenylpyrimidin-2-yl moiety
(4d–f) led to a decrease in the activity. Introduction of
the 4-phenyl-6-trifluoromethylpyrimidin-2-yl and 4,6-
diphenylpyrimidin-2-yl (4g–l) also led to a substantial
decrease in activity. The compounds with the best
combination of high potency and low toxicity were
the 4,5,6-trimethylpyrimidin-2-yl derivatives 4m, 4n,
and 4o. Compounds 4m and 4n proved to be 12.5-
to 14-fold more effective than TBZ1 and 21- to
23.5-fold more effective than TBZ2 in inhibiting the
HIV-1 replication in MT-4 cells. In CEM cells,
compounds 4m and 4n are 50 times more active than
TBZ1.


Compounds 4m and 4n thus emerged as the most potent
compounds of this series with EC50 values in the range
of 22–28 nM. Probably the flexibility of these molecules

ls and HIV-RT kit assay for compounds (4a–o and 7a–c)


S


5


R4


Anti-HIV-1 activity Inhibition rate (%)


(HIV-RT kit assay)


50
a (lM) CC50


b (lM) SIc 100 lg/ml 10 lg/ml


± 0.3 46.4 ± 3.1 46 43.7 32.9


± 0.3 16.9 ± 14.5 13 93.7 46.3


± 0.6 125.4 ± 45.7 25 38.9 32.3


± 2.8 35.3 ± 2.9 6 51.5 18.0


± 0.6 145.5 ± 129.3 38 79.9 32.7


± 0.1 36.5 ± 0.8 6 54.2 47.4


0.2 140.4 ± 97.6 <1 39.4 25.4


0.8 93.9 ± 58.4 9 20.6 43.9


22.8 74.3 ± 60.4 <1 6.6 15.6


94.8 192.7 ± 15.9 <1 51.4 31.6


42.5 >200.9 <1 66.7 55.6


67.2 176.6 ± 25.0 <1 44.0 30.1


3 ± 0.02 >320.4 >11456 100 94.8


2 ± 0.01 216.2 ± 53.5 8669 100 99.3


± 0.04 341.1 ± 45.6 880 100 96.3


± 1.1 41.3 ± 1.1 10 51.9 6.6


± 0.3 47.6 ± 1.5 11 48.6 9.3


.5 ± 4.1 271.6 ± 93.3 11 58.1 27.2


5 ± 0.1 19.2 ± 2.8 54.5 — —


± 0.09 9.4 ± 6.5 16 — —


in MT-4 cells.







Table 2. Anti-HIV-1 activity, cytotoxicity, and selectivity index in


CEM cells for selected compounds


Compound Anti-HIV-1 activity


EC50
a (lM) CC50


b (lM) SIc


4a 0.8 ± 0.5 46.7 ± 2.8 62


4b 1.1 ± 0.5 19.3 ± 13.6 18


4c 4.4 ± 1.1 140.4 ± 51.9 32


4d 5.8 ± 2.1 35.3 ± 2.9 6


4e 3.9 ± 0.4 171.9 ± 126.6 44


4f 5.6 ± 1.3 36.5 ± 0.8 6


4m 0.02 ± 0.01 >339.4 >15281


4n 0.02 ± 0.01 249.6 ± 79.8 10989


4o 0.3 ± 0.2 >372.7 >1222


7a 3.8 ± 1.2 42.0 ± 1.9 11


7b 4.1 ± 0.4 47.6 ± 1.3 12


7c 20.3 ± 9.5 271.6 ± 93.3 13


TBZ-1 1.10 ± 0.3 50.0 ± 3.2 45


a Concentration required to reduce HIV-1-induced cytopathic effect by


50% in CEM cells.
b Concentration required to reduce CEM cell viability by 50%.
c Selectivity index ratio CC50/EC50.
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enables them to be better accommodated into the HIV-1
RT allosteric binding site. In addition, these compounds
were minimally toxic, and their selectivity indexes were
remarkably high (up to >10,000). As observed for other
classes of NNRTIs, none of the compounds inhibited
the replication of HIV-2 (ROD) in MT-4 cells at subtoxic
concentrations.


2.3. QSAR and modeling studies


For the QSAR study 26 identified molecular surface fea-
tures related descriptors17 belonging to 2D- and 3D-
descriptor classes from MOE18 have been considered
to parameterize the compounds (Table 1). A complete
list of all 26 2D molecular descriptors along with 3D
descriptors included in the present QSAR study is given
in supporting information. Among the descriptors con-
sidered, several properties of van der Waals surface Area

Table 3. Physicochemical properties and anti-HIV activity of compounds 4a


Compound PEOE_VSA+2 Q_VSA_NEG ASA


4a 11.8 190.8 176.5


4b 20.8 173.1 183.2


4c 29.9 155.5 188.6


4d 5.1 216.4 92.9


4e 14.1 198.7 101.0


4f 23.2 181.0 106.3


4g 11.8 252.1 196.2


4h 20.8 234.4 203.8


4i 29.9 216.7 208.5


4j 5.1 277.6 91.8


4k 14.1 260.0 100.2


4l 23.2 242.3 104.1


4m 5.1 145.0 91.4


4n 14.1 127.4 97.4


4o 23.2 109.7 99.8


7a 27.5 155.1 103.0


7b 36.5 137.4 106.9


7c 45.5 119.7 110.1

of these compounds have taken part in the regression
equations. Among these, the descriptors prefixed with
partial equalization of orbital electronegativities
(PEOE) having resulted from the PEOE method of cal-
culating atomic partial charges and the descriptor pre-
fixed with Q having resulted from the partial charges
on the atoms of the structure have shown strong corre-
lation (r is 0.74–0.97) with HIV-RT inhibitory activity of
the compounds. The activity of these compounds is best
explained by these descriptors as shown in the following
models (Table 3).


Model 1


� log EC50 ¼ 11:83� 0:078ð0:009ÞPEOE VSAþ 2


� 0:027ð0:002ÞQ VSA NEG


n ¼ 18; r ¼ 0:96; Q2 ¼ 0:88;


s ¼ 0:38; F ¼ 91:53 ð1Þ
Model 2


� log EC50 ¼ 11:671� 0:084ð0:009ÞPEOE VSAþ 2


� 0:029ð0:002ÞQ VSA NEG


� 0:004ð0:002ÞASA P


n ¼ 18; r ¼ 0:97; Q2 ¼ 0:90;


s ¼ 0:34; F ¼ 77:94 ð2Þ
In the equations, n is the number of compounds, r is
the correlation coefficient, Q2 is cross-validated R2


from the leave-one-out (LOO) cross-validation proce-
dure, s is the standard error of the estimate, and F
is the F-ratio between the variances of calculated
and observed activities. The values given in the
parentheses are the standard errors of the regression
coefficients. In both the models PEOE_VSA+2 repre-
sents the sum of VSA with partial atomic charges in
the range of 0.10–0.15. It has participated in model
with a negative regression coefficient suggesting in
favor of decreased positively charged and increased

–o and 7a–c in MT-4 cells


_P �logEC50


(Obsd) Eq. (1) (Calcd) Eq. (2) (Calcd)


6.0 5.7 5.9


5.9 5.5 5.7


5.3 5.3 5.5


5.2 5.6 5.5


5.4 5.3 5.2


5.2 5.1 5.0


3.8 4.1 4.4


4.7 3.7 3.9


3.6 3.6 3.9


3.4 4.0 3.8


3.3 3.7 3.5


3.5 3.4 3.1


7.6 7.4 7.4


7.6 7.2 7.1


6.4 7.2 7.1


5.4 5.5 5.3


5.4 5.2 5.0


4.6 5.2 5.0
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negatively charged surface areas for better inhibitory
activity. The regression coefficient of Q_VSA_NEG
suggests a preference for negatively charged/polarized
surface areas as desirable for HIV-RT inhibitory activ-
ity same as inferred by PEOE_VSA+2. Interestingly in
model 2, water accessible surface area of all polar
(|qi| P 0.2) atoms (ASA_P) indicates that partially pos-
itively charged/polarized atomic regions of the com-
pounds are undesirable for better activity. This is in
agreement with the earlier observation.17 The models
suggest that 4-thiazolidinone skeleton offers scope for
further modulation.

3. Conclusion


In conclusion, novel 2-aminopyrimidine and 2-(2,6-
dihalophenyl)-3-(pyrimidin-2-yl)-1,3-thiazolidin-4-ones
were synthesized, characterized, and tested. The devel-
oped QSAR equations suggest molecules with higher
lipophilicity would be better for the activity. This may
suggest favorable nature of compact conformations/
structural analogues for the activity. The inferences
from the regression coefficients of PEOE_VSA+2,
Q_VSA_NEG, and ASA_P are in general agreement
with our previous studies. Two compounds 4m and 4n
were found to be highly potent and selective anti-HIV-
1 agents, inhibiting virus replication at a concentration
of 22–28 nM and selectivity indexes of P10,000 in
MT-4 as well as in CEM cells. Hence, compounds 4m
and 4n were more than 10-fold active in MT-4 and 50-
fold more active in CEM cells than TBZ1. It may be
mentioned that 4-thiazolidinone skeleton holds promise
for further activity optimization studies.

4. Experimental


Melting points (mp) were determined on a Complab
melting point apparatus and are uncorrected. The C,
H, N analyses were carried out on CARLO-ERBA
EA1108 elemental analyser. Infrared (IR) spectra were
recorded on an FT-IR Perkin-Elmer (model) spectrom-
eter. The 1H spectra were recorded on a DPX-200 and
DPX-300 Bruker FT-NMR spectrometer. The chemical
shifts are reported as parts per million (d ppm) from
(CH3)4Si (TMS) as an internal standard. The 13C
NMR spectra were recorded on a DPX-300 Bruker
FT-NMR (75 MHz) spectrometer. Mass spectra were
obtained by electron spray ionization mass spectroscopy
(ESI-MS) and fast atom bombardment (FAB positive)
techniques. Column chromatography separations were
obtained on silica-gel (230–400 mesh).


4.1. QSAR and modeling studies


QSAR descriptor module of MOE was used to calcu-
late about 26 descriptors for each compound presented
in Table 1. The 2D molecular descriptors use the atoms
and connection information of the molecules. 3D
molecular descriptors of MOE include internal 3D
(i3D), which use 3D coordinate information about
each molecule, and external 3D (x3D), which use 3D

coordinate information with an absolute frame of ref-
erence. The HIV-1 RT inhibitory activity was used as
EC50 in micromolar units, where EC50 was the concen-
tration required to reduce HIV-1 induced cytopathic
effect by 50% in MT-4 cells. For the present QSAR
study the observed EC50 was converted to negative log-
arithm (�logEC50) in molar units. The observed values
of compounds 4g–l are greater than the written values.
In the QSAR study, the EC50 value of 4g–l was made
double (before the transformation to �logEC50) in
molar units to check whether these compounds are less
active even at double the dose. The observed activity
was considered as dependent variable and the calcu-
lated physicochemical properties as independent vari-
ables while modeling statistically significant
relationships to explore the selectivity requirements
among these compounds. In this study, the structures
of 2-(2,6-dichlorophenyl)-3-pyrimidin-2-yl-thiazolidin-
4-one, 2-(2-chloro-6-fluorophenyl)-3-pyrimidin-2-yl-
thiazolidin-4-one, and 2-(2,6-difluorophenyl)-3-pyrimi-
din-2-yl-thiazolidin-4-one have been considered as the
common basic core templates for the generation of
3D-structures of the analogues. These core structures
have been constructed in MOE using molecular builder
of the software followed by systematic conformational
search under default conditions with energy minimiza-
tion (force field: MMFF94x) to identify the minimum
energy conformer. The structures of all analogues of
Table 1 have been generated by appropriately modify-
ing the corresponding core structures and then sub-
jected to energy minimization (force field:MMFF94x)
to obtain their final conformer. The QSAR model
building is limited to triparametric for HIV-RT inhib-
itory activity. All the computational works were per-
formed on molecular operating environment (MOE
2004.03), supplied by the Chemical Computing Group
Inc., using Compaq Pentium 4 workstation. The struc-
tures of the compounds were sketched using the molec-
ular builder of MOE and each structure was subjected
to energy minimization with a convergence criterion of
0.01 kcal/mol Å using the MMFF94 force field. All
energy-minimized structures were saved into a database
for descriptor calculation. The correlation analysis of
various physicochemical descriptors and biological
activity data was accomplished by CP-MLR
protocol.19


4.2. General synthetic procedure for compounds (3a–e)


The synthesis of compounds (3a–e) was performed
according to the previously reported procedure.12


The appropriate 1,3-dicarbonyl compounds (1a–e)
(1.0 mmol) and free base guanidine (2) solution in eth-
anol (1.0 mmol) were refluxed at 78 �C for 8 h. The
reaction mixture was then concentrated to dryness
under reduced pressure and the residue was taken
up in ethyl acetate. The organic layer was successively
washed with water and then finally with brine. The
organic layer was dried over sodium sulfate and sol-
vent was removed under reduced pressure to get a
crude product that was purified by column chroma-
tography on silica-gel using chloroform–methanol as
eluent.
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4.2.1. 4-Methyl-6-trifluoromethylpyrimidin-2-ylamine (3a).
This compound was obtained as solid in 80% yield,
mp 138 �C; IR (KBr): mmax C@O 1583, 1635 cm�1;
1H NMR (300 MHz, CDCl3) d: 2.45 (s, 3H, CH3 at
C4-pyrimidine), 5.69 (br s, 2H, NH2), 6.80 (s, 1H,
H5-pyrimidine); 13C NMR (75 MHz, CDCl3) d: 170.02
(1C), 161.84 (1C), 155.27 (C1), 154.81 (1C), 105.03
(1C), 23.01 (1C); ESI-MS: m/z 178 [M+1]+.


4.2.2. 4-Methyl-6-phenylpyrimidin-2-ylamine (3b). This
compound was obtained as solid in 78% yield, mp
135 �C; IR (KBr): mmax C@O 1595, 1636 cm�1; 1H
NMR (300 MHz, CDCl3) d: 2.42 (s, 3H, CH3 at C4-
pyrimidine), 5.33 (br s, 2H, NH2), 6.93 (s, 1H, H5-
pyrimidine), 7.45 (t, 3H, Ph), 7.97 (m, 2H, Ph); 13C
NMR (75 MHz, CDCl3) d: 167.31 (1C), 164.11 (1C),
162.01 (C1), 136.26 (1C), 129.05 (1C), 127.40 (2C),
125.77 (2C), 106.02 (1C), 22.83 (1C); ESI-MS: m/z 186
[M+1]+.


4.2.3. 4-Phenyl-6-trifluoromethylpyrimidin-2-ylamine (3c).
This compound was obtained as solid in 72% yield, mp
130–132 �C; IR (KBr): mmax C@O 1597, 1638 cm�1; 1H
NMR (300 MHz, CDCl3) d: 5.66 (br s, 2H, NH2), 7.35
(s, 1H, H5-pyrimidine), 7.48 (m, 3H, Ph), 8.03 (m, 2H,
Ph); 13C NMR (75 MHz, CDCl3) d: 166.89 (1C),
162.18 (1C), 156.18 (C1), 155.71 (1C), 134.91 (1C),
130.22 (1C), 127.67 (2C), 125.99 (2C), 101.70 (1C);
ESI-MS: m/z 240 [M+1]+.


4.2.4. 4,6-Diphenylpyrimidin-2-ylamine (3d). This com-
pound was obtained as solid in 68% yield, mp 138–
140 �C; IR (KBr): mmax C@O 1593, 1636 cm�1; 1H
NMR (300 MHz, CDCl3) d: 5.25 (br s, 2H, NH2), 7.48
(s, 1H, H5-pyrimidine), 7.49 (m, 6H, Ph), 8.04 (m, 4H,
Ph); ESI-MS: m/z 248 [M+1]+.


4.2.5. 4,5,6-Trimethylpyrimidin-2ylamine (3e). This com-
pound was obtained as solid in 76% yield, mp 208 �C;
IR (KBr): mmax C@O 1597, 1638 cm�1; 1H NMR
(300 MHz, CDCl3) d: 2.06 (s, 3H, CH3 at C5-pyrimi-
dine), 2.29 (s, 6H, 2CH3 at C4 and C6-pyrimidine),
5.06 (br s, 2H, NH2); 13C NMR (75 MHz, CDCl3) d:
164.18 (2C), 159.17 (1C), 115.20 (C1), 20.90 (2C),
11.80 (1C); ESI-MS: m/z 138 [M+1]+.


4.3. General synthetic procedure for compound 6


The synthesis of compound 6 was performed according
to the previously reported procedure.13 A mixture of
acetonitrile (19.6 gm) and NaOMe (0.4 gm) was heated
for 14 h in a glass sealed tube at 150 �C. The reaction
mixture from the cooled glass tube was taken out. The
reaction mixture was taken up in ethyl acetate. The or-
ganic layer was successively washed with water and then
finally with brine. The organic layer was dried over so-
dium sulfate and solvent was removed under reduced
pressure to get a crude product that was purified by col-
umn chromatography on silica-gel using chloroform–
methanol as eluent.


4.3.1. 2,6-Dimethyl-pyrimidin-4-ylamine (6). This com-
pound was obtained as solid in 90% yield, mp 181–

183 �C; IR (KBr): mmax C@O 1583, 1635 cm�1; 1H
NMR (300 MHz, CDCl3) d: 2.30 (s, 3H, CH3 at C6-
pyrimidine), 2.51 (s, 3H, CH3 at C2-pyrimidine), 5.11
(br s, 2H, NH2), 6.10 (s, 1H, H5-pyrimidine); 13C
NMR (75 MHz, CDCl3) d: 165.99 (1C), 164.44 (1C),
161.91 (1C), 99.46 (1C), 24.34 (1C), 22.52 (1C); ESI-
MS: m/z 124 [M+1]+.


4.4. General synthetic procedure for compounds (4a–o and
7a–c)


The synthesis of compounds (4a–o and 7a–c) was
performed according to the previously reported
procedure.5 The appropriate (hetero)aromatic amine
(1.0 mmol) and 2,6-dihalo-substituted benzaldehyde
(1.2 mmol) were stirred in dry toluene under reflux
condition followed by addition of mercapto acid
(2.0 mmol). The reaction mixture was refluxed under
stirring for an additional 24–48 h untill the complete
consumption of (hetero)aromatic amine. The reaction
mixture was concentrated to dryness under reduced
pressure and the residue was taken up in ethyl acetate.
The organic layer was successively washed with 5% aq
citric acid, water, 5% aq sodium hydrogen carbonate,
and then finally with brine. The organic layer was
dried over sodium sulfate and solvent was removed un-
der reduced pressure to get a crude product that was
purified by column chromatography on silica-gel using
hexane–ethyl acetate as eluent. The structures of syn-
thesized compounds were characterized by means of
TLC, IR, FAB-MS, 1H NMR, 13C NMR, and elemen-
tal analysis.


4.4.1. 2-(2,6-Dichlorophenyl)-3-(4-methyl-6-trifluoromethyl-
pyrimidin-2-yl)thiazolidin-4-one (4a). This compound
was obtained as solid in 50% yield, mp 111–115 �C; IR
(KBr): mmax C@O 1724 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.60 (s, 3H, CH3), 3.87 (d, J = 15.90 Hz,
1H, 5-HA), 4.12 (dd, J = 1.67 and 15.91 Hz, 1H,
5-HB), 7.05–7.20 (m, 3H, H3, H4 and H5-Ph), 7.28 (d,
J = 1.66 Hz, 1H, H-2), 7.41 (s, 1H, H5-pyrimidine);
ESI-MS: m/z 408 [M+1]+ and 430 [M+Na+].


4.4.2. 2-(2-Chloro-6-fluorophenyl)-3-(4-methyl-6-trifluo-
romethylpyrimidin-2-yl)thiazolidin-4-one (4b). This com-
pound was obtained as solid in 47% yield, mp 92–
94 �C; IR (KBr): mmax C@O 1724 cm�1; 1H NMR
(200 MHz, CDCl3) d: 2.60 (s, 3H, CH3), 3.85 (d,
J = 16.00 Hz, 1H, 5-HA), 4.17 (d, J = 16.00 Hz, 1H, 5-
HB), 6.81 (s, 1H, H-2), 6.90–6.97 (m, 1H, H4-Ph),
7.14–7.17(m, 2H, H3 and H5-Ph), 7.19 (s, 1H, H5-pyrim-
idine); ESI-MS: m/z 392 [M+1]+ and 414 [M+Na+].


4.4.3. 2-(2,6-Difluorophenyl)-3-(4-methyl-6-trifluorometh-
yl-pyrimidin-2-yl)thiazolidin-4-one (4c). This compound
was obtained as solid in 38% yield, mp 124–127 �C; IR
(KBr): mmax C@O 1726 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.60 (s, 3H, CH3), 3.85 (d, J = 15.97 Hz,
1H, 5-HA), 4.17 (d, J = 15.97 Hz, 1H, 5-HB), 6.81 (s,
1H, H-2), 6.90–6.97 (m, 1H, H4-Ph), 7.14–7.21(m, 2H,
H3 and H5-Ph), 7.29 (s, 1H, H5-pyrimidine); 13C NMR
(75 MHz, CDCl3) d: 170.82, 168.71, 161.03, 157.71,
155.79, 154.32, 128.64, 120.62, 116.33, 111.33, 110.62,







3140 R. K. Rawal et al. / Bioorg. Med. Chem. 15 (2007) 3134–3142

110.28, 51.77, 33.26, 23.44; ESI-MS: m/z 376 [M+1]+


and 398 [M+Na+].


4.4.4. 2-(2,6-Dichlorophenyl)-3-(4-methyl-6-phenylpyrim-
idin-2-yl)thiazolidin-4-one (4d). This compound was ob-
tained as solid in 48% yield, mp 168–170 �C; IR
(KBr): mmax C@O 1717 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.53 (s, 1H, CH3), 3.91 (d, J = 15.75 Hz,
1H, 5-HA), 4.16 (dd, J = 1.75 and 15.77 Hz, 1H, 5-
HB), 7.08 (t, 2H, H3 and H5-Ph), 7.19 (s, 1H, H5-pyrim-
idine), 7.22 (m, 1H, H4-Ph), 7.28–7.43 (m, 3H, Ar-H),
7.49 (d, J = 1.60 Hz, 1H, H-2), 7.85–7.90 (dd, J = 2.23
and 7.95 Hz, 2H, Ar-H); ESI-MS: m/z 416 [M+1]+ and
438 [M+Na+]. Anal. Calcd for C20H15Cl2N3OS: C,
57.70; H, 3.63; N, 10.09. Found: C, 57.46; H, 3.49; N,
9.95.


4.4.5. 2-(2-Chloro-6-fluorophenyl)-3-(4-methyl-6-phenyl-
pyrimidin-2-yl)thiazolidin-4-one (4e). This compound
was obtained as solid in 41% yield, mp 138–140 �C; IR
(KBr): mmax C@O 1718 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.54 (s, 1H, CH3), 3.84 (d, J = 15.67 Hz,
1H, 5-HA), 4.17 (d, J = 15.81 Hz, 1H, 5-HB), 6.89 (m,
2H, H3 and H5-Ph), 6.92–7.14 (m, 2H, H4-Ph and H5-
pyrimidine), 7.30 (s, 1H, H-2), 7.36–7.43 (m, 3H, Ar-
H), 7.86–7.91 (dd, J = 2.30 and 7.85 Hz, 2H, Ar-H);
ESI-MS: m/z 400 [M+1]+ and 422 [M+Na+].


4.4.6. 2-(2,6-Difluorophenyl)-3-(4-methyl-6-phenylpyrimi-
din-2-yl)thiazolidin-4-one (4f). This compound was
obtained as solid in 37% yield, mp 165–168 �C; IR
(KBr): mmax C@O 1717 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.54 (s, 1H, CH3), 3.82 (dd, J = 1.77 and
17.79 Hz, 1H, 5-HA), 4.21 (d, J = 17.79 Hz, 1H, 5-HB),
6.81 (t, 2H, H3 and H5-Ph), 7.06 (s, 1H, H5-pyrimidine),
7.15 (m, 1H, H4-Ph), 7.31 (s, 1H, H-2), 7.40–7.46 (m,
3H, Ar-H), 7.90–7.95 (dd, J = 2.73 and 7.83 Hz, 2H,
Ar-H); 13C NMR (75 MHz, CDCl3) d: 168.96, 168.02,
163.34, 160.97, 157.66, 155.89, 134.82, 129.76, 128.09,
127.49 (2C), 125.89 (2C), 117.31, 111.33, 110.70,
110.37, 52.22, 33.42, 23.12; ESI-MS: m/z 384 [M+1]+


and 406 [M+Na+].


4.4.7. 2-(2,6-Dichlorophenyl)-3-(4-phenyl-6-trifluorom-
ethylpyrimidin-2-yl)thiazolidin-4-one (4g). This com-
pound was obtained as solid in 46% yield, mp 206–
208 �C; IR (KBr): mmax C@O 1724 cm�1; 1H NMR
(200 MHz, CDCl3) d: 3.93 (d, J = 16.06 Hz, 1H, 5-
HA), 4.18 (dd, J = 1.57 and 16.00 Hz, 1H, 5-HB), 7.10–
7.18 (t, 2H, H3 and H5-Ph), 7.31 (m, 1H, H4-Ph), 7.46
(m, 3H, Ar-H), 7.52 (s, 1H, H-2), 7.70 (s, 1H, H5-pyrim-
idine), 8.03–8.08 (dd, J = 1.96 and 8.16 Hz, 2H, Ar-H);
ESI-MS: m/z 470 [M]+ and 492 [M+Na+].


4.4.8. 2-(2-Chloro-6-fluorophenyl)-3-(4-phenyl-6-trifluo-
romethylpyrimidin-2-yl)thiazolidin-4-one (4h). This com-
pound was obtained as solid in 42% yield, mp 157–
160 �C; IR (KBr): mmax C@O 1727 cm�1; 1H NMR
(200 MHz, CDCl3) d: 3.93 (d, J = 16.06 Hz, 1H, 5-
HA), 4.19 (d, J = 15.96 Hz, 1H, 5-HB), 6.90 (m, 1H,
H4-Ph), 7.15–7.18 (m, 2H, H3 and H5-Ph), 7.48 (m,
3H, Ar-H), 7.51 (d, J = 1.86 Hz, 1H, H-2), 7.71 (s, 1H,

H5-pyrimidine), 8.03–8.08 (dd, J = 1.88 and 7.58 Hz,
2H, Ar-H); ESI-MS: m/z 454 [M]+, and 476 [M+Na+].


4.4.9. 2-(2,6-Difluorophenyl)-3-(4-phenyl-6-trifluorometh-
ylpyrimidin-2-yl)thiazolidin-4-one (4i). This compound
was obtained as solid in 32% yield, mp 156–158 �C; IR
(KBr): mmax C@O 1726 cm�1; 1H NMR (200 MHz,
CDCl3) d: 3.93 (d, J = 16.06 Hz, 1H, 5-HA), 4.18 (d,
J = 16.00 Hz, 1H, 5-HB), 6.86 (t, 2H, H3 and H5-Ph),
7.01 (s, 1H, H-2), 7.23 (m, 1H, H4-Ph), 7.49 (m, 3H,
Ar-H), 7.71 (s, 1H, H5-pyrimidine), 8.06–8.11 (dd, J =
1.96 and 8.06 Hz, 2H, Ar-H); 13C NMR (75 MHz,
CDCl3) d: 169.00, 168.02, 166.72, 160.87, 157.56,
155.89, 133.78, 131.06, 128.31, 127.86 (2C), 126.43
(2C), 117.11, 111.33, 110.70, 110.37, 106.98, 57.71,
34.21; ESI-MS: m/z 437 [M]+ and 460 [M+Na+].


4.4.10. 2-(2,6-Dichlorophenyl)-3-(4,6-diphenylpyrimidin-
2- yl)thiazolidin-4-one (4j). This compound was obtained
as solid in 38% yield, mp 206–208 �C; IR (KBr): mmax


C@O 1717 cm�1; 1H NMR (200 MHz, CDCl3) d: 3.93
(d, J = 15.74 Hz, 1H, 5-HA), 4.19 (dd, J = 1.54 and
16.11 Hz, 1H, 5-HB), 7.09–7.50 (m, 11H, Ar-H), 7.84
(s, 1H, H-2), 7.99–8.04 (m, 2H, Ar-H and 1H, H5-pyrim-
idine); ESI-MS: m/z 478 [M+1]+ and 500 [M+Na+].
Anal. Calcd for C25H17Cl2N3OS: C, 62.77; H, 3.58; N,
8.78. Found: C, 62.73; H, 3.74; N, 8.55.


4.4.11. 2-(2-Chloro-6-fluorophenyl)-3-(4,6-diphenylpyrim-
idin-2-yl)thiazolidin-4-one (4k). This compound was ob-
tained as solid in 30% yield, mp 176–178 �C; IR
(KBr): mmax C@O 1723 cm�1; 1H NMR (200 MHz,
CDCl3) d: 3.93 (d, J = 15.74 Hz, 1H, 5-HA), 4.19 (dd,
J = 1.54 and 16.11 Hz, 1H, 5-HB), 7.09 (m, 1H, H4-
Ph), 7.15-7.22 (m, 2H, H3 and H5-Ph), 7.44-7.50 (m,
8H, Ar-H), 7.85 (s, 1H, H-2), 8.01–8.06 (m, 2H, Ar-H
and 1H, H5-pyrimidine); ESI-MS: m/z 462 [M]+ and
484 [M+Na+].


4.4.12. 2-(2,6-Difluorophenyl)-3-(4,6-diphenylpyrimidin-
2-yl)thiazolidin-4-one (4l). This compound was obtained
as solid in 28% yield, mp 192–194 �C; IR (KBr): mmax


C@O 1726 cm�1; 1H NMR (200 MHz, CDCl3) d: 3.86
(dd, J = 1.76 and 15.85 Hz, 1H, 5-HA), 4.24 (d,
J = 15.65 Hz, 1H, 5-HB), 6.83 (t, 2H, H3 and H5-Ph),
7.12–7.20 (m, 1H, H4-Ph), 7.45–7.51 (m, 8H, Ar-H),
7.86 (s, 1H, H-2), 8.04–8.09 (m, 2H, Ar-H and 1H,
H5-pyrimidine); 13C NMR (75 MHz, CDCl3) d: 169.00,
164.59 (2C), 161.07, 157.56, 156.36, 135.26 (2C),
129.85 (2C), 128.16, 127.58 (4C), 126.09 (4C), 117.61,
110.81, 110.51, 107.32, 52.28, 33.44; ESI-MS: m/z 446
[M+1]+ and 468 [M+Na+].


4.4.13. 2-(2,6-Dichlorophenyl)-3-(4,5,6-trimethylpyrimi-
din-2-yl)thiazolidin-4-one (4m). This compound was ob-
tained as solid in 56% yield, mp 202–204 �C, IR
(KBr): mmax C@O 1718 cm�1; 1H NMR (300 MHz,
CDCl3) d: 2.10 (s, 3H, CH3 at C5-pyrimidine), 2.36
(s, 6H, 2CH3 at C4 and C6-pyrimidine), 3.90 (dd,
J = 3.42 and 15.66 Hz, 1H, 5-HA), 4.13 (dd, J = 2.04
and 15.66 Hz, 1H, 5-HB), 7.05 (t, 1H, H4-Ph), 7.18–
7.21 (dd, J = 1.08 and 7.95 Hz, 1H, H3-Ph), 7.25–
7.28 (dd, J = 1.35 and 7.74 Hz, 1H, H5-Ph), 7.48 (d,
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J = 2.07 Hz, 1H, H-2); 13C NMR (75 MHz, CDCl3) d:
169.00, 164.47 (2C), 152.34, 134.34, 133.27, 133.10,
129.26, 127.94, 126.98, 122.79, 57.71, 34.21, 21.00
(2C), 12.34; ESI-MS: m/z 368 [M+1]+ and 390
[M+Na+]. Anal. Calcd for C16H15Cl2N3OS: C,
52.18; H, 4.11; N, 11.41. Found: C, 52.33; H, 3.96;
N, 11.15.


4.4.14. 2-(2-Chloro-6-fluorophenyl)-3-(4,5,6-trimethyl-
pyrimidin-2-yl)thiazolidin-4-one (4n). This compound
was obtained as white solid in 50% yield, mp 199–
200 �C, IR (KBr): mmax C@O 1717 cm�1; 1H NMR
(200 MHz, CDCl3) d: 2.11 (s, 3H, CH3 at C5-pyrimi-
dine), 2.37 (s, 6H, 2CH3 at C4 and C6-pyrimidine),
3.90 (dd, J = 2.04 and 15.66 Hz, 1H, 5-HA), 4.15 (d,
J = 15.66 Hz, 1H, 5-HB), 7.05 (m, 1H, H4-Ph), 7.11–
7.14 (m, 2H, H3 and H5-Ph), 7.16 (s, 1H, H-2); ESI-
MS: m/z 352 [M]+ and 374 [M+Na+].


4.4.15. 2-(2,6-Difluorophenyl)-3-(4,5,6-trimethylpyrimi-
din-2-yl)thiazolidin-4-one (4o). This compound was ob-
tained as solid in 45% yield, mp 194–198 �C; IR
(KBr): mmax C@O 1718 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.11 (s, 3H, CH3 at C5-pyrimidine), 2.37 (s,
6H, CH3 at C4 and C6-pyrimidine), 3.79 (d,
J = 15.60 Hz, 1H, 5-HA), 4.10 (d, J = 15.60 Hz, 1H, 5-
HB), 6.78 (t, 2H, H3 and H5-Ph), 6.98 (s, 1H, H-2),
7.17 (m, 1H, H4-Ph); 13C NMR (75 MHz, CDCl3) d:
168.79, 164.50 (2C), 161.07, 157.75, 152.57, 128.30,
122.61, 116.99, 110.50, 110.16, 51.98, 33.46, 21.08
(2C), 12.30; ESI-MS: m/z 336 [M+1]+ and 358
[M+Na+].


4.4.16. 2-(2,6-Dichlorophenyl)-3-(2,6-dimethylpyrimidin-
4-yl)thiazolidin-4-one (7a). This compound was
obtained as solid in 54% yield, mp 140–142 �C, IR
(KBr): mmax C@O 1708 cm�1; 1H NMR (300 MHz,
CDCl3) d: 2.40 (s, 3H, CH3 at C6-pyrimidine), 2.48 (s,
3H, CH3 at C2-pyrimidine), 3.91 (d, J = 16.14 Hz, 1H,
5-HA), 4.15 (dd, J = 1.92 and 16.17 Hz, 1H, 5-HB),
7.11 (t, 1H, H4-Ph), 7.17–7.20 (dd, J = 1.35 and
8.01 Hz, 1H, H3-Ph), 7.32–7.35 (dd, J = 1.44 and
7.86 Hz, H5-Ph), 7.52 (d, J = 1.86 Hz, 1H, H-2), 7.98
(s, 1H, H5-pyrimidine); 13C NMR (75 MHz, CDCl3) d:
171.05, 167.15, 165.20, 155.33, 134.31, 133.52, 131.79,
129.16, 127.97, 127.21, 105.77, 57.33, 34.46, 23.93,
23.26; FAB-MS: m/z 354 [M]+. Anal. Calcd for
C15H13Cl2N3OS: C, 50.86; H, 3.70; N, 11.86. Found:
C, 50.78; H, 3.68; N, 11.73.


4.4.17. 2-(2-Chloro-6-fluorophenyl)-3-(2,6-dimethylpyr-
imidin-4-yl)thiazolidin-4-one (7b). This compound was
obtained as solid in 49% yield, mp 118–120 �C; IR
(KBr): mmax C@O 1710 cm�1; 1H NMR (200 MHz,
CDCl3) d: 2.43 (s, 3H, CH3 at C6-pyrimidine), 2.46 (s,
3H, CH3 at C2-pyrimidine), 3.80 (d, J= 16.11 Hz, 1H,
5-HA), 4.16 (d, J = 16.11 Hz, 1H, 5-HB), 6.89 (m, 1H,
H4-Ph), 7.13 (m, 2H, H3 and H5-Ph), 7.25 (d,
J = 2.51 Hz, 1H, H-2), 8.03 (s, 1H, H5-pyrimidine);
FAB-MS: m/z 338 [M]+.


4.4.18. 2-(2,6-Difluorophenyl)-3-(2,6-dimethylpyrimidin-
4-yl)thiazolidin-4-one (7c). This compound was obtained

as solid in 38% yield, mp 120–122 �C; IR (KBr): mmax


C@O 1711 cm�1; 1H NMR (200 MHz, CDCl3)
d: 2.44 (s, 3H, CH3 at C6-pyrimidine), 2.45 (s, 3H,
CH3 at C2-pyrimidine), 3.79 (d, J = 16.08 Hz, 1H,
5-HA), 4.19 (d, J = 16.11 Hz, 1H, 5-HB), 6.80 (m, 2H,
H3 and H5-Ph), 7.05 (m, 1H, H4-Ph), 7.15 (d,
J = 1.54 Hz, 1H, H-2), 7.98 (s, 1H, H5-pyrimidine);
13C NMR (75 MHz, CDCl3) d: 170.83, 167.21,
165.31, 160.93, 157.52, 155.28, 128.37, 116.90, 110.60,
110.28, 105.17, 51.47, 33.66, 24.07, 23.25; FAB-MS:
m/z 322 [M+1]+.
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Abstract—Four hybrid molecules (1 and 12–14) of caffeine and eudistomin D, a b-carboline alkaloid from a marine tunicate, were
synthesized, and their affinity and selectivity for adenosine receptors A1, A2A, and A3 were examined. It was found that all the com-
pounds showed better potency as adenosine receptor ligands as compared with caffeine. Among them, a compound (13) possessing a
nitrogen at the d–position of the pyridine ring (d-N type) showed the most potent affinity for adenosine receptor A3 subtype, while
N-methylation (14) of a pyrrole ring in 13 significantly lowered the potency as adenosine receptor ligands. Compounds (1 and 12)
having a nitrogen at the b-position of the pyridine ring (b-N type) showed lower affinity than the corresponding d-N type com-
pounds (13 and 14), while compounds (10, 11, and 17) lacking a pyrrole ring between the pyridine and pyrimidine rings exhibited
almost no affinity to the adenosine receptor subtypes examined.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Caffeine exhibits a variety of physiological activities (or
action) including regulation of the blood pressure, respi-
ratory functioning, gastric and colonic activity, urine
volume, and exercise performance.1 The mechanism of
action of caffeine is reported to be competitive antago-
nism to A1 and A2A adenosine receptors,2 induction of
Ca2+-release from sarcoplasmic reticulum (SR), inhibi-
tion of phosphodiesterase, and so on. During our
continuing search for bioactive compounds from marine
organisms, we have found that eudistomin D, a b-carb-
oline alkaloid isolated from a marine tunicate Eudistoma
olivaceum,3 and its analogs are potent inducers of Ca2+-
release from SR4 as well as inhibitors of phosphodiester-
ase.5 In the present study, to obtain a useful bioprobe to
examine the mechanism of action of caffeine in details,
we synthesized hybrid molecules of caffeine and eudistomin
D such as compound 1 (Scheme 1) by two routes, A and
B, as shown in Scheme 2.
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2. Results and discussion


2.1. Chemistry


A key at route A is photoreaction of 2, derived from 3
and 4 employing Pd-catalyzed coupling, while that at
route B is Pd-catalyzed intramolecular cyclization of 5,
obtained from 6 and 7 employing Stille coupling reac-
tion. The synthesis of 1 via route A is summarized in
Scheme 3. Coupling of 5-amino-1,3-dimethyluracil (8)6


and 3-chloropyridine (9) in DMF with Pd2(dba)3,

Scheme 1. A hybrid compound (1) of caffeine and eudistomin D.
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Scheme 2. Retrosynthetic analysis of compound 1 through two routes A and B.


Scheme 3. Synthesis of compound 1 and its congeners (12–14) via route A. Reagents: (a) Pd2(dba)3, XPhos, Cs2CO3/DMF (87%); (b) MeI, NaH/


DMF (82%); (c) hv/i-PrOH; (d) hv/acetone (6%); (e) MeI, NaH/DMF (86%).
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Xphos,7 and Cs2CO3 afforded 10 in 87% yield. Methyl-
ation of 10 in DMF with MeI and NaH provided 11.
Photocyclization of 10 in i-PrOH afforded 12 and 13,
while that of 11 in acetone gave 14. Methylation of 12
in DMF with MeI and NaH furnished 1 in 86% yield.


Alternative synthesis of 1 via route B is summarized in
Table 1 and Scheme 4. A survey of additives for Stille
coupling reaction of 5-amino-6-chloro-1,3-dimethylura-
cil (15)8 and 4-tributylstannyl-3-chloropyridine (16)9 in
DMF revealed that the coupling reaction proceeded
with CuI (entries 3 and 5–9). Switching ligand from
AsPh3 to PPh3 improved yields of 17 (entries 7 vs 8).
Increasing catalyst up to 100 mol% gave 17 in 55% yield
(entries 7 vs 9). Intramolecular cyclization of 17 with
Pd2(dba)3, Xphos, and Cs3CO3 provided 12. Methyla-
tion of 12 in DMF with MeI and NaH furnished 1 in
86% yield.

2.2. Biological evaluation


Previously, our group has found that a b-carboline
compound, 7-bromo-eudistomin D (BED), is a good
Ca2+-releaser from SR and its N-methyl derivative of
the pyrrole ring (9-methyl-7-bromoeudistomin D) is 10
times more potent than BED.10 The presence of a nitro-
gen atom in the pyridine ring is essential for the Ca2+-
releasing activity, while the position of a nitrogen in
the pyridine ring does not affect the potency of the
Ca2+-releasing activity. Actually, compounds possessing
a nitrogen at the a, c, or d position of the pyridine ring
have almost the same activity as the corresponding b-
carboline, such as BED. Therefore, we first had a plan
to synthesize a hybrid molecule (1) of caffeine and eud-
istomin D, expecting as a caffeine analog that could
show a high potency as adenosine receptor ligands. On
the way to the synthesis of des-N-methyl derivative







Table 1. Preparation of compound 17 by Stille coupling of 15 with 16


Compound Palladium Ligand mol% Additives Yield %


1a Pd(PPh3)4 — 10 — —


2 Pd(PPh3)4 — 30 CuO (1.4 equiv.) —


3 Pd(PPh3)4 — 10 Cul, LiCl (1.4 equiv.) 4


4 Pd2(dba)3 AsPh3 10 — 0


5 Pd(PPh3)4 — 20 Cul, LiCl (1.4 equiv.) 4b


6 Pd(PPh3)4 — 30 Cul, LiCl (1.4 equiv.) 12


7 Pd2(dba)3 PPh3 30 Cul, LiCl (1.4 equiv.) 16


8 Pd2(dba)3 AsPh3 30 Cul, LiCl (1.4 equiv.) 12


9 Pd2(dba)3 PPh3 100 Cul, LiCl (1.4 equiv.) 55


a 65 �C.
b Determined by NMR.


Scheme 4. Synthesis of compound 1 via route B. Reagents: (a) Pd2(dba)3, XPhos, Cs2CO3/DMF (71%); (b) MeI, NaH/DMF (86%).
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(12) of 1 having a nitrogen at the b-position of the pyr-
idine ring (b-N type), a compound (13) possessing a
nitrogen at the d-position of the pyridine ring (d-N type)
was produced. The N-methyl derivatives (1 and 14,
respectively) of 12 and 13 were also prepared to examine
the effect of the N-methyl group on the activity of aden-
osine receptors.


The potency of these newly synthesized compounds as
adenosine receptor ligands was investigated in radioli-
gand binding assays at human recombinant adenosine
A1, A2A, and A3 receptors expressed in membranes of
HEK293T cells as described under Section 4. The results
expressed as Ki values are presented in Table 2. When
the affinity of the test compounds was very low, percent-
age of inhibition at 100 lM was shown. Affinities of ref-
erence ligands, that is, the non-selective caffeine and
5 0-(N-ethylcarboxamido)adenosine (NECA), the A1-
selective xanthine amine congener (XAC), and the
A2A-selective CGS21680, were also shown for compari-
son. These compounds showed reasonable affinity for
each receptor confirming the validity of our assay.


Among all the compounds examined (Table 2), a d-N
type compound 13 exhibited most potent affinity to all
the three adenosine receptors, A1 A2A, and A3, espe-
cially very high affinity for A3. The Ki value
(0.0139 lM) of 13 to adenosine A3 receptor was compa-
rable to that (Ki = 0.020 lM) of the potent A3 agonist,
NECA. For affinity to the adenosine A1 receptors, the
d-N type compound (13) showed a moderate potency
(Ki = 0.379 lM) but much better than the corresponding
b-N type compound (12), while N-methylation of the

pyrrole ring (14 and 1, respectively) in 13 and 12 resulted
in significant loss of the affinity to the receptors. Simi-
larly, the d-N type compound (13) showed higher affinity
for adenosine A2A receptors than the corresponding b-N
type compound (12). N-Methylation (1) of the pyrrole
ring in 12 showed a better affinity to A2A receptor than
the parent molecule (12). However, N-methylation (14)
of the pyrrole ring in 13 showed a lower affinity to
A2A receptor than the parent molecule (13). Compounds
(10, 11, and 17) lacking a pyrrole ring between the pyr-
idine and pyrimidine rings exhibited almost no affinity
to any adenosine receptors examined.

3. Conclusion


Overall, it was found that (1) the hybrid molecules
(1 and 12–14) of caffeine and eudistomin D synthesized
here showed better potency as adenosine receptor
ligands than caffeine, (2) the d-N type compound (13)
showed the most potent activity for adenosine receptors
tested in this study, especially for A3 subtype, and (3)
N-methylation (14) of the pyrrole ring in 13 significantly
lowered the potency as adenosine receptor ligands.

4. Experimental


4.1. Chemistry


4.1.1. Instruments and analyses. The IR spectrum was re-
corded on a JASCO FT/IR-5300 spectrometer. Proton
and carbon NMR spectra were recorded on a Bruker







Table 2. Affinities of caffeine and eudistomin D hybrid molecules (1 and 12–14) and its related compounds at human adenosine A1, A2A and A3


receptors


Compound Ki
a (lM) or % inhibitionb


A1 A2A A3


13 0.379 ± 0.043 0.893 ± 0.086 0.0139 ± 0.0032


12 11.7 ± 6.2 10.1 ± 0.01 0.526 ± 0.156


14 13.5 ± 3.2 6.94 ± 2.04 0.332 ± 0.074


BED (7-bromo-eudistomin D) 7.37 ± 2.13 4.92 ± 1.17 2.05 ± 0.69


1 27% 4.19 ± 1.87 3.19 ± 0.08


10 22% 38% 25%


11 9% 29% 0.2%


17 8% 15% 3%


Caffeine 49.0 ± 19.6 18.1 ± 5.9 9%


XAC 0.009 ± 0.001 nd nd


CGS21680 nd 0.0462 ± 0.0084 nd


NECA nd nd 0.020 ± 0.009


a The Ki values are means ± SEM of two or three separate assays, each performed in duplicate.
b Percentage of inhibition (%) of specific [3H]DPCPX (for A1), [3H]CGS21680 (for A2A) or [3H]NECA (for A3) binding by test compounds at 100 lM


concentration. The binding of each radioactive ligand to membranes prepared from HEK293T cells expressing human adenosine A1, A2A, or A3


receptors was best-fitted to a one-site model of binding with estimated Kd (dissociation constant) values of 5, 52, and 6.5 nM, respectively, and Bmax


values of 8600, 7000, and 310 fmol/mg protein, respectively. nd; not determined.
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500 and/or 600 MHz and JEOL 400 MHz spectrometer.
ESI mass spectra were obtained on a JEOL JMS-
SX102A spectrometer.


4.1.2. 1,3-Dimethyl-5-(pyridin-3-ylimino)-imidazolidine-
2,4-dione (10). DMF (0.25 mL) was added to an
oven-dried Schlenk tube charged with 5-amino-1,3-dim-
ethyluracil (8) (78.0 mg, 0.5 mmol), Pd2(dba)3 (23.0 mg,
25 lmol), 2-dicyclohexylphosphino-20,40,60-triisopropylbi-
phenyl (24.2 mg, 50 lmol), and Cs2CO3 (230.3 mg,
0.71 mmol). The mixture was stirred for 10 min at ambi-
ent temperature. 3-Chloropyridine (9; 48 lL, 0.5 mmol)
was added and then stirred for 18 h at 65 �C. The reac-
tion mixture was filtered through Celite and the residue
was purified by flash column chromatography on silica
gel (CHCl3/MeOH, 60:1! 20:1) to give 10 (101.1 mg,
87%) as a brown oil. 1H NMR (400 MHz, CDCl3) d
8.48 (1H, d, J = 8.4 Hz), 8.27 (1H, dt, J = 4.5, 1.6 Hz),
7.38–7.29 (2H, m), 6.15 (1H, s), 3.55 (3H, s), 3.54 (3H,
s), 2.52 (1H, s); 13C NMR (100 MHz, CDCl3) d 161.0,
149.9, 141.6, 139.5, 138.8, 125.9, 123.6, 117.4, 37.3,
28.6; IR (KBr) mmax 3428, 3318, 1698, 1640 cm�1; HRE-
SIMS calcd for C11H12N4O2 (M+) m/z 232.0960, found
m/z 232.0971.


4.1.3. 1,3-Dimethyl-5-(methylpyridin-3-yl-amino)-1H-
pyrimidine-2,4-dione (11). To a solution of 10 (51.2 mg,
0.22 mmol) in DMF (1 mL) was added NaH (8.1 mg,
0.33 mmol). After 10 min at room temperature, to the
reaction mixture was added MeI (14 lL, 0.22 mmol)
and then stirred for 3 h. The reaction mixture was fil-
tered through Celite and the residue was purified by
flash column chromatography on silica gel (CHCl3/
MeOH, 5:1) to give 11 (44.4 mg, 82%) as a brown oil.
1H NMR (400 MHz, CDCl3) d 7.98 (1H, d,
J = 3.0 Hz), 7.92 (1H, d, J = 4.5 Hz), 7.34 (1H, s), 7.00
(1H, dd, J = 8.4, 4.6 Hz), 6.88 (1H, dd, J = 8.5,
3.0 Hz), 3.31 (3H, s), 3.24 (3H, s), 3.06 (3H, s); 13C
NMR (100 MHz, CDCl3) d 161.0, 151.0, 144.8, 142.6,
139.4, 135.7, 123.3, 120.3, 119.7, 39.5, 37.1, 28.2, ; IR

(KBr) mmax 1706, 1652, 1488 cm�1; HRESIMS calcd
for C12H14N4O2 (M+) m/z 246.1116, found m/z
246.1125.


4.1.4. 2,4-Dimethyl-4,9-dihydro-2,4,5,9-tetraaza-fluo-
rene-1,3-dione (12) and 2,4-dimethyl-4,9-dihydro-2,4,7,9-
tetraaza-fluorene-1,3-dione (13). A solution of 10
(100.2 mg, 0.43 mmol) in i-PrOH (40 mL) was irradiated
with tungsten lamp for 24 h at ambient temperature.
The mixture was concentrated in vacuo and purified
by flash column chromatography on silica gel (CHCl3/
MeOH, 5:1, hexane/EtOAc/acetone, 2:1:1) to give 12
(6.1 mg, 6%) and 13 (2.2 mg, 2%) as brown oil,
respectively.


Compound 12: 1H NMR (400 MHz, DMSO-d6) d 12.2
(1H, s), 8.51 (1H, dd, J = 1.4, 4.2 Hz), 7.87 (1H, dd,
J = 1.4, 8.6 Hz), 7.42 (1H, dd, J = 4.4, 8.4 Hz), 3.99
(3H, s), 3.34 (3H, s); 13C NMR (125 MHz, DMSO-d6)
d 156.2, 151.0, 143.5, 132.9, 125.1, 121.2, 120.8, 115.8,
101.5, 32.1, 27.9; IR (KBr) mmax 1698, 1650 cm�1; HRE-
SIMS calcd for C11H10N4O2 (M+) m/z 230.0804, found
m/z 230.0809.


Compound 13: 1H NMR (400 MHz, DMSO-d6) d 12.6
(1H, s), 8.86 (1H, s), 8.23 (1H, d, J = 4.7 Hz), 8.00
(1H, d, J = 5.6 Hz), 3.80 (3H, s), 3.34 (3H, s); 13C
NMR (125 MHz, DMSO-d6) d 156.2, 150.8, 137.8,
137.1, 133.7, 125.6, 119.0, 116.3, 115.2, 32.3, 28.0.; IR
(KBr) mmax 1698, 1638 cm�1; HRESIMS calcd for
C11H10N4O2 (M+) m/z 230.0804, found m/z 230.0796.


4.1.5. 2,5,9-Trimethyl-4,9-dihydro-2,4,5,9-tetraaza-fluo-
rene-1,3-dione (14). A solution of 11 (46 mg, 0.19 mmol)
in acetone (160 mL) was irradiated with tungsten lamp
for 20 h at ambient temperature. The mixture was con-
centrated in vacuo and purified by C18 column chroma-
tography (MeOH/H2O, 20:80! 80:20) to give 14
(2.9 mg, 6%) as a brown solid. 1H NMR (400 MHz,
DMSO-d6) d 8.54 (1H, dd, J = 4.4, 1.2 Hz), 8.15 (1H,
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dd, J = 8.7, 1.1 Hz), 7.49 (1H, dd, J = 8.6, 4.4 Hz), 4.09
(3H, s), 4.00 (3H, s), 3.37 (3H, s); HRESIMS calcd for
C12H12N4O2 (M+) m/z 244.0960, found m/z 244.0962.


4.1.6. 2,4,9-Trimethyl-4,9-dihydro-2,4,7,9-tetraaza-fluo-
rene-1,3-dione (1). To a solution of 12 (7.0 mg,
0.03 mmol) in DMF (2 mL) was added NaH (16.2 mg,
0.7 mmol). After 30 min at room temperature, to the
reaction mixture was added a solution of MeI (2 lL,
0.032 mmol) in DMF (0.2 mL) and then stirred for
2 h. The reaction mixture was filtered through Celite
and the residue was purified by chromatography on a
C18 column (MeOH/H2O, 50:50! 100:0) to give 1
(6.4 mg, 86%) as a yellow solid. 1H NMR (600 MHz,
DMSO-d6) d 9.11 (1H, br s), 8.29 (1H, br s), 8.01 (1H,
br s), 4.42 (3H, s), 3.90 (3H, s), 3.51 (3H, s); HRESIMS
calcd for C12H12N12O2 (M+) m/z 244.0960, found m/z
244.0963.


4.1.7. 5-Amino-6-(3-chloropyridin-4-yl)-1,3-dimethyl-1H-
pyrimidine-2,4-dione (17). DMF (1.5 mL) was added to
an oven-dried Schlenk tube charged with 5-amino-6-
chloro-1,3-dimethyluracil (15) (50.0 mg, 0.262 mmol),
Pd2(dba)3 (120.2 mg, 0.131 mmol), PPh3 (69.3 mg,
0.262 mmol), CuI (70.7 mg, 0.367 mmol), and LiCl
(16.0 mg, 0.367 mmol). The mixture was stirred for
30 min at 110 �C. 3-Chloro-4-tributyltinstannylpyridine
(16; 80 lL, 0.262 mmol) was added and then stirred
for 19 h at 110 �C. The reaction mixture was filtered
through Celite and the residue was purified by flash col-
umn chromatography on silica gel (hexane/CHCl3,
60:1! 20:1, and then hexane/EtOAc 6:1! 2:3) to give
17 (38.2 mg, 55%) as a brown oil. 1H NMR (400 MHz,
CDCl3) d 8.83 (1H, s), 8.70 (1H, d, J = 4.9 Hz), 7.32
(1H, d, J = 4.9 Hz), 3.47 (3H, s), 3.08 (3H, s), 2.83
(2H, br s); 13C NMR (100 MHz, CDCl3) d 159.8,
150.9, 150.1, 149.1, 137.8, 131.4, 125.0, 124.1, 119.9,
33.3, 28.7.; HRESIMS calcd for C11H11N4O2Cl (M+)
m/z 266.0570, found m/z 266.0569.


4.2. Biological assays


4.2.1. Radioligand materials. [3H]-8-Cyclopentyl-1,3-
dipropylxanthine ([3H]DPCPX), [3H]-2-[4-(2-carboxy-
ethyl)phenethylamino]-5 0-N-ethylcarboxamidoadeno-
sine ([3H]CGS21680), and [3H]-5 0-N-ethyl-
carboxamidoadenosine ([3H]NECA) were purchased
from Perkin-Elmer (Boston, MA, USA). Unless other-
wise stated, all other materials used for ligand binding
assay were purchased from Sigma–Aldrich (St. Louis,
MO, USA).


4.2.2. Membrane preparations. HEK293T cell lines tran-
siently expressing human adenosine A1, A2A, and A3


receptors were used as the receptor source in this study.
Plasmids encoding human adenosine A1, A2A or A3


receptor construct obtained from UMR cDNA Re-
source Center (Rolla, MO, USA) were transiently trans-
fected into HEK293T cells using Effectene (Quiagen).
Cells were maintained at 37 �C in humidified air con-
taining 5% CO2 in Dulbecco’s modified Eagle’s medium
supplemented with 10% Fetal Bovine Serum, 100 lg/mL
kanamycin for 48 h. The cells were harvested and

homogenized in lysis buffer containing 50 mM Tris–
HCl buffer (pH 7.4) with a protease-inhibitor mixture
(Roche Diagnostics) and subjected to low-speed centri-
fugation to remove organelles and nuclei. The resulting
supernatant was subjected to centrifugation at 30,000g
for 20 min, and precipitated cell membranes were col-
lected, washed twice, resuspended in the lysis buffer,
and stored at �80 �C until use.


4.2.3. Adenosine receptor binding assays. Radioligand
binding experiments to adenosine A1, A2A, and A3


receptors were carried out by using [3H]DPCPX,
[3H]CGS21680, and [3H]NECA, respectively. Cell
membranes expressing adenosine A1, A2A, and A3


receptors were incubated with 4 nM [3H]DPCPX,
15 nM [3H]CGS21680, or 32 nM [3H]NECA, respec-
tively, in the presence of 9 to 10 different concentra-
tions of test compounds in 250 lL of assay buffer
containing 50 mM Tris–acetate buffer, pH 7.4, 5 mM
MgCl2, 1 mM EDTA, and 1 U/mL adenosine deami-
nase for 60 min at 25 �C. The incubated mixture was
harvested on Whatman GF/B filters pre-soaked in
0.1% polyethyleneimine by a cell harvester and washed
three times with 50 mM Tris–HCl buffer (pH 7.4). The
radioactivity on the filter was measured by a scintilla-
tion counter. All experiments were carried out two or
three times in duplicate. The nonspecific binding for
adenosine A1, A2A and A3 receptors was defined as
the binding activity in the presence of XAC,
CGS21680, and NECA, respectively, at 10 lM each.
Kd and Bmax values in saturation and inhibition stud-
ies were determined using one-site binding model by
non-linear regression analysis (GraphPad Prism 4;
GraphPad, San Diego, CA, USA).
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Abstract—1,2:5,6-Di-O-isopropylidene-a-DD-glucofuranose by the sequence of mild oxidation, reduction, fluorination, periodate
oxidation, borohydride reduction, and sulfonylation gave 3-deoxy-3-fluoro-1,2-O-isopropylidene-5-O-p-toluenesulfonyl-a-DD-xylof-
uranose (5). Tosylate 5 was converted to thioacetate derivative 6, which after acetolysis gave 1,2-di-O-acetyl-5-S-acetyl-3-deoxy-
3-fluoro-5-thio-DD-xylofuranose (7). Condensation of 7 with silylated thymine, uracil, and 5-fluorouracil afforded nucleosides
1-(5-S-acetyl-3-deoxy-3-fluoro-5-thio-b-DD-xylofuranosyl) thymine (8), 1-(5-S-acetyl-3-deoxy-3-fluoro-5-thio-b-DD-xylofuranosyl) ura-
cil (9), and 1-(5-S-acetyl-3-deoxy-3-fluoro-5-thio-b-DD-xylofuranosyl) 5-fluorouracil (10). Compounds 8, 9, and 10 are biologically
active against rotavirus infection and the growth of tumor cells.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Although an upsurge in the search for new antitumor
agents has recently been observed, the survival rate of
patients still remains low and one of the reasons is the
poor sensitivity of tumors to drugs. Therefore, new
agents capable of suppressing tumor growth would con-
tribute greatly to a better prognosis and current therapy.


Thymidine 5 0-monophosphate (TMP), which is essential
for cell proliferation, can be furnished either from
deoxyuridine 5-phosphate (dUMP) via the de novo
pathway of biosynthesis or from exogenous thymidine.
Today, several drugs are effective in blocking this de
novo pathway.1 An alternate route to TMP involves
transfer of phosphate from a nucleoside 5-triphosphate
to thymidine, a reaction which is catalyzed by thymidine
kinase (TK).1–5 Two are the major forms of TK, which
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are identified in mammalian tissues, the mitochondrial
thymidine kinase (M-TK) and cytoplasmic thymidine
kinase (C-TK).2–7 The C-TK is described as the essential
precursor in human tumor cell lines and is believed to
play a significant role in the biosynthesis of TMP.8–12


These data suggest that the use of a drug, which blocks
de novo TMP biosynthesis and then selectively inhibits
the C-TK, might offer a possibility for effective antineo-
plastic chemotherapy.6,7 Among several nucleosides that
have been synthesized, 5-alkylthio-5-deoxythymidine
derivatives were found to be non-competitive inhibitors
of C-TK.5–7 Some other 5-alkylthionucleosides have
also been found to be potent antitumor or antiviral
agents.13–16


On the other hand, a number of fluorine-substituted fur-
anosyl nucleoside analogues have demonstrated a sub-
stantial antiviral and anticancer potency.17–29 This has
been partly attributed to the small size and high electro-
negativity of fluorine, which is also capable of partici-
pating in hydrogen bonding.30,31 It appears that the
high strength of the C–F bond may hinder metabolic
pathways and may increase the effective lifetime of the
active molecule. Moreover, the presence of fluorine
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enhances lipophilicity and makes the penetration of the
drug through the cell membrane easier.32–35 The intro-
duction of fluorine into the sugar moiety, especially in
the C-2 and/or C-3 positions, induces antiviral selectiv-
ity, as in the case of 2-fluoroarabinothymidine, which
demonstrates selective inhibition of Herpes Simplex
viruses (HSV-1 and HSV-2).21–23 Moreover, 3-fluoro-3-
deoxy-thymidine was proven to be very active against
human immunodeficiency viruses (HIV) and also a bet-
ter inhibitor of HIV replication than 3-azido-3-deoxy-
thymidine (AZT).23–25


The above observations and the continuous demand for
new antitumor and antiviral agents prompted us to
design and synthesize a series of 1-(5-S-acetyl-3-deoxy-
3-fluoro-5-thio-b-DD-xylofuranosyl) nucleosides of thy-
mine, uracil, and 5-fluorouracil (5FU), which we report
herein.

2. Results and discussion


2.1. Synthesis


Oxidation of the commercially available 1,2:5,6-di-O-
isopropylidene-a-DD-glucofuranose (1) with pyridinium
dichromate and acetic anhydride in dichloromethane,
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Scheme 1. Reagents and Conditions: (i) a—PDC/Ac2O/CH2Cl2; b—NaBH4


NaIO4/MeOH/NaBH4; (iv) TsCl/pyridine; (v) KSAc/DMF/100 �C; (vi) Ac2O

followed by stereoselective reduction with sodium boro-
hydride in methanol and tosylation with p-toluenesulfonyl
chloride in pyridine, gave the corresponding 1,2:5,6-di-
O-isopropylidene-3-O-toluenesulfonyl-a-DD-allofuranose
(2).26–28 (Scheme 1) Displacement of the tosyloxy group
at C-3 of 2 by a fluorine atom was effected by reacting 2
with potassium fluoride in acetamide. Selective removal
of the 5,6-O-isopropylidene group afforded the 3-deoxy-
3-fluoro-1,2-O-isopropylidene-a-DD-glucofuranose (3),29


which upon periodate oxidation, followed by borohy-
dride reduction of the resulting aldehyde (one pot), gave
3-deoxy-3-fluoro-1,2-O-isopropylidene-a-DD-xylofura-
nose (4). Sulfonylation of 4 with p-toluenesulfonyl
chloride in pyridine proceeded readily, giving the tosyl
derivative 5 as a white solid. Tosylate 5 was in turn trea-
ted with potassium thioacetate in hot N,N-dimethyl-
formamide36 to give the corresponding thioacetate 6,
the infrared spectrum of which showed a characteristic
absorption at 1697 cm�1 (S-acetyl group); the NMR
spectrum and chemical analysis were also consistent
with structure 6. Acetolysis37 of 6 in the presence of ace-
tic acid, acetic anhydride, and sulfuric acid afforded a
mixture of the anomeric diacetates 7 (ratio of a to b ano-
mer, 1:2). Compound 7 showed strong IR absorptions at
1750 cm�1 (OAc) and 1697 cm�1 (SAc), while in its 1H
NMR spectrum appeared prominent 3-proton methyl
signals, belonging to the acetylthio moiety (a:d 2.36,
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b:d 2.37) and 6-proton methyl peaks assigned to the acet-
oxyl group (d: 2.06–2.16). Condensation of the anomeric
mixture 7 with the appropriate silylated nucleic acid
bases in the presence of trimethylsilyl trifluoromethane-
sulfonate afforded solely the protected b-nucleosides,
that is the title 1-(5-S-acetyl-3-deoxy-3-fluoro-5-thio-b-
DD-xylofuranosyl) nucleosides of thymine (8), uracil (9),
and 5FU (10), respectively.


2.2. Antiviral activity


The results from the antiviral assays on the newly syn-
thesized compounds are summarized in Table 1 and
compared to AZT. In the neutralization assay all three
compounds exhibited much higher efficacy (IC50) than
AZT. Compound 8 showed the highest direct antiviral
effect on rotavirus as the virus vanished at a very low
concentration (0.002 mg/mL), while slightly higher con-
centrations were necessary in the case for compounds 9
and 10 (0.006 mg/mL), in order to achieve the same re-
sult. Compound 8 exhibited the highest selectivity as
the corresponding CC50/IC50 value reached an optimum
level. All compounds were also capable of inhibiting the
rotavirus infection in Caco-2 cells, as strong inhibition
of infectivity was observed after rotavirus attachment
to the cells. Inhibition of rotavirus infectivity following
virus attachment of all tested compounds was compara-
ble to that of AZT or even slightly better, while their
CC50/IC50 values were almost of the same magnitude.


2.3. Cytotoxic and growth inhibition activity


The cytotoxicity of compounds 8–10 was measured on
H4 normal human intestinal cells and on a series of
other human tumor cells, such as human colonic ade-
nocarcinoma derived Caco-2 cells, skin melanoma
cells, and epithelial breast cancer derived MCF-7 cell
line, and is expressed by the CC50 values. The growth

Table 2. Cytotoxic effect (CC50, lM) of compounds 8–10 and 5-fluorouracil


inhibition (IC50 lM) on Caco-2 cells


Compound Cytotoxic effect (CC50 lM)


H4 Caco-2 Skin melanoma MCF-7 Caco


8 138.7 55.5 277.5 277.5 2.5


9 1443.7 57.8 17.3 288.7 25


10 1372.4 54.9 16.5 1372.4 25


5FU 3843.8 384.4 46.1 768.8 10


a TSI, tumor selectivity index (CC50 on H4 cells/CC50 on the specified host c


Table 1. Antiviral activity of nucleosides 8–10 and AZT against rotavirus R


Compound Treatment Aa


IC50 CC50/IC


(mg/mL) (lM)


8 0.002 5.55 10


9 0.006 17.32 3.33


10 0.006 16.47 3.33


AZT 0.020 74.84 0.75c


CC50/IC50 ratios were calculated from CC50 values given in Table 2.
a Treatment A, Neutralization of the virus in the solution before its attachm
b CC50/IC50 values were calculated using CC50 values in Table 2.
c CC50 for AZT on Caco-2 cells = 56.1 lM.

inhibition of Caco-2 cells induced by the new com-
pounds was measured by determining the minimal
inhibitory concentration (IC50). The results are sum-
marized in Table 2 and compared with the values ob-
tained for 5FU.


The tested compounds exhibited higher cytotoxicity in
tumor cells than in the normal H4 cell line, with the
exception of compound 8, which was 2-fold more toxic
(vide TSI values) in skin melanoma and MCF-7 cells
than in normal cells. Compounds 9 and 10 were highly
selective for malignant cells. Comparison with 5FU re-
vealed that these molecules were 2.5-fold Caco-2 cells
selective and as selective as 5FU in skin melanoma
and MCF-7 cells; compound 10 did not show any
MCF-7 cells selectivity. This selective activity of the
new compounds is noteworthy and merits further
investigation.


The effect of compounds 8–10 on cell growth was deter-
mined using Caco-2 cells. As determined by colony
numbers after 10 days of incubation, it was found that
the new compounds are capable of inhibiting the growth
of these cells in a concentration-dependent manner.
Compound 8 exhibited growth inhibitory activity (IC50


1.9 lM) similar to 5FU (IC50 1.5 lM), but 4-fold less tu-
mor selectivity (TSI 2.5 vs 10). Compounds 9 and 10
were also found to be strong inhibitors of cell growth,
but although their effect was somewhat less pronounced
than that of 5FU, they were highly selective in malig-
nant cells, as they exhibited a 2.5-fold higher TSI values
than 5FU.

3. Conclusion


In conclusion, the newly synthesized 1-(3-deoxy-3-flu-
oro-5-S-acetyl-5-thio-b-DD-xylofuranosyl) nucleosides

(5FU) on Caco-2, H4, MCF 7, and skin melanoma cells, and growth


TSIa Growth inhibition (IC50 lM)


-2 Skin melanoma MCF-7 Caco-2


0.5 0.5 1.9


83.5 5 5.8


83.2 1 16.5


83.4 5 1.5


ells).


F strain on Caco-2 cells (IC50)


Treatment Ba


50
b IC50 CC50/IC50


(mg/mL) (lM)


0.006 16.65 3.33


0.006 17.32 3.33


0.006 16.47 3.33


0.006 22.45 2.5


ent. Treatment B, Inhibition of infectivity following virus attachment.
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8–10 are good candidates for the development of poten-
tial antiviral agents, as significantly lower concentra-
tions of these agents with respect to AZT were needed
to neutralize rotavirus infectivity. Further investigation
will enable us to elucidate potential mechanisms of their
activity and application. The most promising antitumor
activity was observed in the case of colon carcinoma
treatment, where growth inhibition and cytotoxic effect
were achieved at low concentration in comparison to
5FU, although the antitumor activity of the new com-
pounds was in most cases cell type depended.

4. Experimental


4.1. General procedure


Solutions were removed in vacuo below 40 �C under re-
duced pressure. Melting points were determined on a
Mel-Temp apparatus and are uncorrected. Flash chro-
matography was performed with Silica Gel 60 (220–
440 mesh, Merck). TLC was carried out on Silica gel
(240–400 mesh, Merck), and the developing solvents
were as specified. NMR spectra were recorded at room
temperature with a Brucker 400 MHz spectrometer
using CDCl3 as solvent and TMS as internal standard.
Chemical shifts (d) were given in ppm measured down-
field from TMS, and spin–spin coupling constants are
in Hz. Infrared spectra were obtained with a Perkin–El-
mer Model 1600 FT-IR spectrophotometer. Optical
rotations were measured using a Schmidt and Haensch
polarimeter. All reactions were carried out in dry sol-
vents. CH3CN was distilled from calcium hydride and
stored over 3E molecular sieves. N,N-dimethylformam-
ide (DMF) was also stored over 3E molecular sieves,
and pyridine over potassium hydroxide pellets.


4.1.1. 3-Deoxy-3-fluoro-1,2-O-isopropylidene-a-DD-xylo-
furanose (4). The diol 326–29 (5.0 g, 22.5 mmol) was
added to a stirred solution of NaIO4 (5.09 g, 23.8 mmol)
in H2O (79 mL) and MeOH (79 mL) leading to immedi-
ate precipitation of NaIO3. After 1 h at room tempera-
ture, any residual periodate was destroyed with a drop
of ethylene glycol. The reaction mixture was stirred for
1 h at room temperature with NaBH4 (2.0 g,
52.3 mmol), neutralized with aqueous NaHCO3, and
then extracted with ethyl acetate (EtOAc) (4· 500 mL).
The organic layer was washed with NaHSO4, dried over
anhydrous sodium sulfate, evaporated to dryness, and
purified by column chromatography with EtOAc/hexane
(2:8) to give compound 4 (4.0 g, 92%, Rf = 0.3 in EtOAc/
hexane, 2:8).


1H NMR (CDCl3): d 5.91 (d, J1,2 = 3.8 Hz, 1 H, H-1),
4.92 (dd, J3,F = 50.4 Hz, J3,4 = 2.3 Hz, 1H, H-3), 4.62
(dd, J2,F = 11.1 Hz, J2,1 = 3.8 Hz, 1 H, H-2), 4.28 (m,
1H, H-4), 3.82 (m, 2H, H-5a and H-5b), 1.41 (s, 3H,
CH3), 1.25 (s, 3H, CH3).


Found: C, 49.67; H, 7.00; F, 9.63. Calcd for C8H13FO4:
C, 50.00; H, 6.82; F, 9.89.


ESI-MS m/z (relative intensity, %): 193.3 [(M+H+), 100].

4.1.2. 3-Deoxy-3-fluoro-1,2-O-isopropylidene-5-O-p-tolu-
enesulfonyl-a-DD-xylofuranose (5). To a solution of com-
pound 4 (4.0 g, 20.7 mmol) in dry pyridine (53.1 mL)
was added p-toluenesulfonyl chloride (5.2 g, 27.6 mmol)
and kept overnight at room temperature. After neutral-
ization (NaHCO3) and extraction with EtOAc (4·
500 mL), the combined extracts were dried over anhy-
drous sodium sulfate and evaporated to dryness. Purifi-
cation of the residue by flash chromatography with
EtOAc/hexane (1:9) yielded the title compound (6.5 g,
91%, Rf = 0.2 in EtOAc/hexane, 1:9) as a white solid.
mp 61 �C.


1H NMR (CDCl3): d 7.4–7.8 (m, 4H, tosyl group), 5.93
(d, J1,2 = 3.7 Hz, 1H, H-1), 4.96 (dd, J3,F = 50.1 Hz,
J3,4 = 1.8 Hz, 1H, H-3), 4.67 (dd, J2,F = 10.5 Hz,
J2,1 = 3.7 Hz, 1H, H-2), 4,35-4,49 (m, J4,F = 28.1 Hz,
J4,3 = 1.8 Hz, 1H, H-4), 4.18–4.29 (m, 2 H, H-5a and
H-5b), 2.47 (s, 3H, ArCH3), 1.48 (s, 3H, CH3), 1.33 (s,
3H, CH3).


Found: C, 52.23; H, 5.69; F, 5.72. Calcd for
C15H19FO6S: C, 52.01; H, 5.53; F, 5.48.


ESI-MS m/z (relative intensity, %): 347.4 [(M+H+), 100].


4.1.3. 3-Deoxy-3-fluoro-1,2-O-isopropylidene-5-S-acetyl-
5-thio-a-DD-xylofuranose (6). The tosylate 5 (6.5 g,
18.8 mmol) was heated with potassium thioacetate
(2.9 g, 25.5 mmol) in DMF (71 mL) at 100 �C for 1 h.
The reaction mixture was neutralized with aqueous
NaHCO3. After that, the mixture was concentrated un-
der high vacuum pump to eliminate the DMF. The res-
idue was partitioned between water and EtOAc, the
organic extract was dried over anhydrous sodium sul-
fate, filtered, and evaporated to dryness. The residue
was purified by flash chromatography using EtOAc/hex-
ane (1:9) as eluent to give compound 7 (4.1 g, 87%,
Rf = 0.3 in EtOAc/hexane, 1:9) as a yellow syrup.


IR (Nujol): 1697 (SAc) cm�1.


1H NMR (CDCl3): d 5.96 (d, J1,2 = 3.8 Hz, 1H, H-1),
4.88 (dd, J3,F = 50.1 Hz, J3,4 = 2.1 Hz, 1H, H-3), 4.68
(dd, J2,F = 10.8 Hz, J2,1 = 3.8 Hz 1H, H-2), 4,19-4,34
(m, J4,F = 28.4 Hz, J4,3 = 2.1 Hz, 1H, H-4), 3.12–3.26
(m, 2H, H-5a and H-5b), 2.36 (s, 3H, SAc), 1.47 (s,
3H, CH3), 1.31 (s, 3H, CH3).


Found: C, 48.27; H, 5.89; F, 7.74. Calcd for
C10H15FO4S: C, 47.99; H, 6.04; F, 7.59.


ESI-MS m/z (relative intensity, %): 251.4 [(M+H+), 100].


4.1.4. 1,2-Di-O-acetyl-5-S-acetyl-3-deoxy-3-fluoro-5-
thio-DD- xylofuranose (7). Compound 6 (4.1 g, 16.5 mmol)
was acetolyzed with 350 mL of a mixture of acetic anhy-
dride–acetic acid–sulfuric acid (70:30:1, v/v). After 3
days, anhydrous ether (600 mL) was added, followed
by sodium acetate (25 g). The mixture was filtered and
the residue was washed with ether (2· 500 mL). The
combined solutions were co-evaporated with toluene
and the residue was purified by flash chromatography
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on a silica gel column using EtOAc/hexane (2:8) as eluent.
Pure compound 7 was collected as a thick syrup (4.0 g,
82%, Rf = 0.3 in EtOAc/hexane, 2:8).


IR (Nujol): 1697 (SAc), 1750 (OAc) cm�1.


1H NMR (CDCl3): d 6.45 and 6.11 (a: d, J1,2 = 4.8 Hz,
0.3H, H-1; b: s, J1,2 = 0.7 Hz, 0.7H, H-1), 5.29–5.33
(m, 1H, H-2), 4.97 (dd, J3,F = 50.3 Hz, J3,4 = 3.7 Hz
1H, H-3), 4.31–4.48 (m, J4,F = 25.8 Hz, J4,3 = 3.7 Hz,
1H, H-4), 3.14–3.34 (m, 2H, H-5a and H-5b), 2.36 and
2.37 (b and a, s, 3H, SAc), 2.06–2.16 (m, 6H, OAc).


Found: C, 45.08; H, 5.29; F, 6.31. Calcd for
C11H15FO6S: C, 44.89; H, 5.14; F, 6.46.


ESI-MS m/z (relative intensity, %): 295.4 [(M+H+), 100].


4.1.5. 1-(5-S-Acetyl-3-deoxy-3-fluoro-5-thio-b-DD- xylofur-
anosyl) thymine (8). A mixture of thymine (2.4 g,
18.9 mmol), hexamethyldisilazane (4.9 mL, 23.3 mmol),
and saccharine (0.115 g, 0.63 mmol) in anhydrous
CH3CN (65 mL) was refluxed at 120 �C for 20 min.
To this were added diacetylated 3-deoxy-3-fluoro-5-
S-acetyl-5-thio-DD-xylofuranose 7 (4.0 g, 13.5 mmol)
and trimethylsilyl trifluoromethane-sulfonate (3.4 mL,
19 mmol). The reaction mixture was refluxed at 80 �C
for 2 h. The mixture was neutralized with aqueous
NaHCO3, then diluted with water and extracted with
EtOAc (1000 mL). The extract was dried over sodium
sulfate, filtered, and evaporated to a syrup, which was
purified by column chromatography using EtOAc/
hexane (8:2) to afford the title compound (2.7 g, 56%,
Rf = 0.35 in EtOAc/hexane, 8:2).


½a�22


D þ 28:9 (c 0.25, CHCl3)


IR (Nujol): 1697 (SAc), 1750 (OAc) cm�1.


1H NMR (CDCl3): d 8.67 (br s, NH), 7.26 (s, 1H, H-6 0),
6.06 (d, J1,2 = 2.2 Hz, 1H, H-1), 5.23 (d, J2,F = 16.9 Hz,
J2,1 = 2.2 Hz, 1H, H-2), 4.99 (dd, J3,F = 50.2 Hz,
J3,4 = 2.3 Hz, 1H, H-3), 4.11–4.26 (m, J4,F = 28.7 Hz,
J4,3 = 2.3 Hz, 1H, H-4), 3.29–3.33 (m, 2H, H-5a and
H-5b), 2.40 (s, 3H, SAc), 2.14 (s, 3H, OAc), 1.94 (s,
3H, 5 0-CH3).


Found: C, 46.91; H, 5.13; F, 5.46; N, 7.52. Calcd for
C14H17FN2O6S: C, 46.66; H, 4.75; F, 5.27; N, 7.77.


ESI-MS m/z (relative intensity, %): 361.4 [(M+H+), 100].


4.1.6. 1-(5-S-Acetyl-3-deoxy-3-fluoro-5-thio-b-DD- xylofur-
anosyl) uracil (9). Compound 9 was obtained from
the 1,2-Di-O-acetyl-5-S-acetyl-3-deoxy-3-fluoro-5-thio-
DD- xylofuranose (7) (4.0 g, 13.5 mmol), according to
the general procedure as described for 1-(5-S-acetyl-3-
deoxy-3-fluoro-5-thio-b-DD-xylofuranosyl) thymine (8).
After purification on silica gel column using EtOAc/hex-
ane (8:2), the title nucleoside 9 was obtained (2.4 g, 51%,
Rf = 0.3 in EtOAc/hexane, 8:2).


½a�22


D þ 27:6 (c 0.25, CHCl3)

IR (Nujol): 1697 (SAc), 1750 (OAc) cm�1.


1H NMR (CDCl3): d 7.37 (d, J60;50 ¼ 8:2 Hz, 1H, H-6 0),
6.03 (d, J1,2 = 2.0 Hz, 1H, H-1), 5.79 (d, J50;60 ¼ 8:2 Hz,
1H, H-5 0), 5.24 (dd, J2,F = 16.0 Hz, J2,1 = 2.0 Hz, 1H,
H-2), 4.97 (dd, J3,F = 50.0 Hz, J3,4 = 2.2 Hz, 1H, H-3),
4.16-4.27 (m, J4,F = 28.9 Hz, J4,3 = 2.2 Hz, 1H, H-4),
3.24-3.36 (m, 2H, 1H, H-5a and 1H, H-5b), 2.40 (s,
3H, SAc), 2.15 (s, 3H, OAc).


Found: C, 45.33; H, 4.63; F, 5.26; N, 7.82. Calcd for
C13H15FN2O6S: C, 45.08; H, 4.37; F, 5.49; N, 8.09.


ESI-MS m/z (relative intensity, %): 347.5 [(M+H+), 100].


4.1.7. 1-(5-S-Acetyl-3-deoxy-3-fluoro-5-thio-b-DD- xylofur-
anosyl) 5-fluorouracil (10). A mixture of 5FU (2.5 g,
18.9 mmol), hexamethyldisilazane (5.0 mL, 23.4 mmol),
and saccharine (0.159 g, 0.87 mmol) in anhydrous
CH3CN (59 mL) was refluxed at 120 �C for 20 min.
After cooling to rt, diacetylated compound 7 (4.0 g,
13.5 mmol) was added, followed by trimethylsilyl
trifluoromethane-sulfonate (3.4 mL, 19 mmol). The
reaction mixture was stirred at rt for 6 h, then diluted
with EtOAc (1000 mL), washed with aqueous
NaHCO3 and finally with water. The organic
layer was dried over sodium sulfate, filtered, and
evaporated to syrup. The resulting material was purified
by column chromatography using EtOAc/hexane
(5:5) to give pure 10 (2.7 g, 55%, Rf = 0.3 in EtOAc/
hexane, 5:5).


½a�22


D þ 36:8 (c 0.25, CHCl3)


IR (Nujol): 1697 (SAc), 1750 (OAc) cm�1.


1H NMR (CDCl3): d 7.74 (d, J6,F5 = 5.8 Hz, 1H, H-6 0),
6.01 (dd, J1,2 = 1.9 Hz, J1,F5 = 1.7 Hz, 1H, H-1), 5.23
(dd, J2,F = 16.0 Hz, J2,1 = 1.9 Hz, 1H, H-2), 4.98 (dd,
J3,F = 50.0 Hz, J3,4 = 2.2 Hz, 1H, H-3), 4.16–4.28 (m,
J4,F = 28.8 Hz, J4,3 = 2.2 Hz, 1H, H-4), 3.25–3.37 (m,
2H, 1H, H-5a and 1H, H-5b), 2.40 (s, 3H, SAc), 2.15
(s, 3H, OAc).


Found: C, 43.11; H, 3.63; F, 10.66; N, 7.42. Calcd for
C13H14F2N2O6S: C, 42.86; H, 3.87; F,10.43; N, 7.69.


ESI-MS m/z (relative intensity, %): 365.5 [(M+H+), 100].


4.2. Methods for measurement of biological activity


4.2.1. Cells and culture conditions. The human colonic
adenocarcinoma Caco-2 cells were a generous gift of
dr. Rene L’Harridon, INRA, VIM, Jouy-en-Josas,
France; human fetal small intestine cell line H4, breast
carcinoma cell line MCF 7, and skin melanoma cell line
were used. Cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM, Sigma–Aldrich, Grand Island,
USA), supplemented with 5% fetal calf serum (Camb-
rex, Verviers, Belgium), LL-glutamine (2 mmol/L, Sigma,
St. Louis, USA), penicillin (100 Us/mL, Sigma, St.
Louis, USA), and streptomycin (1 mg/mL, Fluka, Buchs,
Switzerland) at 37 �C in 5% CO2 atmosphere in tissue
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culture flasks until confluent. Cell culture medium was
regularly changed.


4.2.2. Fluoro-thiofuranosyl nucleosides. Stock drug solu-
tions were freshly prepared in sterile dimethylsulfoxide
(DMSO) at the concentration of 0.5 mg/mL. The final
concentration of DMSO in the cell culture medium
was less than 0.1%. All solutions were protected against
light.


AZT (Retrovir�) GlaxoSmithKline,USA, a drug used
for antiretroviral therapy (ART) was used as a standard
compound in antiviral experiments and 5FU as a stan-
dard compound in antitumor experiments. Solutions
were prepared in the same way as those of fluoro-thio-
furanosyl nucleosides.


4.2.3. Virus propagation. Rotavirus RF strain was prop-
agated on Caco-2 monolayers in the presence of trypsin
(1 lg per mL of DMEM) as described previously.38


Supernatant containing the virus was collected from
the flasks when cytopathic effect (CPE) was observed
(24–48 h at 37 �C) by microscopy and clarified by centri-
fugation. Virus was stored at �70 �C until used. For the
antiviral assay, virus with 1.5 tissue culture infective
dose 50% units per mL (TCID50/mL) was used
(100 lL per well).


4.2.4. Antiviral assay. The potential antiviral activity of
the newly synthesized compounds was tested against
rotavirus by investigating:


(a) The inhibition of infectivity following virus attach-
ment: Washed monolayer Caco-2 cells were first incu-
bated with rotavirus for 1 h at 37 �C in the presence of
5% CO2 (time for virus to attach to cell membrane
receptors). After incubation, the remaining virus was
washed off with DMEM without supplements and
monolayer was treated immediately with the nucleoside
added in 3-fold serial dilutions (initial concentration of
0.5 mg/mL). After 72 h of incubation for rotavirus, the
plates were stained with Crystal Violet in ethanol, rinsed
with water, and destained with 10% (v/v) acetic acid.
The A590 was measured, and the results were expressed,
for each dilution, by the mean ratios (%, ±SD) of absor-
bances in virus-infected wells (n = 6) compared to those
in control (only virus-infected) wells (n = 6). The mini-
mal inhibitory concentration (IC50) of the tested com-
pounds was obtained from the concentration–effect
curve.


(b) The neutralization of the virus in solution before
attachment: Threefold dilutions of the tested compound
(initial concentration of 0.5 mg/mL) were first pre-incu-
bated with rotavirus in DMEM supplemented with tryp-
sin for 12 h prior to the infection of cell monolayer at
37 �C and 5% CO2. Residual viral infectivity was mea-
sured after 72-h of infection for rotavirus. Rotavirus
alone was treated in the same way as the control. After
72-h of incubation, the plates were stained with Crystal
Violet in ethanol, rinsed with water, and destained with
10% (v/v) acetic acid. The A590 was measured, and the
results were expressed, for each dilution, by the mean

ratios (%, ±SD) of absorbances in virus-infected wells
(n = 6) in comparison to those in control (only virus-in-
fected) wells (n = 6). The minimal inhibitory concentra-
tion (IC50) of the tested compounds was obtained from
the concentration–effect curve.


4.2.5. Growth inhibition assay. It was performed on
Caco-2 cell line by modified method described previ-
ously.39 Briefly, in 96-well plates, six wells of 3-fold dilu-
tions of compound (initial concentration of 0.5 mg/mL)
were applied to monolayers of 10 cells/well in DMEM/
10% fetal bovine serum. Incubation was performed at
37 �C in the humidified incubator for 10 days. The col-
onies were counted in each well and the results were ex-
pressed, for each dilution, by the mean ratios (%, ±SD)
of colony number in treated wells (n = 2) in contrast
with those in control wells (n = 24). The minimal inhib-
itory concentration (IC50) of the tested compounds was
obtained from the concentration–effect curve.


4.2.6. Cytotoxicity assay. Caco-2, H4, MCF 7, and skin
melanoma cells (6· 106 cells per plate) were seeded in P
96 plate and treated with the compounds at 3-fold serial
dilutions of each compound (initial concentration of
0.5 mg/mL). Then, the cells were incubated at 37 �C in
the humidified incubator for 72 h. The plates were
stained with Crystal Violet in ethanol, rinsed with water,
and destained with 10% (v/v) acetic acid. The A590 was
measured, and the results were expressed, for each dilu-
tion, by the mean ratios (%, ±SD) of absorbances in
treated wells (n = 2) compared to those in control wells
(n = 24). The minimal inhibitory concentration (CC50)
of the tested compounds was obtained from the concen-
tration–effect curve.
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Abstract—Tetralols 1 and 2, dihydroisocoumarins 3–6, and chromone 7 are natural compounds isolated from cultures of fungi, and
their structures were determined by spectroscopic analyses. Compounds 1 and 2 from Nodulisporium sp. are novel tetralols, 1,2,3,
4-tetrahydro-5-methoxynaphthalene-1,4-diol (nodulisporol) and 3,4-dihydro-4-hydroxy-8-methoxynaphthalen-1(2H)-one (noduli-
sporone), respectively. All isolated compounds selectively inhibited the activity of human DNA polymerase k (pol k), and
compound 5 (3,5-dimethyl-8-methoxy-3,4-dihydroisocoumarin) was the strongest inhibitor of pol k in the tested compounds with
an IC50 value of 49 lM. New tetralols (1 and 2) are the third and second strongest inhibitors of pol k, but did not influence the
activities of mammalian pols a to j, and showed no effect even on the activities of plant pols a and b, prokaryotic pols, and other
DNA metabolic enzymes such as calf terminal deoxynucleotidyl transferase, human immunodeficiency virus type-1 (HIV-1) reverse
transcriptase, human telomerase, T7 RNA polymerase, and bovine deoxyribonuclease I. The structure–activity relationships of
isolated compounds such as novel tetralols, dihydroisocoumarins, and chromone are discussed.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


We have long been interested in the integrity of the gen-
ome of eukaryotes and its relation to cell differentiation.
DNA replication, recombination, and repair in eukary-
otes are key systems to maintain these processes,1 and
DNA polymerases (pols) have important roles. In this
regard, we have concentrated our efforts on investigat-
ing eukaryotic pols associated with these processes.2


The human genome encodes 14 pols to conduct cellular
DNA synthesis.3 Eukaryotic cells reportedly contain
three replicative types: pols a, d, and e, mitochondrial
pol c, and at least 12 repair types: pols b, d, e, f, g, h,
i, j, k, l, r, and REV1;4 however, not all functions of
eukaryotic pols have been fully elucidated. Selective
inhibitors of pols are useful tools for distinguishing pols
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and clarifying the biological functions of pol each. We
have searched for natural compounds that selectively in-
hibit each of these eukaryotic pols.5–12 In this study, we
report on newly found compounds that selectively inhi-
bit only the activity of pol k. The natural compounds
were novel tetralols, nodulisporol (1) and nodulisporone
(2), produced by a fungus (Nodulisporium sp.). To our
knowledge, there have been no reports about such natu-
ral inhibitors specific to X-family pols such as b, k, l
and terminal deoxynucleotidyl transferase (TdT), except
for solanapyrone A as a pols b- and k-inhibitor,9 and
prunasin as a pol b-inhibitor,7 which we reported previ-
ously. The compound differed from solanapyrone A in
that it inhibited only pol k among the pols examined
to date.9 No such pol k-specific inhibitors have been
reported.


Two of the compounds, nodulisporol (1) and nodulispo-
rone (2), are new tetralols and were purified by silica
gel column chromatography. In addition, four
dihydroisocoumarins (3–6) and chromone (7) were iso-
lated and identified as 3-methyl-8-methoxy-3,4-dihydro-
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isocoumarin, 5-formyl-8-hydroxy-3-methyl-3,4-dihydro-
isocoumarin, 3,5-dimethyl-8-methoxy-3,4-dihydroiso-
coumarin, 3-methyl-8-hydroxy-3,4-dihydroisocoumarin
(mellein), and 5-hydroxy-3-hydroxymethyl-2-methyl-7-
methoxychromone, respectively, based on their physico-
chemical and spectroscopic data.


In this paper, we would like to report the isolation
and structural determination of these tetralols,
dihydroisocoumarins, and chromone.

7


MeO O MeMe
R2


3: R1=Me, R2=H
4: R1=H, R2=CHO
5: R1=Me, R2=Me
6: R1=H, R2=H


Figure 1. Structures of compounds 1–7 from the culture broth of


fungi. (1) Nodulisporol, (2) nodulisporone, (3) 3-methyl-8-methoxy-


3,4-dihydroisocoumarin, (4) 5-formyl-8-hydroxy-3-methyl-3,4-dihy-


droisocoumarin, (5) 3,5-dimethyl-8-methoxy-3,4-dihydroisocoumarin,


(6) 3-methyl-8-hydroxy-3,4-dihydroisocoumarin (mellein), and (7) 5-


hydroxy-3-hydroxymethyl-2-methyl-7-methoxychromone.


Table 1. 1H and 13C NMR spectral data of compounds 1 and 2


Position 1 2


dH (J Hz) dC dH (J Hz) dC


1 5.06 (t, 4.8) 63.1 196.5


2 1.90 (m) 25.7 2.59 (ddd, 17.3, 8.7, 5.2) 36.3


2.28 (m) 2.91 (ddd, 17.3, 7.7, 5.1)


3 1.80 (m) 27.7 2.15 (m) 31.3


2.21 (m) 2.33 (m)


4 4.79 (t, 4.5) 67.1 4.91 (t, 3.5) 68.4


4a 139.9 147.8


5 7.08 (d, 7.9) 120.9 7.18 (d, 7.7) 118.7


6 7.30 (t, 7.9) 129.0 7.53 (dd, 8.5, 7.7) 134.7


7 6.85 (d, 7.9) 109.7 6.97 (d, 8.5) 111.8


8 157.5 160.0


8a 139.9 120.5


OMe-8 3.90 (s) 55.5 3.92 (s) 56.1


Recorded in CDCl3 for TMS as an internal standard and chemical


shifts are expressed as d ppm. s, singlet; d, doublet; dd, doublet of


doublets; t, triplet.

2. Results


2.1. Extraction and purification of compounds from
fungi


The culture (1 L) of the fungus (Nodulisporium sp.),
which was collected in Chiba prefecture, Japan, was
grown for 3 weeks without shaking, in the dark. Fungal
mycelia were removed from the culture broth by filtering
through cheesecloth. The filtrate was extracted with
CH2Cl2. The organic layer was evaporated in vacuo to
obtain 25.2 mg of crude residue. This crude extract
was separated by silica gel column chromatography
(Fuji Silysia Chemical FL60D, 1.0 · 20 cm) with hex-
ane-EtOAc (9:1–1:9) to give two active fractions which
inhibited pol activity, i.e., minimum inhibitory concen-
tration was less than 1 mg/mL. The first active fraction
was 4.2 mg of compound 1 and the latter active fraction
was 5.5 mg of compound 2.


Cultures of five other species of fungi, which were also
collected in Chiba prefecture, Japan, were extracted with
CH2Cl2 and the crude extracts were separated by silica
gel chromatography to give dihydroisocoumarins 3–6
and chromone 7.


2.2. Structure determination of isolated compounds


The molecular formula of 1 was determined with HRE-
SIMS (High Resolution Electrospray Ionization Mass
Spectrometry) to be C11H14O3. Resonances for six aro-
matic, one methoxy, two oxygenated methine, and two
methylene carbons were present in the 13C NMR spec-
trum. In the 1H NMR spectrum, resonances for three
aromatic protons (d 6.85, d 7.08, d 7.30) indicated
the presence of a trisubstituted benzene ring. The
COSY spectrum of 1 suggested the partial structure
of –CH(O)–CH2–CH2–CH(O)–. This partial structure
and trisubstituted benzene ring were connected by
HMBC correlations between oxygenated methine pro-
tons (H-1 and H-4) and aromatic carbons (C-8 and
C-5). From these results, the structure of 1 was deter-
mined to be 1,2,3,4-tetrahydro-5-methoxynaphthalene-
1,4-diol, and was named nodulisporol (Fig. 1). The
molecular formula of 2 was determined with HRE-
SIMS to be C11H12O3. 1H and 13C NMR spectra of
2 were similar to those of 1 except for carbon reso-
nances (d 196.5) attributed to a ketone. The position
of the ketone was determined from the HMBC spec-
trum; therefore, the structure of 2 was established to
be 3,4-dihydro-4-hydroxy-8-methoxynaphthalen-1(2H)-

one, and was named nodulisporone (Fig. 1). The
assignments of 1H and 13C NMR signals of 1 and 2
are shown in Table 1.


Compounds 3–7 were identified by spectroscopic analysis
to be known compounds, 3-methyl-8-methoxy-3,4-
dihydroisocoumarin,13 5-formyl-8-hydroxy-3-methyl-3,4-
dihydroisocoumarin,14 3,5-dimethyl-8-methoxy-3,4-dihy-
droisocoumarin,14,15 3-methyl-8-hydroxy-3,4-dihydroiso-
coumarin (mellein),13 and 5-hydroxy-3-hydroxymethyl-
2-methyl-7-methoxychromone,16 respectively. The struc-
tures of these compounds are shown in Figure 1. 1H
and 13C NMR resonance assignments for 3–7 were in
good agreement with published values.13–16







Table 2. IC50 values of compounds 1–7 for the activities of mammalian DNA polymerases


Compound IC50 values of compounds (lM)


1 2 3 4 5 6 7


Calf pol a >1000 >1000 >1000 >1000 >1000 >1000 >1000


Rat pol b >1000 >1000 >1000 >1000 >1000 >1000 >1000


Human pol c >1000 >1000 >1000 >1000 >1000 >1000 >1000


Human pol d >1000 >1000 >1000 >1000 >1000 >1000 >1000


Human pol e >1000 >1000 >1000 >1000 >1000 >1000 >1000


Human pol k 168 82 180 275 49 316 454


Enzymatic activity was measured as described in Section 4. Pol activity in the absence of the compounds was taken as 100%.
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2.3. Inhibition by isolated compounds of the activities of
DNA polymerases and other DNA metabolic enzymes


First, isolated compounds 1–7 were investigated as to
whether they inhibit the activities of major mammalian
pols such as replicative pols a, d, and e, repair-related
pols b and k, and mitochondrial pol c. As shown in
Table 2, all the compounds selectively inhibited human
pol k activity. Since these compounds (1–7) consist of
bicyclic ring, this skeleton structure might be important
for the selective inhibition of pol k. The inhibitory effect
of compound 5 was the strongest of all the compounds
tested, with 50% inhibition observed at a concentration
of 49 lM. The IC50 values of compounds 1–3, and 5
were less than 200 lM, and these compounds have a
methoxy group at position 8. On the other hand, the
IC50 values of compounds 4, 6, and 7 were more than
250 lM, and these compounds have a hydroxyl group

Calf DNA polymerase α


Rat DNA polymerase β


Human DNA polymerase γ


Human DNA polymerase δ


Human DNA polymerase ε


Human DNA polymerase η


Human DNA polymerase ι


Human DNA polymerase κ


Human DNA polymerase λ


Cauliflower DNA polymerase α


Cauliflower DNA polymerase β


E. coli DNA polymerase I


T4 DNA polymerase


Taq  DNA polymerase


Calf terminal deoxynucleotidyl transferase


HIV-1 reverse transcriptase


Human telomerase


T7 RNA polymerase


Bovine deoxyribonuclease I


0 20


Figure 2. Effect of novel tetralols 1 (nodulisporol) and 2 (nodulisporone)


Compound 1 (gray bars) and compound 2 (black bars) (200 lM each) were


Enzymatic activity was measured as described previously.5,6,9 Enzyme activi

at the same position. These results suggested that the
methoxy group at position 8 of these compounds must
be essential for pol k inhibition. Compound 5 has a
methoxy group and a methyl group at positions 8 and
5, respectively, and compounds 4–6, which were the
weakest inhibitors of pol k, have other groups at the
same positions; therefore, these groups might be impor-
tant for pol k inhibitory activity. The IC50 values of no-
vel tetralols (1 and 2) on pol k were 168 and 82 lM,
respectively, suggesting that the carbonyl group of 2
(Fig. 1) was slightly more effective for pol k inhibition.


Both new tetralols, nodulisporol (1) and nodulisporone
(2), at 200 lM were found to only inhibit the activities
of pol k in the nine mammalian pols (Fig. 2), and the
same concentration of these compounds did not influ-
ence the activities of a higher plant, cauliflower, pols a
and b, prokaryotic pols, i.e., the Klenow fragment of

40 60 80 100
Relative activity  (%)


on the activities of various DNA polymerases and other enzymes.


incubated with each enzyme (0.05 U). Percentage of relative activity.


ty in the absence of the compounds was taken as 100%.
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pol I, T4 pol, and Taq pol, or DNA metabolic enzymes
such as calf terminal deoxynucleotidyl transferase, hu-
man immunodeficiency virus type-1 (HIV-1) reverse
transcriptase, human telomerase, T7 RNA polymerase,
and bovine deoxyribonuclease I.

3. Discussion


As described in this report, we found novel potent inhib-
itors specific to human pol k from a fungus, Nodulispo-
rium sp. The natural compounds were found to be
tetralols, nodulisporol (1) and nodulisporone (2).


Although the biochemical function of pol k is unclear as
yet, pol k appears to work in a similar manner to pol
b.17 Pol b, which is widely known to have roles in the
short-patch base excision repair (BER) pathway,17–22


plays an essential role in neural development.23


Recently, pol k was found to contain 5 0-deoxyribose-5-
phosphate (dRP) lyase activity, but no apurinic/apyrim-
idinic (AP) lyase activity,21 and to be able to substitute
pol b in in vitro base excision repair (BER), suggesting
that pol k also participates in BER. Northern blot anal-
ysis indicated that transcripts of pol b were abundantly
expressed in the testis, thymus, and brain in rats,24 but
pol k was efficiently transcribed mostly in the testis.25


The reason why the testis and thymus require pol b
activity has been suggested; both organs have DNA re-
pair and recombination systems for meiotic crossing
over and immunoglobulin production,26,27 and the sys-
tems require the polymerase. The roles of pol b in the
brain are unknown as yet; therefore, pol k as well as
pol b may also have a role in the testis. Since the
DNA repair system at meiotic prophase requires pol b
activity, the system must contain a process similar to
BER. The system may also require pol k activity, and
pol k may be an essential enzyme for nucleotide excision
repair (NER). In this connection, the fact that the
molecular target of the bio-antimutagen was a pol k
inhibitor is of great interest. The bio-antimutagen may
lead to blockage of the mis-match error in BER,
NER, and translesion synthesis of DNA-damaged cells.
To determine why a bio-antimutagen is a pol k-specific
inhibitor, we are at present analyzing the structure and
function of pol k using an inhibitor.


Since pol species-specificity was extremely high, these
tetralols, dihydroisocoumarins, and chromone could
be useful molecular tools as pol k-specific inhibitors in
studies to determine the precise roles of pol k in vitro,
and also might be useful to develop a drug design strat-
egy for cancer chemotherapy agents for clinical radia-
tion therapy or cancer chemotherapy.

4. Experimental


4.1. Materials


Nucleotides and chemically synthesized template-prim-
ers such as poly(dA), oligo(dT)12–18, and [3H]-deoxythy-
midine 5 0-triphosphate (dTTP) (43 Ci/mmol) were

purchased from GE Healthcare Bio-Sciences (Little
Chalfont, UK). All other reagents were of analytical
grade and were purchased from Wako Chemical Indus-
tries (Osaka, Japan). The fungi were collected in Chiba
prefecture, Japan, and were identified by TechnoSuruga
Co. Ltd., Japan.


4.2. DNA polymerase and other DNA metabolic enzyme
assays


Pols from mammal and plant were purified, and pro-
karyotic pols and other DNA metabolic enzymes were
purchased as described in our previous report.5,6,9 The
activities of all pols and other DNA metabolic enzymes
were measured as described in previous reports.5,6,9 The
substrates of the pols were poly(dA)/oligo(dT)12–18 and
dTTP as the DNA template-primer and dNTP (2 0-
deoxyribonucleoside 5 0-triphosphate) substrate, respec-
tively. Compounds 1–7 were dissolved in dimethylsulf-
oxide (DMSO) at various concentrations and
sonicated for 30 s. The sonicated samples (4 ll) were
mixed with 16 ll of each enzyme (final amount,
0.05 U) in 50 mM Tris–HCl (pH 7.5) containing 1 mM
dithiothreitol, 50% glycerol, and 0.1 mM EDTA, and
kept at 0 �C for 10 min. These inhibitor–enzyme mix-
tures (8 ll) were added to 16 ll of each of the standard
enzyme reaction mixtures, and incubation was carried
out at 37 �C for 60 min, except for Taq pol, which was
incubated at 74 �C for 60 min. Activity without the
inhibitor was considered to be 100%, and the remaining
activity at each concentration of the inhibitor was deter-
mined relative to this value. One unit of pol activity was
defined as the amount of enzyme that catalyzed the
incorporation of 1 nmol of dNTP (i.e. dTTP) into the
synthetic DNA template-primer (i.e., poly(dA)/oli-
go(dT)12–18, A/T = 2/1) in 60 min at 37 �C under normal
reaction conditions for each enzyme.5,6


4.3. Instrumental analyses


1H and 13C NMR spectra were recorded at 400 MHz
with Bruker DRX-400 spectrometer, using tetrameth-
ylsilane as the internal standard. IR spectra were re-
corded with a JASCO FT/IR-410 spectrophotometer.
High-resolution mass spectra were obtained on an
Applied Biosystems QSTAR Mass Spectrometer using
the electron spray ionization (ESI) method. Merck pre-
coated silica gel 60 F254 0.25 mm thickness was used for
analytical thin-layer chromatography.


4.4. Structure determination


4.4.1. Nodulisporol (1,2,3,4-tetrahydro-5-methoxynaph-
thalene-1,4-diol) (1). Oil; IR (film) mmax 3389, 3004,
2941, 1727, 1587, 1473, 1259, 1019, 993, 754 cm�1;
HR-ESIMS m/z found 217.0853 [M+Na]+, calcd. for
C11H14O3Na: 217.0835; 1H and 13C NMR data, see
Table 1.


4.4.2. Nodulisporone (3,4-dihydro-4-hydroxy-8-meth-
oxynaphthalen-1(2H)-one) (2). Oil; IR (film) mmax 3425,
3011, 2942, 2840, 1669, 1593, 1469, 1273, 960,
754 cm�1; HR-ESIMS m/z found 215.0678 [M+Na]+,
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calcd. for C11H12O3Na: 215.0678; 1H and 13C NMR
data, see Table 1.


4.4.3. 3-Methyl-8-methoxy-3,4-dihydroisocoumarin (3).
1H NMR (400 MHz, CDCl3): d 7.46 (1H, dd, J = 7.4,
8.6 Hz), 6.92 (1H, d, J = 8.6 Hz), 6.79 (1H, d,
J = 7.4 Hz), 4.56 (1H, m), 3.95 (3H, s), 2.88 (2H, m),
1.48 (3H, d, J = 6.3 Hz); 13C NMR (100 MHz, CDCl3):
d 162.7, 161.2, 142.0, 134.4, 119.1, 113.7, 110.8, 74.1,
56.1, 36.1, 20.7; ESIMS m/z 193 [M+H]+.


4.4.4. 5-Formyl-8-hydroxy-3-methyl-3,4-dihydroisocoum-
arin (4). 1H NMR (400 MHz, CDCl3): d 11.94 (1H, s),
10.02 (1H, s), 7.93 (1H, d, J = 8.7 Hz), 7.06 (1H, d,
J = 8.7 Hz), 4.73 (1H, m), 3.95 (1H, dd, J = 3.3,
17.8 Hz), 3.06 (1H, dd, J = 11.8, 17.8 Hz), 1.59 (3H, d,
J = 6.4 Hz); 13C NMR (100 MHz, CDCl3): d 190.5,
169.7, 166.4, 143.2, 140.9, 124.3, 116.8, 109.0, 75.7,
30.9, 20.8; ESIMS m/z 205 [M–H]�.


4.4.5. 3,5-Dimethyl-8-methoxy-3,4-dihydroisocoumarin
(5). 1H NMR (400 MHz, CDCl3): d 7.31 (1H, d,
J = 8.5 Hz), 6.83 (1H, d, J = 8.5 Hz), 4.51 (1H, m),
3.92 (3H, s), 2.87 (1H, dd, J = 2.9, 16.5 Hz), 2.69 (1H,
dd, J = 11.5, 16.5 Hz), 2.23 (3H, s) 1.50 (3H, d,
J = 6.3); 13C NMR (100 MHz, CDCl3): d 163.2, 159.5,
140.1, 135.7, 126.0, 113.8, 110.4, 73.4, 56.1, 33.1, 20.8,
18.5; ESIMS m/z 205 [M–H]�.


4.4.6. 3-Methyl-8-hydroxy-3,4-dihydroisocoumarin (mel-
lein) (6). 1H NMR (400 MHz, CDCl3): d 11.03 (1H, s),
7.41 (1H, dd, J = 7.7, 8.3 Hz), 6.88 (1H, d, J = 8.3 Hz),
6.69 (1H, d, J = 7.7 Hz), 4.73 (1H, m), 2.93 (2H, d,
J = 7.2 Hz), 1.53 (3H, d, J = 6.5 Hz); 13C NMR
(100 MHz, CDCl3): d 169.9, 162.1, 139.3, 136.1, 117.8,
116.2, 108.2, 76.0, 34.5, 20.7; ESIMS m/z 201 [M+Na]+.


4.4.7. 5-Hydroxy-3-hydroxymethyl-2-methyl-7-meth-
oxychromone (7). 1H NMR (400 MHz, CDCl3): d 12.52
(1H, s), 6.35 (1H, d, J = 2.2 Hz), 6.34 (1H, d,
J = 2.2 Hz), 4.61 (2H, s), 3.86 (3H, s), 2.46 (3H, s); 13C
NMR (100 MHz, CDCl3): d 182.3, 165.6, 164.5, 162.0,
157.7, 118.3, 104.9, 98.0, 92.3, 56.8, 55.8, 18.0; ESIMS
m/z 259 [M+Na]+.
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P.; de P. Magalhães, A. F.; Magalhães, E. G.; de
Magalhães, G. C.; Magalhães, M. T.; Maia, J. G. S.;
Marques, R.; Marsaioli, A. J.; Mesquita, A. A. L.; de
Moraes, A. A.; de Oliveira, A. B.; de Oliveira, G. G.;
Pedreira, G.; Pereira, S. A.; Pinho, S. L. V.; Sant’Ana, A.
E. G.; Santos, C. C. Phytochemistry 1978, 17, 511.


15. Kokubun, T.; Veitch, N. C.; Bridge, P. D.; Simmonds, M.
S. J. Phytochemistry 2003, 62, 779.


16. Takenaka, Y.; Tanahashi, T.; Nagakura, N.; Hamada, N.
Heterocycles 2000, 53, 1589.


17. Garcia-Diaz, M.; Bebenek, K.; Sabariegos, R.; Domin-
guez, O.; Rodriguez, J.; Kirchhoff, T.; Garcia-Palomero,
E.; Picher, A. J.; Juarez, R.; Ruiz, J. F.; Kunkel, T. A.;
Blanco, L. J. Biol. Chem. 2002, 277, 13184.


18. Singhal, R. K.; Wilson, S. H. J. Biol. Chem. 1993, 268,
15906.


19. Matsumoto, Y.; Kim, K. Science 1995, 269, 699.







3114 S. Kamisuki et al. / Bioorg. Med. Chem. 15 (2007) 3109–3114

20. Sobol, R. W.; Horton, J. K.; Kuhn, R.; Gu, H.; Singhal,
R. K.; Prasad, R.; Rajewsky, K.; Wilson, S. H. Nature
1996, 379, 183.


21. Garcia-Diaz, M.; Bebenek, K.; Kunkel, T. A.; Blanco, L.
J. Biol. Chem. 2001, 276, 34659.


22. Ramadan, K.; Shevelev, I. V.; Maga, G.; Hubscher, U.
J. Biol. Chem. 2002, 277, 18454.


23. Sugo, N.; Aratani, Y.; Nagashima, Y.; Kubota, Y.;
Koyama, H. EMBO J. 2000, 19, 1397.


24. Hirose, F.; Hotta, Y.; Yamaguchi, M.; Matsukage, A.
Exp. Cell Res. 1989, 181, 169.

25. Garcia-Diaz, M.; Dominguez, O.; Lopez-Fernandez, L.
A.; de Lera, L. T.; Saniger, M. L.; Ruiz, J. F.;
Parraga, M.; Garcia-Ortiz, M. J.; Kirchhoff, T.; del
Mazo, J.; Bernad, A.; Blanco, L. J. Mol. Biol. 2000,
301, 851.


26. Plug, A. W.; Clairmont, C. A.; Sapi, E.; Ashley, T.;
Sweasy, J. B. Proc. Natl. Acad. Sci. U.S.A. 1997, 94,
1327.


27. Esposito, G.; Texido, G.; Betz, U. A. K.; Gu, H.; Muller,
W.; Klein, U.; Rajewsky, K. Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 1166.





		Nodulisporol and Nodulisporone, novel specific inhibitors of human DNA polymerase  lambda  from a fungus, Nodulisporium sp.

		Introduction

		Results

		Extraction and purification of compounds from 	fungi

		Structure determination of isolated compounds

		Inhibition by isolated compounds of the activities of DNA polymerases and other DNA metabolic enzymes



		Discussion

		Experimental

		Materials

		DNA polymerase and other DNA metabolic enzyme assays

		Instrumental analyses

		Structure determination

		Nodulisporol (1,2,3,4-tetrahydro-5-methoxynaphthalene-1,4-diol) (1)

		Nodulisporone (3,4-dihydro-4-hydroxy-8-methoxynaphthalen-1(2H)-one) (2)

		3-Methyl-8-methoxy-3,4-dihydroisocoumarin (3)

		5-Formyl-8-hydroxy-3-methyl-3,4-dihydroisocoumarin (4)

		3,5-Dimethyl-8-methoxy-3,4-dihydroisocoumarin (5)

		3-Methyl-8-hydroxy-3,4-dihydroisocoumarin (mellein) (6)

		5-Hydroxy-3-hydroxymethyl-2-methyl-7-methoxychromone (7)





		Acknowledgements

		References and notes





